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Uniform arrays of metallic nanotubes can be prepared with a newly developed
electrochemical method. In their Communication on page 6050 ff., W. Lee et al.
report the preparation of multisegmented metallic nanotubes with a bimetallic
stacking configuration along the nanotube axis. The approach is based on the
preferential electrodeposition of metal along the pore walls of anodic alumina
membranes in the presence of metallic nanoparticles on the nanochannel surfaces.
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Ubiquitin-mediated protein degradation is the focus of this year%s Nobel Lectures by
Irwin Rose, Avram Hershko, and Aaron Ciechanover. The prizewinners report first-
hand in three Reviews on page 5926 ff.

Lithium Hydride
A Li4H4 cube coordinated by three bis(amino)alane units is reported by M. Veith
et al. in their Communication on page 5968 ff. The compound was isolated and
characterized by X-ray crystallographic analysis.

Triple Bonds with Ge
The first compounds with the structural unit {M�Ge�Ge�M}, in which a Ge2 unit is
bound between two transition-metal centers through triple bonds, is described by
A. C. Filippou et al. on page 5979 ff. The M�Ge bonds are weakly conjugated within
the linear chain.
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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:

Sheereen Majd, Michael Mayer*
Hydrogel-Stamping of Arrays of Supported Lipid Bilayers with
Various Lipid Compositions for Screening of Drug–Membrane
and Protein–Membrane Interactions

Yoshitaka Ishibashi, Yuhki Bessho, Masahiro Yoshimura, Masaki
Tsukamoto, Masato Kitamura*
Origin of the Minor Enantiomeric Product in a Noyori
Asymmetric Hydrogenation

Holger Braunschweig,* Thomas Herbst, Daniela Rais, Fabian Seeler
Synthesis of Borirenes by Photochemical Borylene Transfer from
[(OC)5M=BN(SiMe3)2] (M=Cr, Mo) to Alkynes

Y. Andrew Yang, Huimeng Wu, K. R. Williams, Y. Charles Cao*
Synthesis of CdSe and CdTe Nanocrystals without Precursor
Injection

Masayuki Nihei, Mayumi Ui, Mizuho Yokota, Lingqin Han, Atsushi
Maeda, Hideo Kishida, Hiroshi Okamoto, Hiroki Oshio*
Two-Step Spin Conversion in a Cyanide-Bridged Ferrous Square

Sean F. Brady,* Jon Clardy
Cloning and Heterologous Expression of Isonitrile Biosynthetic
Genes from Environmental DNA

Protein breakdown is an exact, controlled
process in which the protein molecule
ubiquitin plays a decisive role by binding
to a protein and labeling it for breakdown.
The cellular mechanisms of this process

are widely known today thanks to the work
of the 2004 Nobel Laureates Irwin Rose,
Avram Hershko, and Aaron Ciechanover.
The Laureates report at first hand in their
Nobel Lectures.

http://www.angewandte.org
http://www.angewandte.org


Communications

Lithium Hydride

M. Veith,* P. K�nig, A. Rammo,
V. Huch 5968 – 5971

Cubane-Like Li4H4 and Li3H3Li(OH):
Stabilized in Molecular Adducts with
Alanes

Hydroamination

L. T. Kaspar, B. Fingerhut,
L. Ackermann* 5972 – 5974

Titanium-Catalyzed Intermolecular
Hydroamination of Vinylarenes

Homogeneous Catalysis

B. F. Straub* 5974 – 5978

Origin of the High Activity of Second-
Generation Grubbs Catalysts

Angewandte
Chemie

5909Angew. Chem. Int. Ed. 2005, 44, 5908 – 5917 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

For the USA and Canada:
ANGEWANDTE CHEMIE International
Edition (ISSN 1433-7851) is published weekly
by Wiley-VCH PO Box 191161, D 69451 Wein-
heim, Germany. Air freight and mailing in the
USA by Publications Expediting Inc. 200
Meacham Ave., Elmont, NY 11003. Periodicals

postage paid at Jamaica NY 11431. US POST-
MASTER: send address changes to Angewandte
Chemie, Wiley-VCH, 111 River Street, Hoboken,
NJ 07030. Annual subscription price for insti-
tutions: US$ 4948.00/4498.00 (valid for print
and electronic / print or electronic delivery); for
individuals who are personal members of a

national chemical society, or whose institution
already subscribes, or who are retired or self-
employed consultants, print only: US$ 394.00.
Postage and handling charges included. All
Wiley-VCH prices are exclusive VAT.

One in seven : A Li4H4 unit that is
coordinated with three bis(amino)alane
units takes the form of a cube; the
compound was isolated in molecular form
and characterized by X-ray analysis (see
molecular structure; pink Li, blue N,
gray Al, white H, yellow Si). During the
reaction of this molecule with an equi-
molar amount of water only one of the
seven H atoms reacts to give the hydro-
lysis product Li4H3(OH)[HAl{N(SiMe3)}2]3.

The Lewis acid TiCl4 allows the intermo-
lecular hydroamination of vinylarenes (see
scheme). Some of the hydroamination
products undergo rearrangements to give
ortho-alkylated compounds. The catalyst

tolerates a range of functional groups
(R’=CF3, Cl, CN, F, Br) and provides the
products in good yields. This method was
also applied to the synthesis of a tetra-
hydroisoquinoline derivative.

Green light for alkene metathesis : A
strong s-donor ligand L favors the active
conformation (green in the scheme) of the
carbene ligand in the ruthenium complex
and thus leads to high catalytic activity of
the second-generation Grubbs catalysts.
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Going straight : Thermolysis of the ger-
mylidyne complexes trans-[Cl(depe)2M�
Ge(h1-Cp*)] (M=Mo, W;
depe=Et2PCH2CH2PEt2, Cp*=C5Me5)
leads upon cleavage of the Ge�Cp* bond
to 1, the first compounds in which a Ge2
unit is trapped between two transition-
metal centers by triple bonds. Quantum
chemical analyses suggest a weak conju-
gation of the M�Ge triple bonds in the
linear chain M�Ge�Ge�M.

A spoonful of sugar … A carbohydrate-
based fully synthetic vaccine 1, composed
of a tumor-associated Tn antigen, a pep-
tide T epitope, and a lipopeptide (see
structure), shows potential as a candidate

against cancer. Incorporation of the gly-
colipopeptide into liposomes gave a for-
mulation that was able to elicit a T cell
dependent antibody response in mice.

Pro and anti : Recognition of chloride ion
and through-membrane H+/Cl� ion
transport (“symport”) could account for
the biological effects (anticancer activity)
of prodigiosin, as inferred from model
studies involving pyrrole-based anion
receptors designed to mimic the key
features of this naturally occurring
pigment (see picture).

Expanding our synthetic tool repertoire :
The DMP-mediated oxidation of a range of
amide substrates has been demonstrated,
affording the corresponding imides and
N-acyl vinylogous carbamates and ureas.
Likewise, an array of benzylic and related
amines have also been successfully con-
verted into their nitrile counterparts (see
scheme; DMP=Dess–Martin periodi-
nane).
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Space program : A general template tech-
nique has been developed that enables
various Au/Pt nanostructures, such as
macroporous 3D films and nanostruc-
tures constructed from hollow spheres, to
be prepared on silicon wafers and glass
substrates (see SEM image). These
ordered metallic nanostructures with
hierarchical porosity could be useful in
industrial applications, including catalytic
nanoreactors, sensors, porous electrodes,
and fuel cells.

Helpful neighbors : [Pd{2-(OH)C6H4}I-
(tmeda)] reacts at room temperature with
excess RCN (R=Me, C6F5, CH2=CH) and
TlOTf (1 equiv) to give [Pd{1-O-2-[C(R)=
NH]C6H4-k2-O,N}(tmeda)]OTf (see
scheme). The proximal OH group plays a
crucial role in this first example of the
insertion of a nitrile into a late-transition-
metal–carbon bond. Tf= trifluoro-
methanesulfonyl, tmeda=N,N,N’,N’-
tetramethylethylenediamine.

Selective nucleation of aragonite can be
achieved at ambient conditions in water
by using block copolymer microgels at a
very low concentration (0.1 ppm). One
polymer template particle is sufficient to
control the nucleation of a ring of arago-
nite single crystals, which propagate into a
sheaf structure (see SEM image). Each
aragonite crystal is protected by an outer
amorphous layer that results in prolonged
stability of the aragonite.

On-again, off-again personality : Superhy-
drophobic conducting polypyrrole (PPy)
films are synthesized through a facile
electrochemical process. The PPy films
exhibit an extended porous structure with
both coarse- and fine-scale roughness
(see image). By controlling the electrical
potential, PPy films can be switched
between the oxidized state and the neutral
state, resulting in reversibly switchable
superhydrophobic and superhydrophilic
properties.
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A mosaic pattern : Single virus particle
nanoarrays can be made through the
positioning and orientation of viral par-
ticles on nanotemplate surfaces gener-
ated by dip-pen nanolithography. Viral
immobilization was characterized with
antibody–virus recognition and infrared
spectroscopy (an example array of par-
ticles is shown in the AFM image).

Heterobimetallic sulfides of composition
[LAl(m-S)2MCp2] (M=Ti, Zr) react
smoothly with two equivalents of water by
ring opening and chalcogen exchange to
form the heterobimetallic oxide–hydrox-
ide–hydrogensulfides [LAl(OH)(m-
O)MCp2(SH)] (Ti derivative shown). The
presence of the hydrolysis intermediate
[LAl(SH)(m-O)MCp2(SH)] in the reaction
mixture confirms the proposed pathway.

Deprotonative metalation of ferrocene by
a lithium zincate reagent was carried out
to form the neutral zinc complex
[(Fc)2Zn(tmeda)] and the anionic zincate
[Li(thf)4][(Fc)3Zn] (see scheme;
tmp=2,2,6,6-tetramethylpiperidine,
TMEDA=N,N,N’,N’-tetramethylethylene-
diamine). A 1:1:1 mixture of TMEDA,
Li(tmp), and nBu2Zn is used to readily
prepare the lithium zincate reagent
[LinBu2Zn(tmp)(tmeda)] in situ.

Screw top : Photoelectron spectroscopy of
doubly charged [FeCp’2] (1) and singly
charged [Cp’FeCp’H] (2 ; Cp’=h5-
C5H4CO2

�) shows that strong intramo-
lecular coulomb repulsion keeps 1 in the

trans form, with the two CO2
� groups on

the Cp’ ligands oriented opposite to each
other, whereas 2 assumes the cis form
owing to formation of a strong intramo-
lecular H bond. Fe blue, O red, C gray.
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From linear to dendritic : Glycine is part of
the predominant sequence in collagen
proteins, and aspartate is similar to the
repeating unit of poly(benzyl glutamate)s
(PBG)s. Collagen and PBGs are linear
peptides that self-organize into fibers and
form liquid-crystalline phases and gel
solvents. How would a molecule self-
assemble if it was built by arranging Gly-
Asp units in a dendritic way (see picture)?
A dendron as both gelator and liquid
crystal?

Aminic or iminic : Two tautomeric forms of
oxidized guanosine have been produced
by chemical radiation methods—by direct
oxidation of guanosine or from the pro-
tonation of the 8-bromoguanosine elec-

tron adduct—and identified. The tauto-
merization from the iminic to the aminic
arrangement has an activation energy of
23.0 kJmol�1 and occurs through a com-
plex transition state (see scheme).

When normal is a surprise : Studies of a
ligand-substitution reaction of a PtII com-
plex (see picture; apa: 2,6-bis(aminome-
thyl)pyridine) in water, methanol, and the
ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide reveal
that the ionic liquid behaves “normally”,
that is, as any other solvent. In the ionic
liquid, changes in the polarity of the
transition state only play a minor role.

A clever way to clavolonine : The total
synthesis of the lycopodium alkaloid cla-
volonine (2) from a linear precursor 1 that
contains the complete 16-carbon-atom
chain is reported (see scheme). Intramo-

lecular and transannular cascade reaction
sequences are explored from both linear
and macrocyclic precursors. A variety of
polycyclic structures are rapidly construct-
ed from simple acyclic precursors.
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Natural product inspired asymmetric
catalysis resulted from an effort directed
toward colombiasin A and related com-
plex targets. The discovery of highly
selective quinone Diels–Alder reactions

catalyzed by the new, monomeric [(Schiff
base)CrIII] complex 1 was a requisite step
in the synthetic endeavor (see scheme;
TES= triethylsilyl, DBU=1,8-
diazabicyclo[5.4.0]undec-7-ene).

A made-to-order asymmetric catalytic
reaction was applied in the key quinone
Diels–Alder step of the total syntheses of

the title compounds (see scheme for the
synthesis of colombiasin A). The reaction
was highly regio- and diastereoselective.

Bimetallic nanotubes : Uniform arrays of
metal nanotubes were prepared by the
electrodeposition of a thin metallic film on
the pore walls of anodic aluminum oxide
membranes decorated with metallic
nanoparticles. Multisegmented nano-
tubes with a bimetallic stacking config-
uration along the nanotube axis can be
fabricated (see picture). The technique is
applicable to a wide variety of conducting
and semiconducting materials.

A pair to fret about : Biotinylated phosphor
nanoparticles that emit upconversion
luminescence have been taken with bio-
tinylated Au nanoparticles, which act as
energy acceptors, and the pair has been

applied to the determination of trace
amounts of avidin based on fluorescence
resonant energy transfer (FRET; see pic-
ture).
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Good to high conversions (70–100%) into
optically active tri- or tetracyclic nitrogen-
containing compounds 1 based on 1,2-
dihydroisoquinolines and 1,2-dihydro-

phthalazines proceed with high dia-
stereoselectivity (d.r.�15:1) and good to
excellent enantioselectivity (85–96% ee)
in the presence of a chiral amine.

In rare form : Although the structure of the
body-centered cubic (bcu) net is com-
monly found in textbooks, its eight-con-
nected topology is extremely rare in
metal–organic frameworks owing to
severe geometric requirements. The first
example of a highly porous, neutral bcu-
type framework (see picture) assembled
from a unique eight-connected tricopper
cluster and a 5-(4-pyridyl)tetrazolate
ligand as linker is reported.

The heavy-atom effect cannot explain the
difference in the third-order nonlinear
optical properties of the clusters
[Ag10(dcapp)4](OH)2·12H2O (1, see
structure), [Zn4O(dcapp)3]·6H2O (2), and
[Hg2(dcapp)2] (3) (H2dcapp=2,6-dicar-
boxamido-2-pyridylpyridine). Quantum
chemical calculations show that the NLO
properties of 1 are controlled both by the
metal and the ligand, while those of 2 and
3 are controlled by the ligand only.

Tiles go down the tube : A novel method
for the preparation of DNA tubes by using
the DNA tile system with the assistance of
a four-way-branched DNA–porphyrin

connector is described (see schematic
representation). The detailed DNA tube
structures were characterized by atomic
force microscopy.
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A light switch : The mechanism of trans-
mission of the photoinduced torsional
strain along a cyclic peptide, incorporat-
ing a biomimetic photochemical switch, is
resolved by quantum mechanics/molecu-
lar mechanics and molecular dynamics
simulations. The excited-state cis!trans
motion of the switch does not affect the
conformation of the peptide which only
begins to change after decay to the
ground state at a conical intersection
(CI; see scheme).
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EUCHEM: Nanoscale Surface Self-
Assembly**

Helmuth M	hwald*
The last two decades have seen tre-

mendous progress in the controlled
self-assembly of molecular organized
thin films at the nanometer level.
These assemblies offer promise for
many applications in optics, electronics,
sensors, or biotechnology, and therefore
it is important to review the progress in
this field, highlight current develop-
ments, and discuss future directions.
This was the aim of the EUCHEM Con-
ference “Nanoscale Surface Self-
Assembly”, which was held on June
19–23 at Sigtuna (Sweden). The meeting
brought together 100 scientists, of whom
many have helped to shape the field
over some years, and their younger col-
leagues, who presented their results
through short oral contributions and
60 posters.

Films with probably the best-defined
structure control are those formed by
chemisorption of silanes or thiols on
inorganic surfaces. Through suitable
modification of the surface, these can
be extended towards multilayers. They
can also be laterally structured by vari-
ous techniques, as presented in original
contributions, through locally selective
electrochemistry by means of an STM
tip (J. Sagiv, Rehovot); through elec-
tron-beam-induced polymerization and
desorption (M. Grunze, Heidelberg;
Figure 1); and through the stamping of

thiols on surfaces (G. Whitesides,
Boston; R. Nuzzo, Urbana). This opens
up potential applications towards elec-
tronics (Nuzzo), microfluidics (White-
sides), and the manipulation of the inter-
actions of biological matter with sur-
faces. The latter holds for the passivating
of surfaces to avoid inflammatory reac-
tions (Grunze) as well as for stimulating
cell growth (Montelius, Lund). It was
also shown that by varying the composi-
tion of surface deposits, gradient films
could be prepared which are suitable
for lubrication studies at the nanoscopic
level (T. Kraus and N. Spencer, Z;rich).
An interesting new approach to fabri-
cate multifunctional films was intro-
duced by D. Reinhoudt (Twente), who
reported the synthesis of molecules
with many supramolecular interactions
that are able to assemble in well-defined
films with a structure that can be manip-
ulated by environmental conditions.

Owing to their ease of fabrication
and versatility with regards to selection
of the material, polyelectrolyte multilay-
ers have received widespread interest.
These films, which are predominantly
based on electrostatic interactions, are

structurally controlled only at the nano-
meter level, but their robustness and
high tolerance to imperfections makes
them appealing for a variety of applica-
tions, including controlled-release surfa-
ces or defined wettability. G. Decher
(Strasbourg) presented spray-coating
as a simple and efficient way to prepare
multilayer films, and A. Rogach
(Munich) demonstrated that different
components, in this case semiconductor
quantum dots, can be introduced with
varying composition along the normal
to allow an energy-transfer cascade
through the film. H. M?hwald (Pots-
dam, Germany) presented an extension
of the polyelectrolyte multilayer assem-
bly technique in which sacrificial colloi-
dal templates have been coated to yield
micro- and nanocapsules with well-
defined walls and surfaces, and con-
trolled, switchable permeability.

Polyelectrolyte/surfactant assem-
blies are frequent in nature and are
also used in many technical systems. To
study them at interfaces, on the one
hand, enables one to learn more about
their interactions, and on the other
hand, enables specific interfacial modifi-
cations, for example, in foams (Lange-
vin, Orsay; Thomas, Oxford). Many of
these complexes form 3D structures
that may be of importance, for example,
for gene therapy or conditioners. During
the presentations it became clear that
not only the rules of the assembly of
the multicomponent systems have to be
learnt but that also, especially for poly-
mers as components, non-equilibrium
states are relevant (Tilton, Pittsburgh).

Inorganic nanoparticles can be
inserted into films as stable functional
components, and it was shown by E.
Hutter and J. Fendler (Potsdam, USA)
that the scattering power of gold nano-
particles can be used for the very sensi-
tive detection of interactions including
DNA recognition. A new and versatile
way of (grafting from) polymerization
on nanoparticles that makes them func-
tional building blocks of defined coat-
ings was presented by D. Wang (Pots-
dam, Germany; Figure 2).

Nature provides us with membranes
as multifunctional surfaces and films,
and it is intriguing to arrange these on
inorganic supports. Whereas the contri-
bution of L. Evans (Leeds) mainly con-
centrated on solving problems related
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Figure 1. Three-dimensional poly(N-isopropyl-
acrylamide) micro- and nanostructures can be
grown onto various substrates by grafting the
polymer brush from an initiator-coated sur-
face. The dependence of the brush height on
the density of the initiator (controlled by the
electron-beam dose in the chemical lithogra-
phy process) allows spatially defined polymer
patterns with varying heights and unique sur-
face topographies to be created in a single
step. Image courtesy of Quiang He, Junbai Li,
Alex KAller, and Michael Grunze (University of
Heidelberg)
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to the coupling of the membrane on a
solid support, the contribution of D.
Stamou (Copenhagen) demonstrated
the fabrication of reaction vessels on
micropatterned surfaces.

Progress in the past has been also
due to the development of new techni-
ques, and this is expected to continue.
T. McMaster (Bristol) demonstrated
the applicability of new refinements of
scanning force microscopy to probe
soft interfaces, and M. Lefenfeld (New
York) showed the applicability of high-
energy X-ray reflectivity to probe
buried interfaces. The latter is also
applicable for sum-frequency genera-

tion and is especially suited to probe
defects and symmetry breaks, as pre-
sented by S. Ye (Hokkaido). These tech-
niques first emerged about 10 years ago,
but it wasnDt until recently that one
could extract the quantitative informa-
tion necessary for a controlled assembly.
This is also true for neutron reflectome-
try, as presented by R. Thomas
(Oxford), wherein systematic studies
have now revealed a layered arrange-
ment of some polyelectrolytes near
interfaces. In a most impressive talk by
W. Kern (Stuttgart) based largely on
low-temperature scanning tunneling
microscopy, the participants realized
how much one still has to learn on
going from an atom to a supramolecular
assembly on a surface. With high-resolu-
tion techniques, chiral recognition in
assemblies of linear aggregates could
be realized, leading to periodic non-
close-packed arrays on surfaces.

The program included some free
time for informal discussions as well as
a “round table” to discuss future per-
spectives. This developed into a very
lively discussion hour, however, without
any conclusions. The most evident prob-
lems identified from the discussion were
as follows:
1) The field is highly multidisciplinary,

and as no individual can cover all
disciplines in depth, the integration
of many specialists is mandatory
but highly demanding.

2) Funding agencies and politicians
have received many promises of
nanotechnological applications.
However, one still has to learn the
rules of molecular assembly, and
therefore long-term research is
required and many promises will
not be met in the near future.

3) Most scientists have their personal
view on the areas of most promising
applications. However, no consensus
has been reached, as there have been
many examples of unexpected
breakthroughs.

These lively, partly chaotic discus-
sions, however, did not affect the
extremely friendly spirit of the confer-
ence. One could profit from all contribu-
tions and discuss with all speakers at
length. Much of this is due to the excel-
lent selection and organization by M.
Rutland and his team from the Royal
Institute of Technology Stockholm and
the Swedish Chemical Society. The suc-
cess of the meeting is probably most
clearly expressed in the result of a
secret poll of the participants, with
95% rating the conference as very
good or excellent. They also expressed
a strong wish for a continuation, and
hopefully this will be the case on a
more regular basis.
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Figure 2. The pH-dependent chemical struc-
ture of a polymer brush on a nanoparticle sur-
face. With the protonated brush, the nanopar-
ticle is soluble in water; unprotonated, the
nanoparticle is soluble in organic solvents.
Image courtesy of Dayang Wang and Hongwei
Duan (Max Planck Institute of Colloids and
Interfaces).
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Ubiquitin at Fox Chase (Nobel Lecture)**
Irwin Rose*

My interest in protein breakdown as a research problem
began in l955 at about the time I joined the Biochemistry
Department of Yale University. It was known that proteins
break down intracellularly in the mature animal.[1,2] In l955 I
learned from Melvin Simpson about experiments he had
published two years earlier[3] showing that a variety of
conditions that should lower the ATP level of liver slices
(anaerobiosis, cyanide, 2,4-dinitrophenol) decreased the rate
of liberation of labeled methionine from the protein of rat
liver slices. Simpson and I had just joined the Biochemistry
Department and we had labs down the hall from each other.
Simpson0s research goal at Yale was to look for an in vitro
system that performed protein synthesis rather than protein
breakdown. During my Yale years I concentrated on enzyme-
mechanism questions relating to the keto-aldose isomerases
by using tritium to establish the occurrence of proton
transfer,[4] but I kept an eye out for reports in the literature
on progress in the field of protein breakdown.

Nothing new was being reported by 1963 when we
relocated to the Institute for Cancer Research of Fox
Chase, Philadelphia. At that time I began looking for a cell-
free system that would show an ATP dependence using the
Ehrlich ascites cells that were available from our animal
colony. My usual procedure was to label cells in a suspension
with an essential amino acid, wash the cells, lyse them by
homogenization, and look for acid-soluble counts by adding
either ATP or 2-deoxyglucose plus hexokinase to deplete the
endogenous ATP.

During 1972, on a half-year sabbatical divided between
Oxford (J. Knowles) and Jerusalem (Y. Stein), I was able to do
further experiments with tissues supplied by Hans Krebs and
by Jacob Mager (Avram Hershko0s PhD researsch director at
the Hadassah Medical School). Both men were highly
supportive, but I was not able to find a cell-free system. At
the same time I was often talking to Jacob Bar Tana of the

Biochemistry Department and we came up with a “pulse/
chase” method that could be used to determine the function-
ality, binding constant, and rate of dissociation of potential
enzyme–substrate complexes.[5]

1. How it All Came Together

Hershko had been with Gordon Tompkins in San
Francisco on a post-doctoral fellowship, where he essentially
confirmed Simpson0s findings but with the tyrosine amino-
transferase of cells in cultures. When he returned to Israel to
set up his own lab in Haifa he also looked for a cell-free
system. I did not meet Avram Hershko until l975, at a Fogerty
Conference on Regulation in Bethesda, where we learned of
each others interest in protein breakdown. Meanwhile,
Tompkins died tragically during a brain tumor operation,
and Hershko was looking for a US lab in which to expand his
work further during sabbatical years and summers. It is not
clear to me why he chose our lab in suburban Philadelphia for
this purpose. We had no reputation in protein breakdown,
having never published in the field. Our limited expertise was
expected to be in mechanistic enzymology. The three
American postdocs, Haas, Pickart, and Wilkinson, who
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came on board for that reason, could not have anticipated the
diversion their research careers were about to take.

In l977, when we joined forces at Fox Chase, Etlinger and
Goldberg[6] had done the first successful experiment using a
cell-free system with lysates of rabbit reticulocytes. Hershko
and his student Aaron Ciechanover[7] had already started
fractionating the reticulocyte extract and identified the heat-
stable factor (APF-1) before they came to Fox Chase that
summer. Their subsequent work, much of which was reported
in collaboration with members of my group, is to be found in
the following Nobel Lecture by Hershko. The key observation
that the 8-kDa APF-1 formed units of a chain linked to the
protein targeted for breakdown was the most unexpected and
unique aspect of the process.[8]

The identification of APF-1 with ubiquitin was made by
three post-docs at Fox Chase: Keith Wilkinson and Arthur
Haas from the Rose/Hershko lab and Mike Urban from the
neighboring lab. Urban was working with chromatin and
knew especially about their interesting components—the
histones.[9] The pivotal question asked of Urban was: Do you
know any examples of two proteins that are linked covalently.
This recalled the small protein of unknown function, ubiq-
uitin, a covalent ligand of histone H2A. The size and amino
acid composition of APF-l reported by Hershko and known
for ubiquitin were in agreement.

The failure of many cell extracts to give ATP-dependent
protein breakdown is probably a consequence of a lysosomal
trypsin-like protease that destroys the ubiquitin of the
preparation. This was discovered by Haas et al. ,[10] who
observed the loss of enzyme binding capacity of a ubiquitin
affinity column when liver extracts were put through it. Haas
was able to show ATP/ubiquitin-dependent protein break-
down with liver extracts that were preincubated to inactivate
the trypsin-like activity. Ubiquitin was already known to be
trypsin-sensitive at the Arg74�Gly75 bond.

2. The Ubiquitin Activating Enzyme

Enzymologists usually study the initial rates of reactions
by measuring product formation as a function of substrate
concentration or another variable. Cell biologists are more

likely to want to know the effect of a change on the steady-
state behavior of a complex system. When the ubiquitin
activating enzyme E1 was discovered by Hershko, it could not
be studied by the rate of product formation because the
enzyme produced a covalently linked end product. In 1982
Art Haas used isotope exchange at equilibrium to establish
the reaction sequence and a number of equilibrium and rate
constants of E1—the only enzyme of the cell that uses
ubiquitin, per se, as a substrate.

The ubiquitin (Ub) activation process is defined by the
formation of two equivalents of pyrophosphate (PPi), one
equivalent of bound AMP-Ub, and two exchange reactions:
ATP with PPi and ATP with AMP, as shown in Equations (1)–
(3).

E1þATPþUbÐ E1 �AMP-Ubþ PPi ð1Þ

E1 �AMP-UbÐ E1-S-UbþAMP ð2Þ

E1-S-UbþATPþUbÐ E1-S-Ub �AMP-Ubþ PPi ð3Þ

AMP-Ub, which is prepared from E1, ATP, and Ub and
eluted by denaturing the enzyme, is sensitive to both
dithiothreitol (DTT) and hydroxylamine, thus indicating an
acyl-P–anhydride linkage. The AMP-Ub could be converted
back into ATP upon addition of PPi and Mg2+ ions or to E-S-
Ub, which did not require PPi or Mg2+ ions.[11–13] Only the
formation of enzyme-bound Ub was inhibited by iodoacet-
amide, thus indicating transfer to the cysteine of the enzyme
(Ub being cysteine-free). The linkage to Ub had already been
established to involve the C-terminal glycine of Ub.[14]

ATP was shown to precede Ub in combining with E1 and
with E1-S-Ub (Scheme 1) since inhibition of ATP/PPi

exchange was seen at Ub above 10 mm and inhibition was
complete at 400 mm. Addition was not random.[12] Equilibrium
constants of the expanded Scheme 1 could be estimated from
the influence of varying AMP and PPi on the concentrations
of E1-AMP-Ub and E1-S-Ub, which were determined with
tritium-labeled ATP by acid precipitation and labeled Ub by
electrophoresis. The affinity for ATP (ca. 40 mm) is higher
than the level of ATP in the cell, which ensures that the E1 in
the cell will be in the E1-ATP or E1-S-Ub-(ATP) form ready
to pick up any free Ub (Km = 0.58 mm). The sensitivity to AMP
as an inhibitor (K6 = 0.027 mm) is much higher than ATP as a
substrate, which suggests that AMP may be acting as a
feedback inhibitor at an allosteric site as well as with E-S-Ub.

Irwin Rose received his PhD in 1952 from
the University of Chicago in Biochemistry for
his work on the conversion of U-14C-cytidine
into U-14C-deoxycytidine in the DNA of
mouse tissues. In 1955 he joined the Bio-
chemistry Institute at Yale Medical School.
Here, he learned from Melvin Simpson that
protein breakdown was inhibited, not stimu-
lated, under energy-deficient conditions. At
Fox Chase (1963–1997), after contributing
to enzyme-mechanism research, he was
joined by the Hershko/Cienhover team in
1977 who were making progress fractionat-

ing reticulocyte extracts. He and his students contributed to studies of the
ubiquitin activating enzyme, ubiquitin carrying protein, and ubiquitin C-ter-
minal hydrolase leading to the isolation of ubiquitinaldehyde and an under-
standing of the hydrolase mechanism. Scheme 1. Sequence and distribution of enzyme intermediates in the

activation by ubiquitin.
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3. Ubiquitin-Carboxy-Terminal Hydrolase: Discovery
and Mechanism

It was observed that the usual one-turnover assay of E1
used ATP well beyond expectation when glutathione was
included in the assay. The explanation: The ubiquitin of E1-S-
Ub is readily transferred nonenzymatically to mild nucleo-
philes such as glutathione, DTT, and hydroxylamine. By itself,
this would increase the consumption of ATP to the amount of
Ub present in the assay. However, much more was taken up.
Were the Ub derivatives unstable? None of the expected Ub-
S-DTT from an incubation of AMP-Ub and DTT could be
isolated on a covalently bound Hg+ column unless great care
was taken in the conversion. Most revealingly, the yield was
increased if urea was added immediately after the reaction.
This result indicated that an enzyme carried over with the
AMP-Ub from the E1 preparation was regenerating the Ub.
These two observations—the transfer of Ub from E1-S-Ub to
mild nucleophiles and an enzyme contaminating E1 that
would restore free Ub—were needed to explain why much
more ATP was consumed than could have been expected in
the E1 assay.[15] The combined action of E1, glutathione, and
the hydrolase results in a futile cycle converting ATP into
AMP + PPi (Scheme 2). AMP-Ub is normally too tightly
bound to E1 to lead to a futile cycle of its own in the presence
of an active nucleophile.

Amides of ubiquitin were not available to test as
substrates of the new ubiquitin thioesterase until their
synthesis was made possible by Cecile Pickart through the
action of E1 + E2 on primary amines.[16] This research was of
great interest because the enzymes required for recovery of
Ub from conjugation in the newly emerging Ub system were
believed to be isopeptidases. An E1·E2-S-Ub complex
normally transfers Ub to the e-NH2 group of lysine in
proteins. To determine the substrate specificity of this
system, Dr. Pickart found that a variety of small primary
amines at much higher concentration are also very good Ub
acceptors. The Ub amides were good substrates for the
previously purified Ub thiolesterase which henceforth has
been known as ubiquitin-carboxy-terminal hydrolase (UCH).

The pure enzyme (Mw = 29 kDa) was readily prepared from
mature human red cells (ca. 0.1 units per mL of packed cells).
Its turnover rate is quite high, almost diffusion limited, and its
Vmax value is approximately 10 s�1. Ubiquitin conjugated to
glutathione or to a polyamine in cells with such activity should
be negligible.

The rate of the E1·E2/UCH/amine system can be
determined by measuring ATP consumption in a futile cycle
similar to that of Scheme 2, where the rate can be used to test
the activity or the specificity of the component present in a
rate-determining amount. UCH enzymes are limited in the
size of the substrate they will act upon. Any role in the
deubiquitination of polyubiquitin chains is doubtful. This
activity is given over to much larger deubiquitinating enzymes
(DUBs).

Considerations of the mechanism of UCH start with the
observation that these enzymes are inactivated by iodoacet-
amide, protected by Ub, and therefore should have an active-
site thiol group and possibly a ubiquitin thiolester intermedi-
ate. We found that inactivation of UCH was brought about by
borohydride if ubiquitin was also present.[17] Both the tritium
from the borohydride and the label from Ub were tightly
fixed to the inactive enzyme. Both isotopes were released
upon mild acid denaturation, whereby tritium traveled with
the Ub. The released product was about 1000 times more
inhibitory than Ub in an assay using [3H]-butanol-4-NH2-Ub
as a substrate. This effect was lost with borohydride addition
to the inhibitor, which was protected from reduction if
enzyme was added first. We concluded that the acid-liberated
inhibitor must be the C-terminal aldehyde form of Ub (Ubal).
This was shown with [3H]-NaBH4, and by isolation of [3H]-
ethanolamine among the acid-hydrolysis products. The basis
for the protection of the Ubal by the enzyme must be the
formation of a strong complex that shields the aldehyde
group. A combination of chemical and physical forces would
result from the addition of the active-site SH to the carbonyl
group, a thiolhemiacetal on the one hand and multiple
protein–protein interactions between the active site and the
remainder of the Ubal. Additional stabilization may come
from the resemblance of the thiohemiacetal to the tetrahedral
intermediates and transition states in the amidase reaction, as
would be drawn for papain and cathepsin B (Scheme 3).

This interpretation of the mechanism of action of Ubal has
been confirmed and extended by X-ray crystallographic
studies of Ubal complexed with the UCH of yeast Yuh 1 by
Johnston et al.[18] and with the 352-residue UCH domain that
was cut out of the 1102-residue-long HAUSP (herpes virus
preassociated ubiquitin-specific protease) deubiquitinating
enzyme by Hu et al.[19] In both cases, Ubal caused significant
distance and angle rearrangements in the catalytic triad
regions compared with structures obtained without Ubal,[19,20]

respectively, as well as placement of H-bonding residues to
accommodate the expected oxyanion hole of a thiohemiace-
tal–Ub adduct.

The large DUBs, about 80 of which have been identified,
serve to reverse the lengthening of the polyubiquitin chains
that leads to the destruction of the targeted protein at the
proteasome. HUASP is also known as a tumor-suppressor co-
protein because deubiquitinating p53 (the tumor suppressor

Scheme 2.
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transcription factor of tissues) should raise its steady-state
level. The large size of DUBs is consistent with high
specificity and signal control. The roles of the UCHs are not
yet clear. The size of the Ub extension that can be removed by
these smaller enzymes is smaller than a Ub molecule so that
Ub–Ub cleavage intermediates, if they arise in the deubiqui-
tination process, will not be further degraded by a UCH.

4. Unresolved Issues

* Current discussions of the E1-E2-E3 system often ignore
the potential of E1-AMP-Ub to transport Ub units
between the solvent and E1-SH to E2 without dissociation
of the E1·E2 complex. This possibility should be easily
evaluated by pulse/chase experiments using heavy-iso-
tope-labeled Ub in the pulse, unlabeled Ub in the chase,
and analyzing the product by mass spectrometric sequenc-
ing.

* This approach may fail if the E2·E3–protein interactions
are weak. In addition, the experiment should give
information about the processivity of the system,
namely, how many Ub moleculess can be added in
succession.

* This approach should also answer the question of whether
when Ubs are added to the growing chain they are added
to the distally located end of the chain as is often stated,
but which seems unreasonable as the chain-length
increases.

* An interesting problem stems from the observation by
Cecile Pickart[16, 17] that hydroxylamine at Km� 1 mm

inactivates the C-terminal hydrolase of erythrocytes, and
possibly all UCHs, in the presence of Ub. Using the
hydroxamate of Ub as a substrate, complete inactivation
requires about 2000 turnovers of the enzyme. Labeled Ub
is not found on the re-isolated enzyme, nor is activity
recovered. Unless hydroxylamine has some unexplored
way of reacting with the S- of the Ub-thiolester-enzyme
intermediate, the classical reaction products should be
Ub-hydroxamate and active enzyme. In view of the
important role of the deubiquitinating enzymes and a

practical interest in their inactivation, it will be useful to
know how hydroxylamine works.

It is a pleasure to pay tribute to Dr. Avram Hershko whose
analytic intuition was always productive and whose generous
spirit made our interactions always harmonious. His graduate
student Aaron Ciechanover played an important role in
communicating the progress made in Israel to those at Fox
Chase. He has continued adding many fundamental observa-
tions to the field. The post-docs: Aaron Ciehanover, Art Haas,
Cecile Pickart, and Keith Wilkinson were all major contrib-
utors, who have continued their careers in the Ub field with
notable success. Thanks are also due to Hannah Heller and
Jesse Warms for their contributions in the lab.
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TheUbiquitin System for Protein Degradation and Some
of Its Roles in the Control of the Cell-Division Cycle
(Nobel Lecture)**
Avram Hershko*

1. Biographical Notes

I was born on December 31, 1937, in Karcag, Hungary.
Karcag is a small town of around 25000 inhabitants, about
150 kilometers east of Budapest. It had a Jewish community
of nearly one thousand people. My father, Moshe Hershko,
was a schoolteacher in the Jewish elementary school in
Karcag; most of the Jewish children in that town were his
students. His former students from Hungary, and later from
Israel, described him with admiration as an inspiring teacher
and a role-model educator. My mother Shoshana/Margit
(“Manci”) was an educated and musically gifted woman. She

gave some English and piano
lessons to children in Karcag. My
older brother Chaim was born in
1936, less than two years before
me. My mother wanted very much
to also have a baby girl, but the
times were the eve of World
War II, Hitler3s screams could be
frequently heard on the radio, my
parents became apprehensive of
the future and thus did not try to
have more children. Still, my rec-
ollections of my early childhood

are of very happy times, with loving and supporting parents,
growing up in a nice house with a beautiful garden, created by
my father who was also an amateur (but avid) gardener. A
family picture from these times, with my parents, my brother,
and I as an infant, shows well the warmth of my family
(Figure 1).

This early paradise was lost rapidly and brutally. World
War II broke out, and soon Hungary joined in as an ally of
Nazi Germany. In 1942, my father was taken by the
Hungarian Army to serve as a forced laborer, with companies
of other Jewish men. They were sent to the Russian front,
where most of them perished. Luckily for my father, the
Soviet Army advanced so rapidly after Stalingrad that he was
captured by the Soviets before the Nazis could kill him. Then,
he was used by the Soviets as a forced laborer. He was
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released only in 1946, so we did not know for four years
whether or not he was alive.

In the spring of 1944, Hungary3s dictator Horthy under-
stood that Germany was losing the war, and planned to desert.
The Germans sensed this and quickly occupied Hungary. This
was followed by the rapid extermination of much of the
Jewish population of Hungary. InMay/June 1944, most Jewish
people were concentrated in ghettos and then transported to
death camps in Poland. I was six years old at that time. We
were in a ghetto on the outskirts of Karcag for a couple of
weeks and then were transferred to a terribly crowded ghetto
in Szolnok, which is a larger city in the same district. From
there, Jews from the entire district were transported further
on freight trains. They were told that they were being sent to
work, but after the war we learned that most of the trains were
headed for Auschwitz. By some random event, my family and
I were put on one of the few trains that headed for Austria,
where Jews were actually used for labor. This group included
my mother with us two children, my paternal grandparents,
and my three aunts. In Austria we were in a small village near
Vienna, where adults worked in the fields and in a factory. We
were liberated by the Soviet Army in the spring of 1945. My
maternal grandparents perished in the Holocaust, along with
360000 Hungarian Jews and almost two-thirds of the Jewish
people of Karcag. Following our reunion with my father in
1946, the family lived for three years in Budapest, where my
father found a job as a schoolteacher. The family emigrated to
Israel in 1950.

In Israel we settled in Jerusalem and I started a new and
very different life. Of course, there were initial difficulties in
being new immigrants. We had to learn a new language,
Hebrew. This was not too difficult for children (I was less than
13 at that time), but it was more difficult for my parents. Still,
my father studied Hebrew and soon started to work, again as
a schoolteacher. (Later he taught at a teachers3 seminary and
authored mathematics textbooks, which were very popular in
Israel.) As always, education of their children was my parents3
highest priority. Although we were quite poor immigrants at
that time, my brother and I were sent to an expensive private
school in Jerusalem. I suspect that most of the salary of my
father was spent on our tuition fees.

At school I was received well by the other children. These
were times of massive immigration to Israel, so a new
immigrant child with a Hungarian accent did not stand out too
much (I am told that I still have some Hungarian accent,
especially in English, though my Hungarian language is quite
poor now). I was a good student, and learned easily different
subjects, such as mathematics, physics, literature, history, and
even Talmud! That became a problem when I finished high
school; I was interested in toomany subjects, so it was difficult
for me to decide how to continue. I chose to study medicine,
probably by default, because my brother Chaim was already a
medical student, so I could inherit his books for free! Chaim
always wanted to be a physician, and he is now a very well-
known hematologist and an authority on iron metabolism.

In 1956, I started to study at the Hebrew University–
Hadassah Medical School in Jerusalem, which was the only
medical school in Israel at that time (there are now four). In
the basic science part of my medical studies, I fell in love with
biochemistry. I studied biochemistry in three different
courses: organic chemistry, basic biochemistry, and a course
called “physiological chemistry”, which was medically ori-
ented biochemistry. I was very fortunate to have outstanding
teachers in all three courses. Organic chemistry was taught by
Yeshayahu Leibowitz, a legendary person in Israel, a highly
original thinker whose knowledge encompassed philosophy,
political science, Bible, Talmud, medicine, chemistry, and
more. He was probably my best teacher, it was an intellectual
feast to listen to him. Leibowitz loved biochemistry, and he
sneaked biochemistry into his lectures on organic chemistry
whenever he could, which was often. Basic biochemistry was
taught by ShlomoHestrin, also an inspiring teacher who had a
special talent to transfer his enthusiasm of science to the
students. Physiological chemistry was taught by Ernst Wer-
theimer, a professor of German Jewish origin whom we had
some difficulty to understand because of his heavy German
accent, but who had an excellent perspective of integrating
metabolism at the level of the total body and of physiological
contexts of biochemistry. Another part of the same course was
taught by Jacob Mager. Mager was an outstanding biochemist
and a man of encyclopedic knowledge. However, he was very
shy and quite a bad classroom teacher (although an excellent
teacher in the laboratory, as I learned later). Most of his
lectures were delivered while he was writing whole metabolic
pathways on the blackboard, without any notes, with his face
to the blackboard and his back directed to the class. Still, I was
so much impressed by the depth and breadth of his knowledge
of biochemistry that I decided to ask Mager if I could do some
research in his laboratory (Figure 2).

I started to work in Mager3s laboratory in 1960. At that
time, there was no formal MD/PhD program at the Hebrew
University, but it was possible to do a year of research
between the preclinical and the clinical years of medical
studies. I did that, and although I completed medical studies
later on, I already knew by the end of that year that I was
going to do research, rather than clinical practice. I was very
fortunate to have had Jacob Mager as my mentor and tutor of
biochemical research. He was a scientist of incredible scope of
interests and knowledge. He was interested in every subject in

Figure 1. My parents, my brother (middle, top), and I (middle,
bottom) at around the end of 1938.
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biomedicine, he knew almost everything about every subject
and he worked simultaneously on three to four completely
different research projects. This undoubtedly caused frag-
mentation of his contributions to science, but provided his
students with a broad experience in different areas of
biochemistry in a single, relatively small laboratory. In a
period of a few years I worked with Mager on subjects as
different as the effects of polyamines on protein synthesis
in vitro, glucose-6-phosphate dehyrogenase deficiency, and a
variety of aspects of purine nucleotide metabolism, including
enzymology and regulation. During this time, I also finished
my medical studies, did my military service as a physician
(1965–1967), and then returned for twomore years toMager3s
laboratory to finish my PhD thesis (1967–1969). I received not
just a broad view of biochemistry from Mager, but also a very
solid basis. He was a very rigorous experimentalist, every
experiment had to be done with all possible positive and
negative controls, all experiments were carried out in
duplicate, and every significant new finding had to be
repeated several times to make it sufficiently credible. I owe
a lot to Jacob Mager for a strong background in rigorous
biochemistry.

I met Judith (nHe Leibowitz) in 1963, and we married at
the end of the same year. Judy was born and raised in
Switzerland. After her studies in biology, she decided to spend
a year in Israel. During this year, she worked in the
hematology laboratory of the Hadassah hospital in Jerusalem.
One day, I walked over to the hematology laboratory to get a
blood sample that I needed for my research, and we literarily
bumped into each other. This collision caused her to stay in
Israel for more than one year, and now we have been married
for over 41 years. We have three sons: Dan (1964), Yair
(1968), and Oded (1975). Dan is a surgeon, Yair is a computer
engineer, and Oded is a medical student. We have now six
grandchildren: Maya (1994), Lee, (1997), Roni (1998), Ela
(2000), Ori (2002), and Shahar (2004). Needless to say, both

Judy and I are crazy about all our grandchildren. During all
our years together, I got tremendous support from Judy.
Although she came from one of world3s most peaceful
countries to one of the least, and from a very comfortable
and pampering environment to quite primitive surroundings,
she stood ground with a lot of energy, courage, and cheerful
optimism. She always took care of all my possible needs, as
well as the needs of our children and grandchildren. Judy is
not only a very beautiful woman, but she also radiates a lot of
caring, love, and compassion. In addition to providing so
much support at home, she also helped me a lot in the
laboratory, over a period of more than 15 years. The ubiquitin
system was helped by Judy in more than one way (Figures 3
and 4).

In 1969 to 1971 I was a postdoctoral fellow with Gordon
Tomkins at the Department of Biochemistry and Biophysics
of the University of California in San Francisco. I met Gordon
the previous year, when he gave some lectures in Israel. He
was very different from Mager: outgoing, vivacious, bursting
with original ideas (Figure 5). Unlike Mager, Gordon did notFigure 2. Jacob Mager.

Figure 3. Judy and Avram Hershko in 1977.

Figure 4. Judy, Avram, and family in 2003 (Judy’s 60th birthday party).
Left to right; standing: Vardit, Yair, Avram, Judy; middle row: Dan, Ori,
Sharon, Oded; sitting: Lee, Maya, Roni, Ela.
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care much about controls or experimental detail, but he was a
volcano of a man, constantly erupting with great ideas and he
was a wonderful stimulator of many other researchers3 work
as well. Many distinguished scientists who knew Gordon
Tomkins at that time (unfortunately, he died at an early age)
still speak of him with great admiration. He exuded a great
personal charm and I liked him instantly. I thought that
Gordon may add some new dimensions to my development in
science and this indeed was the case. I got a lot of stimulation
and biological perspective from Gordon, while I continued to
use what I learned from Mager about rigorous controls. As
described in the main text, I learned about protein degrada-
tion and got fascinated with this process while I was working
with Gordon Tomkins.

I returned from San Francisco to Israel in 1971. Originally,
I planned to return to the Hebrew University in Jerusalem,
but a new medical school opened in Haifa and I was offered
the opportunity of being its Chairman of Biochemistry. This
sounded very challenging and I agreed, but later it turned out
to be a very minute unit of Biochemistry in a very small
Faculty of Medicine of the Technion, so at the beginning I
chaired mainly myself. One initial reason for its being so small
was that there was not enough space to house much faculty.
The whole Faculty of Medicine was housed, on a temporary
basis, in an old two-floor monastery (Figure 6). This “tempo-
rary” situation lasted for more than 15 years, until the new
building of the Faculty of Medicine was completed in 1987.
However, I had great times in that old monastery, and much
of the discovery of the ubiquitin system was done right there.
Isolation may at times lead to creativity, since one is not
bothered by what others are doing and does not feel
compelled to work on currently popular, “fashionable”
subjects. I was very fortunate to assemble there a highly
devoted research team, which included at the beginning
HannaHeller andDvora Ganoth, and later, at different times,
Ety Eytan, my wife Judy, Sarah Elias, and Clara Segal. Dvora
and Ety still work with me. My first graduate students were

David Epstein, Yaacov Hod, and Michael Aviram. For a
number of years, we tried to establish a cell-free system that
reproduces energy-dependent protein degradation in the test
tube, essential for the biochemical analysis of this system. For
this purpose, we tried different sources, such as liver
homogenates and extracts from cultured cells, and even
from bacteria. We did not have any success in any of these
attempts. I remember that a biochemist friend from Jerusalem
visited my laboratory and at the end of the visit she told me
that I should not have most of my laboratory working on a
hopeless subject. However, I was very obstinate and was
obsessed with the idea that it would be possible to find out
how proteins are degraded only with a biochemically
analyzable cell-free system. Maybe I was lucky to work in
such a remote and small place; in a larger institution, my
graduate students and research assistants may have deserted
me for some less frustrating research. Finally we used the
reticulocyte cell-free system established in the Goldberg
laboratory for the biochemical fractionation (see Lecture). At
that time, Aaron Ciechanover joined my laboratory for a DSc
thesis, after completing his medical studies and Army service.
Aaron was the most incredibly hard-working graduate
student that I ever had.With his huge energies, he contributed
a lot to the discovery of the ubiquitin system. He was also a
natural manager, already as a graduate student. I recall that at
the end of my sabbatical year in Philadelphia in 1978 (see
below), after telling Ernie Rose how small Israeli research
grants were, Ernie suggested that I should apply for a foreign
research grant from the NIH to support my work in Israel. I
was inclined to do a couple more experiments instead of
writing a grant application, but Aaron pushed me into a chair
and commanded: “now write the NIH grant application!”. I
wrote it and got the grant, the first of five consecutive grant
periods supported by the NIH. It saved the situation in the
Haifa lab at a very critical time. I am very grateful to the NIH
for supporting my work and also to Aaron for forcing me to
write the initial grant application.

The story of the discovery of the ubiquitin system is
described in my lecture, and here I add only some anecdotal

Figure 5. Gordon Tomkins.

Figure 6. Old and new buildings of the Faculty of Medicine, Technion,
Haifa. A) Old building. My laboratory was at the right corner of the
upper floor. B) New building.
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episodes from these times. The fractionation of reticulocyte
lysates into fractions 1 and 2 was based on a trick that I
learned from Mager in the purification of enzymes of purine
nucleotide metabolism from erythrocytes. Hemoglobin con-
stitutes about 80–90% of the total protein of erythrocytes and
reticulocytes, and therefore the first task in the purification of
any enzyme from these cells is to get rid of the great mass of
hemoglobin. This is most conveniently done by using the
anion-exchange resin DEAE-cellulose, which binds most
nonhemoglobin proteins, but not hemoglobin. In our case this
procedure resulted in loss of activity, which could be
recovered by adding back fraction 1 that contained not only
hemoglobin but also ubiquitin. In fact, in our laboratory
jargon we called ubiquitin for some time “Red”, because of
the red color of hemoglobin in this fraction. After we found
that the factor in this fraction (that is, ubiquitin) remains
active after boiling for 30 minutes, we consulted a protein
expert at the Technion who told us that our factor cannot be a
protein. We found, however, that it is a protein, based on its
sensitivity to the action of proteinases. Maybe the lesson from
this story is that it is dangerous to consult experts.

After working for six years at the Technion, I had a
sabbatical year due in 1977/1978. I had a problem in choosing
a person with whom I would spend my sabbatical year. I knew
the people in the (then) small protein-degradation field, and I
was not very enthusiastic. Many people in the field had their
pet theories about the cause for the high selectivity of
intracellular protein degradation, without much (or any)
experimental evidence. Once again, I was lucky. In 1976, I
attended a Fogarty meeting on a quite general subject at the
National Institutes of Health. Irwin Rose also attended this
meeting, and one morning I joined him at the breakfast table.
Ernie was well known for his work on enzyme mechanisms. In
the course of our conversation I asked Ernie in what else he
was interested, and his reply was: “protein degradation”. I
was a bit taken aback and told him that I never saw anything
published by him on protein degradation. His reply was:
“there is nothing worth publishing on protein degradation”! I
liked his critical attitude and Ernie being such a character,
and therefore I asked him if I could spend my sabbatical year
in his laboratory (Figure 7). It turned out that Ernie Rose was
really interested in protein degradation. When he had been a
young faculty member in the fifties at the Department of
Biochemistry of Yale University, he talked to Melvin
Simpson, another young faculty member there, and Simpson
told him about his experiments on the energy-dependence of
the liberation of amino acids from proteins in liver slices (see
Lecture). This aroused Ernie3s interest, and from time to time
he did experiments trying to understand the energy-depend-
ence of protein degradation. He did not make any significant
progress in these experiments, and therefore he did not
publish anything on protein degradation.

Ernie Rose is the third person, in addition to Mager and
Tomkins, who had a great influence on my scientific life. He is
very different from both Mager and from Tomkins. He likes
problem solving, and his attitude to science is highly
analytical. I am more intuitive, so we complemented each
other very well. He is so brilliant that people do not always

understand his ideas and are a little afraid of him. People are
also often apprehensive of him because he can be very critical,
and does not hesitate to voice his criticisms. We got along very
well over a period of 20 years, which included several
sabbaticals and many summer visits in his laboratory at Fox
Chase Cancer Center in Philadelphia. Our only disputes were
when he refused to be co-author of work to which he actually
made significant contributions. In the case of the few papers
on which he is co-author, I had to force him to agree. He was
most unselfish in our joint work, a rare phenomenon in
today3s science. I asked him once why does he keep inviting
me back to his laboratory, and his answer was: “I like the
excitement”. Ernie always downplayed his contributions to
the ubiquitin field. He wrote an autobiographical article for
Protein Science in 1995, and the word “ubiquitin” is not
mentioned in this recollections paper. In our conversations he
always described his role in the ubiquitin story as being
merely supportive, but this is certainly not true. Although on
occasions when I worked in his laboratory, he was adsorbed
with some problem in enzyme mechanisms, he would forget
about my existence for a week or two, but then suddenly he
would come up with a bright suggestion about my current
work. I can state that Ernie3s input of ideas, inspiration, and
helpful criticism were essential for the discovery of the
ubiquitin system and for the delineation of some of the main
enzymatic reactions in this pathway.

The rest of my story is a lot of more work, but also a lot of
more scientific excitement and fun. I continued to be
obstinate, and continued to do what many considered to be
old-fashioned biochemistry in the eighties, when the powerful
technologies of molecular biology became available. This
biochemical work resulted in the discovery of the three types
of enzymes involved in ubiquitin–protein ligation (E1, E2,
and E3), and of some further enzymes of this system.
Subsequently, I became interested in the roles of ubiquitin-
mediated protein degradation in the cell division cycle. This
led me to the Marine Biological Laboratory (MBL) at Woods
Hole, due to the availability of a clam oocycte cell-free

Figure 7. Irwin Rose at Fox Chase Cancer Center in 1992.
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system, which faithfully reproduces cell-cycle-related events
in the test tube. This system was important for the discovery
of the cyclosome/anaphase-promoting complex, as described
in the Lecture. In the past decade, I have spent my summers at
the MBL for the same reason that I spent my summers
previously at Fox Chase Cancer Center—to be able to devote
almost all my time to doing experiments in a tranquil
environment. Benchwork is my great hobby; I also do
benchwork in Haifa, but on a more part-time basis. I have
always loved to do experiments with my own hands, both for
peace of mind and for excitement. Also, my own experiments
were important for almost every significant progress made in
my laboratory. One cannot have a more beautiful place than

the MBL for doing experiments: the great natural beauty of
the surroundings, the tranquility and outstanding scientific
environment all combine to make the MBL a great place for
doing summer research.

When I look back at my life until now, I am amazed how
fortunate I have been in both my personal and my scientific
life. After escaping the Holocaust, both my parents lived in
Israel to a good old age. I am very happy with my wife,
children, and grandchildren. I was very fortunate to have
outstanding mentors in science, and then to be able to use the
knowledge gained for a significant contribution. If only there
were some peace in the world, including between Israel and
its neighbors—I would be completely satisfied.

2. Introduction

All living cells contain many thousands of different
proteins, each of which carries out a specific chemical or
physical process. Due to the importance of proteins in basic
cellular functions, there has been a great interest in the
problem of how proteins are synthesized. In the fifties and
sixties of the 20th century, the discovery of the double-helical
structure of DNA and the cracking of the genetic code
focused attention on the mechanisms by which the order of
bases in DNA determines the sequence of amino acids in
proteins, and on further molecular mechanisms that regulate
the expression of specific genes. Because of the intensive
research activity on protein synthesis, little attention was paid
at that time to the fact that many proteins are rapidly
degraded to amino acids. This dynamic turnover of cellular
proteins had been previously known by the pioneering work
of Schoenheimer et al. , who were among the first to introduce
the use of isotopically labeled compounds to biological
studies. They administered 15N-labeled l-leucine to adult
rats, and the distribution of the isotope in body tissues and in
excreta was examined. It was observed that less than one-
third of the isotope was excreted in the urine, and most of it
was incorporated into tissue proteins.[1] Since the weight of
the animals did not change during the experiment, it could be
assumed that the mass and composition of body proteins also
did not change. It was concluded that newly incorporated
amino acids must have replaced those in tissue proteins in a
process of dynamic protein turnover.[1] Schoenheimer3s
studies on the dynamic state of proteins and of some other
body constituents were published in a small booklet in 1942,
soon after his untimely death (ref. [2], see Figure 8).

In the subsequent decades, research on protein degrada-
tion was neglected, mainly because of the great interest in the
mechanisms of protein synthesis, as described above. How-
ever, experimental evidence gradually accumulated which
indicated that intracellular protein degradation is extensive,
selective, and has basically important cellular functions. It was
observed that abnormal proteins produced by the incorpo-
ration of some amino acid analogues are selectively recog-
nized and are rapidly degraded in cells.[3] However, intra-
cellular protein degradation was not thought to be merely a

“garbage disposal” system for the elimination of abnormal or
damaged proteins. By the late sixties, it became apparent that
normal proteins are also degraded in a highly selective
fashion. The half-life times of different proteins ranged from
several minutes to many days, and rapidly degraded proteins
usually had important regulatory functions. These properties
of intracellular protein degradation and the role of this
process in the regulation of the levels of specific proteins were
summarized in an excellent review by Schimke and Doyle in
1970.[4] Thus, it was known at that time that protein
degradation has important functions, but it was not known

Figure 8. Front page of Schoenheimer’s collected lectures, edited by
his colleagues soon after his death.
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what is the biochemical system that carries out this process at
such a high degree of selectivity and sophistication.

3.My First Encounter with Protein Degradation

I became interested in the problem of how proteins are
degraded in cells when I was a postdoctoral fellow in the
laboratory of Gordon Tomkins in 1969–1971 at the University
of California, San Francisco. At that time, Gordon was mainly
interested in the mechanisms by which steroid hormones
induce the synthesis of specific proteins. His model system for
this purpose was the synthesis of the enzyme tyrosine
aminotransferase (TAT) in cultured hepatoma cells. When I
arrived there I saw that it was a large laboratory, with many
postdoctoral fellows working on different aspects of the
synthesis of TAT. I thought that this was a bit too crowded and
I asked Gordon for a different project. He suggested that I
should study the degradation of TAT, a process that also
regulates the level of this enzyme. This was how I became
involved in protein degradation, a problem on which I have
been working ever since.

Figure 9 shows one of the first experiments that I did as a
postdoctoral fellow in the Tomkins lab. It was quite easy to
follow the degradation of TAT: first hepatoma cells were

incubated with a steroid hormone, which caused a great
increase in the level of this protein. Then the hormone was
removed by changing the culture medium, and a rapid decline
in the level of this protein, due to its degradation, could be
observed. As with other regulatory proteins, this protein also
had a relatively rapid rate of degradation, with a half-life time
of about 2–3 h. I found then that the degradation of TATwas
completely arrested by potassium fluoride, an inhibitor of
cellular energy production (ref. [5] and Figure 9). The effect
was not specific to fluoride, because I got similar results with

other inhibitors of cellular energy production. These results
confirmed and extended earlier findings of Simpson[6] on the
energy-dependence of the liberation of amino acids from
proteins in liver slices. This observation was later dismissed as
being indirect, and that energy is needed to keep the acidic
pH value inside the lysosomes (described in ref. [7]). How-
ever, in the case of TAT, energy was needed for the selective
degradation of a specific enzyme, and it did not seem
reasonable to assume that engulfment into lysosomes could
be responsible for the highly selective degradation of specific
cellular proteins. Since ATP depletion also prevented the
inactivation of the enzymatic activity of TAT, it was con-
cluded that energy is required at an early step in the process of
protein degradation.[5]

I was very much intrigued by the energy-dependence of
intracellular protein degradation. Energy is usually needed to
synthesize a chemical bond, and not to break a chemical bond.
Thus, the action of extracellular proteinases of the digestive
system is an exergonic process, that is, it actually releases
energy. This suggested that within cells a novel, as yet
unknown proteolytic system exists, that presumably uses
energy to attain the high selectivity of the degradation of
cellular proteins.

4. Discovery of the Role of Ubiquitin in Protein
Degradation

Parts of the story of the discovery of the ubiquitin system
have been described previously.[7–9] Following my return to
Israel and setting up my own laboratory at the Technion in
Haifa, I continued to pursue this problem of how proteins are
degraded in cells, and why energy is required for this process.
It was clear to me that the only way to find out how a
completely novel system works is that of classical biochem-
istry. This consists of using a cell-free system that faithfully
reproduces the process in the test tube, fractionation to
separate its different components, purification and character-
ization of each component, and reconstitution of the system
from isolated and purified components. A cell-free ATP-
dependent proteolytic system from reticulocyte lysates was
first established by Etlinger and Goldberg.[10] Subsequently,
my laboratory subjected this system to biochemical fractio-
nation, with the aim of the isolation of its components and the
characterization of their mode of action. A great part of this
work was done by Aaron Ciechanover, who was my graduate
student at that time (1976–1981). This work has also received
a lot of support, great advice, and helpful criticism from Irwin
Rose, in whose laboratory at Fox Chase Cancer Center I
worked in a sabbatical year in 1977/1978 and in many
summers afterwards.

In the initial experiments, we resolved reticulocyte lysates
on DEAE-cellulose into two crude fractions: fraction 1,
which contained proteins not adsorbed to the resin, and
fraction 2, which contained all proteins adsorbed on the resin
and eluted with concentrated salt solution. The original aim of
this fractionation was to get rid of hemoglobin, which was
known to be in fraction 1, while most nonhemoglobin proteins
of reticulocytes were known to be in fraction 2. We found that

Figure 9. Energy-dependence of the degradation of tyrosine amino-
transferase; from ref. [5].
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neither fraction was active by itself, but ATP-dependent
protein degradation could be reconstituted by the combina-
tion of the two fractions.[11] The active component in
fraction 1 was a small, heat-stable protein; we have exploited
its stability to heat treatment for its purification to near
homogeneity. We termed this protein at that time APF-1, for
ATP-dependent proteolysis factor 1. The identity of APF-1
with ubiquitin was established later by Wilkinson et al.,[12]

subsequent to our discovery of its covalent ligation to protein
substrates, as described below. Ubiquitin was originally
isolated by Goldstein et al. in a search for hormones of the
thymus, but was subsequently found to be present in all tissues
and eukaryotic organisms, hence its name.[13] The functions of
ubiquitin were not known, though it was discovered by
Goldknopf and Busch that ubiquitin was conjugated to
histone 2A by an isopeptide linkage.[14]

The purification of APF-1/ubiquitin from fraction 1 was
the key to the elucidation of the mode of its action in the
proteolytic system. It looked smaller than most enzymes, so at
first we thought that it might be a regulatory subunit of some
enzyme (such as a protein kinase or an ATP-dependent
protease) present in faction 2. To test this notion, we looked
for the association of APF-1/ubiquitin with some protein in
fraction 2. For this purpose, purified radiolabeled APF-1/
ubiquitin was incubated with fraction 2 in the presence or
absence of ATP, and was subjected to gel-filtration chroma-
tography. A marked ATP-dependent association of APF-1/
ubiquitin with high-molecular-weight material was
observed.[15] It was very surprising to find, however, that
ubiquitin was bound by a covalent amide linkage, as indicated
by the resistance of high-molecular-weight derivative to
alkali, hydroxylamine, and boiling with SDS (sodium dode-
cylsulfate) in the presence of mercaptoethanol.[15] The anal-
ysis of reaction products by SDS-polyacrylamide gel electro-
phoresis showed that ubiquitin was ligated to a great number
of endogenous proteins. Since crude fraction 2 from reticu-
locytes contained not only enzymes, but also endogenous
substrates of the proteolytic system, we began to suspect that
ubiquitin may be linked to protein substrates, rather than to
an enzyme. We indeed found that proteins that are good
(though artificial) substrates of the ATP-dependent proteo-
lytic system, such as lysozyme, are conjugated to ubiquitin.[16]

The original experiment is shown in Figure 10. We found that
similar high-molecular-weight derivatives were formed when
125I-labeled ubiquitin was incubated with unlabeled lysozyme
(Figure 10, lanes 3–5), or when 125I-labeled lysozyme was
incubated with unlabeled ubiquitin in the presence of ATP
(Figure 10, lane 7). Based on these observations, we proposed
that proteins are targeted for degradation by covalent ligation
to APF-1/ubiquitin.[16] The original hypothesis from 1980,
formulated jointly with Irwin Rose, is shown in Figure 11a.
We proposed that a putative enzyme, which we called “APF-
1-protein amide synthetase”, ligates multiple molecules of
ubiquitin to the protein substrate (step 1) and then some
other enzyme degrades proteins which are linked to several
molecules of ubiquitin (step 3), and finally free and reutiliz-
able ubiquitin is released (step 4). According to this proposal,
ubiquitin is essentially a tag, which when attached to a
protein, dooms this protein to be degraded.

5. Identification of Enzymes of the Ubiquitin-
Mediated Proteolytic System

In subsequent work, we tried to isolate and characterize
enzymes of the ubiquitin pathway, by using the same
biochemical fractionation/reconstitution approach. The orig-
inal proposal of the mechanism (Figure 11a) was found to be
essentially correct, but much important detail was added. Our
present knowledge of the main enzymatic steps in the

Figure 10. Discovery of covalent ligation of ubiquitin to substrate
protein. See the text for more information; from ref. [16].

Figure 11. The ubiquitin system then and now. a) Original proposal of
the sequence of events in protein degradation. See the text for more
information; from ref. [16]. b) Our current view of the main enzymatic
reactions in ubiquitin-mediated protein degradation. See the text for
more information. Ub, ubiquitin; DUB, deubiquitylating enzyme; UCH,
ubiquitin carboxyl-terminal hydrolase.
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ubiquitin-mediated proteolytic pathway is shown in Fig-
ure 11b (reviewed in ref. [17]). This scheme summarizes
about 10 years of our work (1980–1990), as well as that of
some other researchers. Thus, we found that ubiquitin is
ligated to proteins not by one enzyme, but by the sequential
action of three enzymes. These are the ubiquitin activating
enzyme E1,[18] a ubiquitin carrier protein E2,[19] and a
ubiquitin protein ligase E3.[19] E1 carries out the ATP-
dependent activation of the carboxy-terminal glycine residue
of ubiquitin[20] by the formation of ubiquitin adenylate,
followed by the transfer of activated ubiquitin to a thiol site
of E1 with the formation of a thiolester linkage.[18,21]

Activated ubiquitin is transferred to a thiol site of E2 by
transacylation, and is then further transferred to an amino
group of the protein substrate in a reaction that requires
E3.[19] We found that the role of E3 is to bind specific protein
substrates.[22] Based on this observation, it was proposed that
the selectivity of ubiquitin-mediated protein degradation is
mainly determined by the substrate specificity of different E3
enzymes.[23] This notion was verified by subsequent work in
many laboratories on the selective action of a large number of
different E3 enzymes on their specific protein substrates.
Proteins ligated to polyubiquitin chains are degraded by a
large 26S proteasome complex (discovered by other inves-
tigators) and free ubiquitin is released by the action of
ubiquitin-C-terminal hydrolases or isopeptidases (reviewed in
ref. [17]).

6.Mechanisms of the Degradation of Cyclin B:
Discovery of the Cyclosome/Anaphase-Promoting
Complex

All our studies on the basic biochemistry of the ubiquitin
pathway were carried out with the reticulocyte system, using
artificial model protein substrates. Though many gaps
remained in our understanding of the basic biochemical
processes of the ubiquitin system, at around 1990 I thought
that it was important to turn to the question of how the
degradation of specific cellular proteins is carried out by the
ubiquitin system in a selective and regulated fashion. This is
how I became interested in the roles of the ubiquitin system in
the cell-division cycle, because the levels of many cell-cycle
regulatory proteins oscillate in the cell cycle. I first worked on
the biochemical mechanisms of the degradation of cyclin B in
the early embryonic cell cycle. Cyclin B was discovered by
Hunt and co-workers to be a protein that is degraded at the
end of each mitosis.[24] It was subsequently found that it is a
positive regulatory subunit of protein kinase Cdc2/Cdk1
(cyclin-dependent kinase 1; reviewed in ref. [25]). In the early
embryonic cell cycles, cyclin B is synthesized during the
interphase and then is rapidly degraded in the metaphase–
anaphase transition. The active protein kinase Cdk1-cyclin B
(also called MPF or M phase-promoting factor) is formed at
the beginning of mitosis and promotes entry of cells into
mitosis. The inactivation of MPF, caused by the degradation
of cyclin B, is required for exit from mitosis. Our question
was: what is the system that degrades cyclin B and why does it
act only at the end of mitosis?

I approached this problem again by biochemistry, and
here the quest for a cell-free system led me to marine biology
and to the surf clam Spisula solidissima (Figure 12). This is a
large clam that produces large numbers of oocytes. Luca and

Ruderman[26] established a cell-free system from fertilized
clam oocytes that faithfully reproduced cell-cycle stage-
specific degradation of mitotic cyclins. In this work, I was
greatly helped first by Robert Palazzo and Leonard Cohen,
and then by collaboration with Joan Ruderman. Initial
fractionation of the system[27] showed that in addition to E1,
two novel components were required for the ligation of
cyclin B to ubiquitin: these were a specific E2 called E2-C and
an E3-like activity, which in clam extracts was associated with
particulate material. We solubilized the E3-like activity and
found it to be a large (ca. 1500 kDa) complex that has
ubiquitin ligase activity on mitotic cyclins. The activity of this
enzyme is regulated in the cell cycle: it is inactive in the
interphase and becomes active at the end of mitosis, an event
that requires the action of Cdk1/cyclin B.[28] We called this
ubiquitin ligase complex the cyclosome, to denote its large
size and important roles in cell-cycle regulation.[28] A similar
complex was isolated at about the same time from extracts of
Xenopus eggs by the Kirschner laboratory and was called the
anaphase-promoting complex.[29] Parallel genetic work in
yeast by the Nasmyth group identified several subunits of the
anaphase-promoting complex/cyclosome (or APC/C, as it is
now called) as products of genes required for exit from
mitosis.[30] Thus, the discovery of APC/C was due to the
convergence of biochemical and genetic work. Subsequent
work by other investigators showed that the APC/C is also
involved in the degradation of several other important cell-
cycle regulators, such as securin, an inhibitor of anaphase
onset (reviewed in refs. [31,32]). In addition, APC/C is the
target of the spindle assembly checkpoint system, an impor-
tant surveillance mechanism that allows the separation of
sister chromatids only after they are all properly attached to
the mitotic spindle (reviewed in ref. [33]).

Figure 12. The North Atlantic surf clam Spisula solidissima.
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7. Role of Scf SKP2 Ubiquitin Ligase in the Degra-
dation of the Cdk Inhibitor P27Kip1

Another problem on which I have been working recently,
in collaboration with Michele Pagano, is the mode of the
degradation of the mammalian Cdk inhibitor p27Kip1. This
inhibitor is present at high levels in G0/G1, preventing the
action of Cdk2/cyclin E and Cdk2/cyclin A to drive cells into
the S-phase. Following growth stimulation by mitogenic
agents, p27 is rapidly degraded, allowing the action of these
kinases to promote entry into the S-phase (reviewed in
ref. [34]). It has been shown that p27 is degraded by the
ubiquitin system.[35] We have tried to identify the ubiquitin
ligase system that targets p27 for degradation. It was first
found that the process of p27–ubiquitin ligation can be
faithfully reproduced in vitro in extracts of HeLa cells. Thus,
the rate of ligation of p27 to ubiquitin was much greater in
extracts from growing cells than in extracts from G1-arrested
cells. It was also found that the phosphorylation of p27 on
T187 by Cdk2/cyclin E is required for p27–ubiquitin ligation
in vitro,[36] as is the case in vivo.[37] Having established that the
cell-free system accurately reflects the characteristics of p27
ubiquitylation in cells, we then proceeded to utilize this cell-
free system to identify the ubiquitin ligase (E3 enzyme)
involved in this process. Because of the requirement for the
phosphorylation of the p27 substrate, we suspected that an
SCF-type (Skp1-cullin1-F-box protein) ubiquitin ligase might
be involved. SCF complexes comprise a large family of
ubiquitin–protein ligases, whose variable F-box protein sub-
units recognize a variety of phosphorylated protein substrates
(reviewed in ref. [38]). We have identified Skp2 (S-phase
kinase-associated protein 2) as the specific F-box protein
component of an SCF complex that ubiquitylates p27, based
on the following biochemical evidence: 1) Immunodepletion
of extracts from proliferating cells with an antibody directed
against Skp2 abolished p27–ubiquitin ligation activity;
2) addition of recombinant, purified Skp2 to such immuno-
depleted extracts completely restored p27–ubiquitin ligation;
3) specific binding of p27 to Skp2, dependent upon phosphor-
ylation of p27 on T187, could be demonstrated in vitro.
Combined with further in vivo evidence from the Pagano
group, Skp2 was identified as the specific and rate-limiting
component of an SCF complex that targets p27 for degrada-
tion.[39] It is notable that levels of Skp2 also oscillate in the cell
cycle, being very low in G1, increasing upon entry of cells into
the S-phase, and declining again later on.[40] These fluctua-
tions in Skp2 levels provide an important mechanism for cell-
cycle, stage-specific regulation of p27 degradation.

We next tried to reconstitute the SCFSkp2 system that
ligates p27 to ubiquitin from purified components. We found
that in addition to the known components (cullin 1, Skp1,
Skp2, Roc1, Cdk2/cyclin E, E1, and the E2 enzyme Cdc34), an
additional protein factor is required for this reaction. We have
purified the missing factor from extracts of HeLa cells and
have identified it as Cks1 (cyclin kinase subunit 1), both by
mass spectrometry sequencing and by functional reconstitu-
tion with recombinant Cks1 protein.[41] Cks1 belongs to the
highly conserved Suc1/Cks family of proteins, which bind to
some cyclin-dependent kinases and to phosphorylated pro-

teins, and are essential for several cell-cycle transitions.[42]

Human Cks1, but not other members of this protein family,
reconstituted p27–ubiquitin ligation in a completely purified
system. While all members of the Suc1/Cks protein family
have Cdk-binding and anion-binding sites, only mammalian
Cks1 binds to Skp2 and promotes the association of Skp2 with
p27 phosphorylated on T187.[41] Similar results were inde-
pendently obtained by another research group.[43] More
recently, we have mapped the Skp2 binding site of Cks1 by
site-directed mutagenesis and found that it is located on a
region that includes the a2 and a1 helices, well separated
from the other two binding sites of Cks1. All three binding
sites of Cks1 are required for its action to promote p27–
ubiquitin ligation and for the association of Skp2 with T-187-
phosphorylated p27.[44] Based on these and on further
observations a model was proposed, according to which
Cks1 serves as an adaptor necessary for enzyme–substrate
interaction: the Skp2–Cks1 complex binds to phosphorylated
p27, a process which requires the anion-binding site of Cks1.
The affinity of Skp2 to the substrate is then further
strengthened by the association of the Cdk binding site of
Cks1 with Cdk2/cyclin E, to which phosphorylated p27 is
tightly bound.[44] It is notable that the expression of Cks1 also
oscillates in the cell cycle,[45, 46] providing an additional
mechanism for the regulation of p27 degradation.

8. Concluding Remarks

The ubiquitin system has come a long way since its humble
beginnings described here. Ubiquitin-mediated degradation
of positively or negatively acting regulatory proteins is
involved in a variety of cellular processes such as the control
of cell division, signal transduction, transcriptional regulation,
immune and inflammatory responses, embryonic develop-
ment, apoptosis, and circadian clocks, to mention but a few.
The involvement of malfunction of ubiquitin-mediated proc-
esses in diseases such as certain cancers, and the therapeutic
implications of this knowledge, are also beginning to emerge.
I am quite certain that we are still seeing only the tip of the
iceberg of the multitude of functions of the ubiquitin system
in health and disease. The main lesson from the story of the
discovery of the ubiquitin system that I would like to convey,
mainly to young researchers, is the continued importance of
biochemistry in modern biomedical research. In his book For
the Love of Enzymes, Arthur Kornberg divided the history of
biomedical research into four main periods. First were the
“microbe hunters”, the great microbiologists of the 19th
century. They were followed by the “vitamin hunters”, the
discoverers of the vitamins. Next were the “enzyme hunt-
ers”—the biochemists, followed by the “gene hunters”—the
molecular geneticists. However, the times of enzyme (or
protein) hunting are far from being over.With the completion
of the human genome project, all genes have been “hunted”,
but we know the functions of only about one-third of our
genes. If we want to know what the roles of the rest of our
genes in health and in disease are, we shall have to continue to
use biochemistry, in combination with functional genetics,
well into the future. Our story shows that the ubiquitin system
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could not have been discovered without biochemical
approaches. We would not have a clue to the ubiquitin-
tagging mechanisms by genetics alone, or by the sequence of
the genes in the ubiquitin system. On the other hand, once the
basic biochemistry was known, molecular genetic approaches
were essential for the discovery of the multitude of functions
of the ubiquitin proteolytic pathway. So my advice to young
investigators in biomedical sciences is: if you have a problem
that cannot be solved by molecular genetics alone, do not be
afraid to use biochemistry, do not hesitate to enter the cold
room, and do not be wary of approaching the FPLCmachine!

In experimental sciences, including biochemistry, discoveries
are not made by a single person, but require the assistance of
dedicated research teams and the help of friends, colleagues,
and collaborators. In my laboratory at the Technion, Haifa, I
was very fortunate to receive devoted help, at different times
over a period of more than 30 years, from Dvora Ganoth,
Hanna Heller, Esther Eytan, Sarah Elias, Clara Segal, and
from my wife, Judith Hershko. Among my former graduate
students, Aaron Ciechanover did tremendous work in the
exciting times of the discovery of ubiquitin–protein ligation
25 years ago. Subsequently, many other graduate students (too
many to list here) did very important work on the basic
biochemistry of the ubiquitin system and more recently, on
some roles of this system in cell-cycle control. Out of my
several friends/collaborators, mentioned here, Irwin Rose had
a very special role. My association with Ernie started with a
sabbatical year in his laboratory in Fox Chase Cancer Center,
Philadelphia, in 1977–1978 (see also the biography at the
beginning of this Review). During this year, I continued to
work on the initial fractionation of the reticulocyte system and
the purification of ubiquitin, which we started in Haifa. In the
following summer of 1979, Ernie invited me back to his
laboratory, together with my graduate student Aaron Ciechan-
over and research assistant Hanna Heller. When we got there
we already knew, from work done in the Haifa lab, that
ubiquitin becomes bound to proteins in an ATP-dependent
process. However, the discovery that a covalent amide bond is

formed between ubiquitin and the substrate protein was made
together with Ernie Rose in that summer in Philadelphia. A
group picture, taken at the end of this memorable summer of
1979 at Fox Chase Center, included the people involved
(Figure 13). The results of this summer<s work are reported in
ref. [16].
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Between the 1950s and 1980s, scientists were focusing mostly on how
the genetic code is transcribed to RNA and translated to proteins, but
how proteins are degraded has remained a neglected research area.
With the discovery of the lysosome by Christian de Duve it was
assumed that cellular proteins are degraded within this organelle. Yet,
several independent lines of experimental evidence strongly suggested
that intracellular proteolysis is largely non-lysosomal, but the mech-
anisms involved remained obscure. The discovery of the ubiquitin–
proteasome system resolved the enigma. We now recognize that
degradation of intracellular proteins is involved in regulation of a
broad array of cellular processes, such as the cell cycle and division,
regulation of transcription factors, and assurance of the cellular quality
control. Not surprisingly, aberrations in the system have been impli-
cated in the pathogenesis of human disease, such as malignancies and
neurodegenerative disorders, which led subsequently to an increasing
effort to develop mechanism-based drugs.
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1. Biographical Notes

The Formative Years—Childhood in the Newly Born State of
Israel

I was born in Haifa, a port city in the northern part of
Israel, in October 1947, one month before Israel was
recognized by the United Nations as an independent state.
It took several additional months to establish the necessary
institutions and for the British to leave, and onMay 15th 1948,
David Ben-Gurion, the founding father of the modern Jewish
state and its first Prime Minister made Israel a fact and
declared its establishment as a democratic state and a home
for every Jew in the world. The neighboring, but even more
distant Arab countries, along with powerful Arab parties from
within did not accept the UN resolution and deliberately
decided to alter it by force. A bloody and costly war erupted.
It lasted a year, and more than 1% of the population of the

newly born and defenseless state sacrificed their lives on its
defense. I assume that the first two years of my life (1947–
1949) were extremely difficult for my parents, Bluma (n3e
Lubashevsky) and Yitzhak, who immigrated from Poland
with their families as adolescents in the mid-1920s. Why did
their families leave Poland—their “homeland”—their homes,
working places, property, relatives, and friends, and decide to
make their new home in a place with a vague, if any, clear
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future that was part of the British Empire? They were
idealists who enthusiastically followed the call of the Zionist
movement that was established at the turn of the century by
Benjamin Ze@ev Herzel (the seer of the Jewish State) to settle
the land and make it—after two thousand years in the
Diaspora, since the destruction of the second temple in
Jerusalem—a home for the Jews. Following the Jewish
Congress in Basel (Switzerland) in 1896, Herzel declared:
“In Basel I founded the Jewish State”. At that time Israel was
part of the Ottoman Empire and became in 1917 part of the
British Empire. My parents came from religious families, and
the move, I believe, also had religious roots: Jews, throughout
their lives in the Diaspora, have not stopped dreaming of
having their own country, a dream that was driven by a
biblical decree and prophecy:

“Thus saith the LordGOD: Behold, I will take the children
of Israel from among the nations, whither they are gone, and
will gather them on every side, and bring them into their own
land” (Ezekiel 37:21); “And they shall dwell in the land that I
have given unto Jacob my servant, wherein your fathers dwelt;
and they shall dwell therein, they, and their children, and their
children5s children, for ever” (Ezekiel 37:25); “And I will
rejoice in Jerusalem, and joy in my people; and the voice of
weeping shall be no more heard in her, nor the voice of crying”
(Isaiah 65:19); “And they shall build houses, and inhabit them;
and they shall plant vineyards, and eat the fruit of them”
(Isaiah 65:21).

The question of timing was an important one, as despite
centuries of continuous persecution and discrimination in
Europe, the initial idea to establish a Jewish State had been
the dream of a few. Only small groups of Jews settled in Israel
during the 18th, 19th, and the beginning of the 20th century. It
was only towards the end of the 19th century, with the ideas of

Herzel and the moves that led to the Balfour declaration (the
British Minister of Foreign Affairs who declared in 1917 the
recognition of the need for a Jewish homeland) that an active
Zionist movement and Institutions were established, resulting
in the translation of the dream into reality. Yet, it took an
enormous amount of courage and daring by these European
Jews to materialize this dream and try to establish, with
almost no resources or support, a homeland in a place they
had dreamt of for two thousand years, but that was not theirs
at the time. The process was clearly accelerated by the heavy
clouds that then covered the skies of Europe and that ended
with the Holocaust. Many members of my parents@ families
immigrated to Israel before the Holocaust, but those who
remained in Poland perished at the hands of the murderous
Germans and their loyal Polish collaborators. The conversion
of this movement into a State at that particular time (1947–
1948) was no doubt the direct historical result of the
holocaust, and symbolized the rise of the Jewish Nation
from ash.

My father was a clerk in a law firm (later, in parallel with
my brother, he studied law and became a lawyer), and my
mother was a housewife and English teacher. My brother,
Joseph (Yossi), who is 14 years older then me, was already on
his national military compulsory service when I was 4 years
old, the age from which I remember myself. I grew up in Haifa
and enjoyed the wonderful beaches and Mount Carmel that
rolls into theMediterranean Sea. Frommy early days at home
I remember a strong encouragement to study. My father
worked hard to make sure we obtained the best possible
education, and at the same time he was a member in the
“Haganah” (defense), one of the prestate military organiza-
tions that fought the British for an independent Jewish State.
Working in a law firm in the Arab section of the city, he risked
his life daily going to work during the prewar hostilities and
then the war time. My brother Joseph told me that the family
waited daily on the balcony to see him return home peace-
fully. At home he used every free minute to delve into classic
literature, Jewish religious law (Mishnah and Talmud), and
modern law books. An important part of the education at
home involved Judaism and Zionism. On the Jewish side, we
obtained a liberal modern orthodox education. We attended
services in the synagogue every Saturday and during holidays,
and celebrated all Jewish holidays. Needless to say that my
mother kept a Kosher kitchen.

It was extremely important for my parents to educate us as
a new breed of proud Israeli Jews in their own independent
country. I inherited from my father his love of Jewish studies
and cultural life. To this very day, along with several
physicians and scientist colleagues, I take regular periodical
lessons taught by a Rabbinical scholar on how the Jewish law
views moral and ethical problems related to modern medicine
and science. Jewish cantorial music reflecting the prayers of
Jews along many centuries has becomemy favorite music, and
I avidly search for it in flea markets, used records stores, and
auctions all over. Different Judaica artifacts also decorate my
study.

In parallel, my parents made sure we should also receive
an excellent general education. My father spoke several
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languages fluently, Hebrew, Polish, Arabic, French, English,
German, and Yiddish, and wanted me to acquire his strong
love for books: while our home was not a rich one, we had a
huge library. My parents also loved classical music, so we had
a great collection of 78 rpm, and later 33 rpm records. I
remember that Bizet@s Carmen occupied more than 20 RCA
(His Master Voice) 78 rpm bakelite records.

The apparently peaceful life of our family in Israel
(although under the British Crown) during the years of the
Holocaust in Europe was overshadowed by the murder of
family members and of many families of friends and relatives
that did not escape Europe in time. For my parents, the
establishment of the State of Israel as an independent and
sovereign Jewish State was a direct historical result of the
Holocaust in Europe and a clear statement of “Never
Massadah shall fall again!” (Massadah was one of the last
strongholds of Jews during the Roman Empire. It fell into
Roman hands after all its defenders committed suicide.) They
left us with the idea that the Jewish State will not only protect
us as free people, but will allow us to develop our own unique
culture in a more general national context rather than as
minorities scattered in different countries in the Diaspora.

Falling in Love with Biology

From early days I remember my strong inclination
towards biology, though it has taken different directions at
different times. I remember collecting flowers on Mount
Carmel and drying them in the heavy Babylonian Talmud of
my brother. I will never forget his rage on discovering my love
of nature hidden among the pages of the old Jewish tracts.
Then came the turtles and the lizards, extracting chlorophyll
from leaves with alcohol, and the first microscope my brother
bought me from his trip to England when I was 11 years old.
With this microscope I discovered cells (in the thin onion
epithelium) and did my first experiment in osmosis, when I
followed the alteration in the volume of the cells after
immersing the epithelium in salt solutions of different
strengths. With friends we tried to launch a self-propelled
rocket. The flower collection kept growing, now in special
dedicated albums, and with it, a small collection of skeletons
of different animals: fish, frog, toad, snake, turtle, and even
some human bones I received from an older friend who was a
medical student.

After several years of amateurish flirting with biology, I
decided to formalize my knowledge and love of biology, and
to major in Biology in high-school. While my years in
elementary (1953–1959) and junior-high (1959–1962) school
were mostly uneventful and passed without any thoughts on
my future, the last two years in “Hugim” (Circles) high-school
in Haifa (1963–1965) were not. I had wonderful and inspiring
teachers in biology (Naomi Nof), chemistry (Na@ama Green-
spon), and physics and mathematics (Harry Amitay). Biology
at that time was largely a descriptive discipline: while we
studied the mechanism of conversion of glucose into H2O and
CO2 and production of energy in yeast and mammals (and the
opposite process of photosynthesis in plants), and became

acquainted with simple graphic descriptions of mitotic and
meiotic cell divisions, most of our studies were devoted to
detailed descriptions of the flora and fauna in our region, to
comparative zoology (I remember well the efforts invested in
memorizing the twelve differences between the frog and the
toad, or between the circulatory systems and skeletal
structure of the cat and dog), and to basic descriptive
human anatomy and physiology (for example, how the
human skeleton enables posture to be maintained). Pathoge-
netic mechanisms of diseases had not been mentioned, and
the structure of DNA and the genetic code had entered our
textbooks only towards the end of our high-school studies, in
1964/65. On the other hand, chemistry and physics appeared
to me, maybe naively, to be strong mechanistic disciplines
built on solid mathematical foundations. As a result, I had a
deep feeling that the future somehow resided in biology, in
deciphering basic mechanisms, as so little was then known.
Yet, the complexity of biological and pathological processes
looked to me enormous, almost beyond our ability to grasp,
and I was intimidated: while I was clearly attracted to the
secrets of biology, I was afraid to get lost. Importantly, I had
nobody around, close enough, to consult, to clarify my
thoughts. While deliberating between the largely unknown of
biology and what I naively thought were the already well-
founded physics and chemistry, medicine emerged as a
compromise.

While it suffered from an even higher level of complexity
compared to biology, it enjoyed some other advantages, such
as the fascinating ability to cure or at least to provide some
temporary solution to diseases. For me, this choice offered
also a practical solution as in these years I lost both of my
parents: my mother died in 1958 and my father in 1964. Their
death meant that I needed to become independent as soon as
I could. After the death of my mother, I was left with my
father who took wonderful care of me. When my father died
several years later, my late aunt Miriam (Wishniak; my
mother@s sister), with the support of my brother, took me to
her home in Haifa, enabling me to seamlessly complete my
high-school studies, in the same class and along with my
friends, without interruption. The other option was to move to
Tel Aviv, to my brother@s home, but this would have been
much more complicated. Their help was a true miracle, as
thinking of it retrospectively, being left alone, without parents,
at the age of sixteen, the distance to youth delinquency was
shorter than the one to the high-school class. Yet, with the
help of these wonderful family members, I managed to
continue.

How My Love of Biology Evolved To Become a Career

Towards graduation from high-school I had to make a
decision: The regular track would have taken me, like most
Israelis, to national compulsory service in the Israeli Defense
Forces (IDF), a duty we were all eager to fulfill. In addition to
the regular service, the army encourages certain high-school
graduates to postpone their service and first obtain a
university education, particularly in areas that are relevant
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to the military, such as medicine and different disciplines in
engineering and sciences. Lacking any economic support, I
thought it would be better to acquire a practical profession as
soon as I could. As I mentioned, it was also a compromise
between the complexity and mysteries of biological mecha-
nisms to what I thought were the already exhausted physics
and chemistry. What also attracted me to medicine was my
impression that diseases could be cured: as children, we may
have been influenced by short, self-limiting diseases that
affected us, like influenza and measles, and were not directly
aware of the major killers that left physicians and scientists
alike helpless (much like these days), such as malignancies,
vascular diseases, and neurodegenerative disorders. I had not
appreciated at the time how far more descriptive medicine is,
much more than biology. Practically, and no less important
(which helped me solve my dilemma), was the fact that
biology was not an option in the military-supported service
postponement program.

So, after a fierce competition I was accepted at the only
medical school in Israel at that time, that of the Hebrew
University and “Hadassah” in Jerusalem (1965). The first four
years (1965–1969) were exciting. We studied basic and clinical
sciences, and I began to seriously entertain the idea of
broadening my knowledge base in biochemistry or pharma-
cology. Towards the end of the fourth year, once we started to
see patients, I started to have serious doubts whether I had
made the right choice and truly wanted to become a practicing
physician. The imbalance between phenomenology and
pathogenetic mechanisms on one hand, and the lack of
mechanism-based treatment for most of the major killers on
the other hand, made me seriously think that I was on the
wrong trail. I felt restless and started to realize how little we
knew, how descriptive is our understanding of disease
mechanisms and pathology, and as a consequence how most
treatments are symptomatic in nature rather then causative.
The statement “with God@s help” I heard so frequently from
patients that were praying for a cure and health received a
real meaning. I had a feeling clinical medicine was going to
bore me, and decided to take one year off in order to “taste”
true and “wet” basic research.

The Faculty of Medicine had a special, one-year program
for the few who elected to broaden their knowledge in basic
research, and I decided to major in biochemistry. I had to
convince my brother that this was the right thing to do, as I
needed his help to further postpone my military service by
one year. This was not easy, as he too had a “dream”—to see
me independent with a profession from which I could make
my living, and which in the traditional Jewish spirit was
nothing else but practical medicine. Following our parents@
death, he felt he was responsible for my future and well-being,
and wanted to see me independent as soon as he could. I
nevertheless managed to convince him, and during that year
(1969–1970), under the guidance of first-rate biochemists,
Jacob Bar-Tana and Benjamin Shapira, I investigated mech-
anisms of CCl4-induced fatty liver in a rat model, and
discovered that it may be caused, at least partially, by an
increased activity of phosphatidic acid phosphatase, a key
enzyme involved in di- and triglyceride biosynthesis. Com-

pleting this research year (and obtaining an MSc degree), I
knew I had found a new love—biochemistry. Jacob and
Benjamin walked me through the exciting maze of biochem-
ical pathways, and I was mystified. Yet, the consummation
was still far away. Being loyal to the promise I made to my
brother, and also to my commitment to the Israeli army, I
completed the clinical years (1970–1972) and graduated
Medical School.

To obtain my medical license, I still had to complete one
additional year of rotating internship. At that time colleagues
told me that a young talented biochemist, Dr. Avram
Hershko, had just finished his postdoctoral training with
Gordon Tomkins at the University of California in san
Francisco (UCSF) and was recruited by the Dean and founder
of the newly established Faculty of Medicine at the Technion
in Haifa, the late Professor David Ehrlich, to establish a unit
of Biochemistry. I wrote to Avram, with the intention to
relocate to Haifa, to carry out my rotating internship there,
and to use this year to carry out my MD thesis research
project under his supervision. This was a small thesis I had to
submit to the Medical School in partial fulfillment of the
requirements for graduation. Typically for this thesis, most
medical students evaluate statistically on-going treatments/
procedures, but I decided to return to the laboratory and
touch on yet another research project. He agreed to accept
me as an MD student, and in October 1972 we started our
more than three decades voyage.

Avram was still not certain about his own main research
direction, and we discussed two possibilities for myMD thesis.
One was obviously to further dissect the tyrosine amino-
transferase (TAT) ATP-dependent proteolytic pathway.
Avram started his own trip into the world of intracellular
proteolysis with Gordon and discovered that the degradation
of the gluconeogenetic enzymes in cells requires energy. This
was a corroboration of an earlier finding of Simpson who
demonstrated in the early 1950s that the degradation of the
entire population of cellular proteins in liver slices requires
energy, but the mechanism(s) of this thermodynamically
paradoxical requirement had remained elusive.

The other possibility was to study the mechanisms
involved in the cell@s “pleiotropic response”—the immediate
response of serum-starved, G0-synchronized cells to the
addition of serum. During his postdoctoral studies with
Gordon, Avram found that among the many stimulated
processes are rapid uptake of nucleotides, amino acids, and
phosphate. As during my studies on fatty liver I acquired
experience working with lipids, and since Avram felt the
elucidation of the TAT proteolytic mechanism may be a too
difficult undertaking for a short MD thesis research project,
we decided to add one additional layer to the study on the
“pleiotropic response” and to analyze the effect of serum on
the synthesis of phospholipids.

We assumed that following serum addition, cell mem-
branes undergo major changes that will be reflected in
phospholipid metabolism. Indeed, a few minutes after serum
addition we were able to detect a dramatic increase in the
turnover of the phosphoinositol moiety on the diglycerol
skeleton. A review of the literature revealed a similar effect of
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different target cells in response to a broad array of stimuli,
including parasympathetic secretory cells responding to
acetylcholine and thyroid gland cells to their cognate
hormones, thyrotropin (TSH). The year (1972/73) I spent in
the laboratory (it was not a real year but rather moonlighting,
as a significant part of the time I was busy in the hospital
rotating among the different clinical departments completing
my duties as an intern towards graduation; I worked in the
laboratory in my free evenings, nights, weekends, and
holidays) finally convinced me to pursue a career in Bio-
chemistry. But I still had three years of military service ahead
of me (1973–1976).

Military Service and Professional Career—Have They Collided
with One Another?

Following graduation, it was time to repay my national
debt and serve in the IDF. I served for three years (1973–
1976) and did it gladly. Serving in the army has always been
regarded as an integral and important part of Israeli life and
an entry card to its society, giving one the feeling of sharing—
every one takes part in protecting this land and its inhabitants.
In addition, the service itself was extremely interesting,
technically, but also socially and historically. Technically, since
I served in interesting units and socially, since the military
service is a wonderful humane experience, the best melting
pot one can go through, generating true friendships during
hard times, friendships that are therefore deep, true, and
lasting.

Historically, it spanned an interesting period. Initially I
served in the navy, as a physician in themissile boats fleet. The
year was 1973, immediately after the October Day of
Atonement (Yom Kippur) war, and Israel faced a problem
of protecting its southern gates, the Red Sea and the narrow
Tiran (Sharm-a-Sheikh) strait that led to the port of Eilat.
These were threatened by the Arab countries that neighbored
the Red Sea, mostly Saudi Arabia and Egypt but also Yemen
and Somalia, and Israel had to stretch its marine arm. To do
so, it was necessary to transfer missile boats from the main
naval bases in the Mediterranean to the Red Sea. At that time
Israel did not have diplomatic relationship with Egypt, and
the Suez Canal was closed by ships sunk by the Egyptians
during the June 1967 Six Day War, so the decision was made
to bring the boats from Haifa to Eilat, sailing through the
Mediterranean Sea, and around theWest and then East coasts
of Africa. I was the physician on the “Reshef”, one of the two
boats (modern Israeli missile boats that were built in the
Haifa naval shipyard) selected for the mission. One can
imagine that for small missile boats, such a long (several
weeks) voyage, a large part of it in the open oceans, is rather
complicated, and for many reasons also risky. Beyond fueling
and provision of supplies and spare parts to the crews and
boats, one has to think of sailing in waterways surrounded by
hostile countries, many miles away from home and a long
flight distance for the Israeli Air Force. Another problem was
obviously medical, how one treats emergencies, from possible
gunshot wounds through “simple” daily problems like appen-

dicitis, in a small ship, far from any medical facility and with
limited diagnostic and treatment capabilities. I was partic-
ularly concerned, as I was a young physician with almost no
clinical experience. I assume this would have been a challenge
for more experienced physicians as well. Luckily, the voyage
was smooth.

The remaining part of my three years service was also
interesting. I spent that time in the Research and Develop-
ment unit of the Medical Corps, developing a broad array of
sophisticated devices for the soldier in the battlefield.
Because of the broad range of experiences, the military
service has been my ever best school for real “life sciences”.
During all these years (1973–1976) I maintained tight
connections with Avram and fulfilled my duties as an
“external” department member: during vacations from the
military and along with other members of the department,
which grew meanwhile, I taught continuously the course in
Clinical Biochemistry to third year medical students. I should
mention in particular Michael (Mickey) Fry, with whom I
have remained a good friend to the present day, and my good
friend and colleague Erela Gorin, who died untimely in the
early 1990s.

In 1975, during the military service, I married Menucha, a
physician and a graduate of Tel Aviv University School of
Medicine. Menucha was a resident in internal medicine in Tel
Aviv Municipal Hospital, and we built our first home in this
city. MarryingManucha brought my wanderings to an end and
I felt I had again a family and a home. During all the years
since the death of my father (1963–1975) I did not have a
really stable home, and I wandered between the homes of my
brother and my aunt in Haifa. They were truly wonderful, but
I needed a base, and Menucha, with her quiet approach and
warm acceptance, along with our beautiful apartment,
provided me with this so much needed shelter.

Discovery of the Ubiquitin System—Graduate Studies

Towards the end of the military service, I had to make
what I assume has been the most important decision in my
career: to start a residency in clinical medicine, in surgery,
which was my favorite choice, or to enroll into graduate
school and start a career in scientific research. It was clear to
me that I was heading to graduate school. My disillusionment
with clinical medicine that diseases can be cured based on the
understanding of their pathogenetic mechanisms, along with a
magical and enchanting attraction to biochemistry, made the
decision easier. I received strong support and encouragement
from my wife Menucha, who started to realize she was
married to a graduate student with no clear future rather than
to a physician with a bright career and broad financial
horizons that she thought she had married.

So in November of 1976, after my discharge from the
national service and a two months driving trip across the
USA, I started my graduate studies with Avram Hershko.
Since I had worked with him and known him for several years
now, I thought he would be an excellent mentor. At that time
his group focused mostly on studying intracellular proteolysis,
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and I learnt from him that he had given up on trying to
identify the mediator(s) and mechanism(s) involved in the
serum-induced “pleiotropic response”. The choice of Avram
was to work on the degradation of abnormal hemoglobin in
reticulocytes, a terminally differentiating red blood cell. The
reason for the selection of the reticulocyte as a model system
was that we were looking for a non-lysosomal (and energy-
requiring) proteolytic system, as from many studies it had
become clear that regulated proteolysis of intracellular
proteins is non-lysosomal, and the reticulocyte no longer
contains lysosomes which are removed during the final stages
of its maturation before its release into the circulation. From
he work of others, it was clear that the reticulocyte contained
such a proteolytic system.

Interestingly, in the summer of 1978, during a Gordon
Conference on Lysosomes, I met Dr. Alex Novikoff from
Yeshiva University School of Medicine in New York. Alex,
along with Dr. Christian de Duve, was one of the pioneers of
the lysosome research field.When I told himwe were working
on the reticulocyte because this cell does not have lysosomes,
he angrily dismissed this argument, telling me that he
characterized, though morphologically, acid-phosphatase-
positive organelles in reticulocytes. He even gave me the
relevant paper he published on the subject, though it was not
clear that these are proteolytically functional organelles.

Another reason for the choice of the reticulocyte as a
model for studying intracellular proteolysis was that in its
final stages of maturation in the bone marrow and prior to
entering the peripheral circulation, a massive proteolytic
burst destroys most of its machineries, making it clear that the
cell is equipped with an efficient proteolytic system. Earlier
studies by Rabinovitz and Fisher demonstrated that the
reticulocyte degrades abnormal, amino acid analogue con-
taining hemoglobin, yet the mechanisms had remained
elusive.We assumed that it was probably the samemechanism
that was also involved in the natural maturation process and
also in the removal of “naturally occurring” mutant abnormal
hemoglobins that are synthesized in different hemoglobin-
opathies, such as thalassemias and sickle-cell anemia. Thus,
this important piece of information—the existence of a non-
lysosomal proteolytic system—made the choice of the retic-
ulocyte an obvious one.

It was still necessary to demonstrate that the process
required energy, and indeed, following an initial character-
ization of energy-requiring degradation of abnormal hemo-
globin in the intact cell (which was published in 1978 in the
proceedings of a proteolysis meeting held in Buffalo, NY), we
felt the time was ripe to break the cell open and isolate and
characterize the non-lysosomal and ATP-dependent proteo-
lytic enzyme(s). Shortly before, in 1977, Dr. Alfred Goldberg
and his postdoctoral fellow Dr. Joseph Etlinger at Harvard
Medical School characterized, for the first time, a cell-free
proteolytic system from reticulocyte, which was exactly the
point where we wanted to start our own march, so we
basically adopted their system.

I will not describe here the detailed history of the
discovery of the ubiquitin system, but rather highlight two
important points along the five years of my exciting graduate

studies (1976–1981) with Avram and Irwin A. (Ernie) Rose
that led to the discovery of the system. The more detailed
history can be found in several review articles written on the
system at that time (see, for example, A. Hershko, A.
Cienchanover, Annu. Rev. Biochem. 1982, 51, 335–364) and
later, and in the accompanying Nobel Lecture.

The first point relates to the multiplicity of enzymatic
components in the system: our first aim along the purification
process of the ATP-dependent “protease” was to remove
hemoglobin, the major protein in the crude extract. Towards
that end, we resolved the extract on an anion-exchange resin,
where we encountered the first exciting finding. The proteo-
lytic activity could not be found neither in the non-adsorbed
material, which we denoted fraction I, nor in the material
eluted with a high salt concentration, denoted fraction II.
Rather, we recovered the activity following reconstitution of
the two fractions. We learnt two important lessons from this
experiment which was published in 1978 inBiochem. Biophys.
Res Commun. (in my opinion the first paper in the long
historical trail of the ubiquitin proteolytic system) and which I
regard as one of two or three key publications in the field. We
learnt two lessons from this experiment: 1) The first lesson
was that the protease we were after was not a “classical”
single enzyme that degrades its substrate, but had at least two
components. This was already a digression from the paradigm
in the field at that time that proteolytic substrates, almost
without exception, could be cleaved at least partially by single
proteases with limited, yet defined specificities. Here we
needed two components for proteolysis to occur. Now we
know that the number of components of the ubiquitin system
exceeds one thousand, but the first hint was already there;
once one is left without a paradigm, all possibilities are open.
2) The second lesson was a methodological one. Each time we
lost an activity during purification of any of the components
we were characterizing, we returned to the chromatographic
column fractions and tried to reconstitute it by complemen-
tation: “classical” biochemistry at its best was on our side.

Standing at a crossroads, we (luckily but thoughtfully)
decided to start first with purification and characterization of
the active component in fraction I. We decided so, because
fraction I was the hemoglobin-containing fraction that did not
adsorb onto the resin, and therefore we thought that it should
not contain too many additional proteins. In the summer of
1977, ten months after I started my studies, Avram departed
to a sabbatical with Ernie at the Fox Chase Cancer Center in
Philadelphia, USA, and left me with the task of purifying the
active component from fraction I. After many unsuccessful
trials (along with another graduate student of Avram, Yaacov
Hod), my colleague Mickey Fry, who was appointed as my
substitute thesis advisor for this year (1977/78), came up with
the “crazy” idea to heat fraction I and see if the active
component was heat-stable, and indeed it was. He did so as all
our attempts to resolve the activity from hemoglobin—
despite the large difference in the molecular mass between
the active protein (ca. 10 kDa) and hemoglobin (65 kDa)—
failed. Following 5–10 min at 908C, the hemoglobin in crude
fraction I was “cooked” and precipitated like mud, and the
activity remained soluble in the supernatant. It was hard to
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believe it was a protein, but Mickey remembered several
other heat-stable proteins. Immediately after, we showed
directly that the activity in fraction I was also a protein: it was
sensitive to trypsin and precipitable with ammonium sulfate.
Further characterization revealed that the protein had a
molecular mass of about 8500 Da, and we called it ATP-
dependent proteolysis factor-1 (APF-1). All along the way I
corresponded with Avram, sent him the data, and during his
sabbatical we wrote the paper for Biochemical and Biophys-
ical Research Communications.

The second key finding was also discovered in Haifa
during the winter of 1978/79. We purified APF-1 to homoge-
neity and labeled it with radioactive iodine. When the
radiolabeled protein was incubated in crude reticulocyte
fraction II in the presence of ATP, we observed a dramatic
increase in its molecular weight: it now migrated as a sharp
peak in the void volume of the gel-filtration chromatographic
column. For several months we tried to elucidate the
mechanism that underlies this change, hypothesizing, for
example, that APF-1 could be an activator of a protease that
must generate a binary complex with the enzyme in order to
stimulate it, but to no avail. An important breakthrough
occurred during our 1979 summer stay of several months in
the laboratory of Ernie. Through a series of extremely
elegant, yet simple, experiments, in which we used the
broad knowledge of Ernie in protein chemistry and enzymol-
ogy, we found that APF-1 is covalently attached to the
substrate through a bond that had all the characteristics of a
peptide bond. Furthermore, we found that multiple moieties
of APF-1 are attached to each substrate molecule, and that
the reaction is reversible: APF-1 can dissociate from the
substrate, though not by reversal of the conjugation reaction.
Accordingly, we hypothesized that covalent attachment of
multiple moieties of APF-1 to the target substrate is necessary
to render it susceptible to degradation by a downstream
protease that recognizes only tagged proteins, followed by the
release of free and reusable APF-1.

The APF-1 cycle demonstrated unequivocally the exis-
tence of three, entirely novel activities: 1) APF-1-conjugating
enzyme(s), 2) a protease that recognizes specifically the
tagged substrates and degrades them, and 3) APF-1-recycling
enzymes. All the enzymes involved were identified later by us
(the three conjugating enzymes, E1, E2, and E3) or by others
(the conjugates degrading protease known as the 26S protea-
some complex, and the ubiquitin-recycling enzymes, the
isopeptidases). The findings describing the covalent tagging
of the target substrate by APF-1 as a degradation signal as
well as its release, along with the first model of the newly
discovered proteolytic system, were published in 1980 in two
papers that appeared in the Proceedings of the National
Academy of Sciences.

Another important development also occurred during our
stay in Ernie@s laboratory, and I am not sure whether it was
shear luck or serendipity, probably both. We were not aware
of any other precedent of a modification of a protein by
another protein. The neighboring laboratories of Martin
Nemer, Alfred Zweidler, and Leonard Cohen studied dynam-
ics of variants of different histones during sea urchin

development. They drew our attention to a protein called
A24 (uH2A) which was discovered earlier by Ira Goldknopf
and Harris Busch, and that was a covalent conjugate between
two proteins: a small, approximately 8.5 kDa protein called
ubiquitin and histone 2A (H2A). Goldknopf and Busch, and
in parallel Margaret Dayhoff, identified the nature of the
bond between the two protein moieties in the conjugate. They
found that the ubiquitin–histone bond was an isopeptide/
bifurcated bond between the C-terminal Gly76 residue in the
ubiquitin moiety, and the e-NH2 group of Lys

119 in the histone
moiety of the conjugate. The role of this conjugate was not
clear at the time, though its level was found to be dynamic and
change during differentiation, when the histone moiety is
subjected to ubiquitination and deubiquitination.

This information on the ubiquitin–histone adduct and the
similarity we found between APF-1 and ubiquitin in general
characteristics, molecular mass, and amino acid composition,
led Keith Wilkinson and his colleagues Arthur (Art) Hass
from the laboratory of Ernie, along with Michael Urban from
Zweidler@s laboratory, to carry out a series of direct experi-
ments, which showed unequivocally that APF-1 is indeed
ubiquitin. Our study on the characterization of APF-1 and its
possible similarity to ubiquitin, and Wilkinson@s study (along
with Urban and Haas) on the identification of APF-1 as
ubiquitin, led to the convergence of two fields, that of histone
research and of proteolysis. More importantly, they suggested
that the bond between ubiquitin and the target proteolytic
substrate maybe identical to that between ubiquitin and
histone, which we demonstrated later to be true. The
elucidation of the nature and structure of the bond clearly
paved the road to the later identification of the conjugating
enzymes and their mode of action. The two studies on APF-1,
ours and that of Wilkinson and co-workers, were published in
tandem in the Journal of Biological Chemistry.

As for ubiquitin, the protein was identified in the 1970s by
Gideon Goldstein (in the Memorial Sloan–Kettering Cancer
Center in New York City) as a small, 76-residue thymic
polypeptide hormone that stimulates T-cell differentiation by
activation of adenylate cyclase. Additional studies by Gideon
Goldstein had suggested that it was universally distributed in
both prokaryotes and eukaryotes, thus giving rise to its name
(coined by Gideon Goldstein). Later studies by Allan Gold-
stein showed that the thymopoietic activity was due to an
endotoxin contamination in the protein preparation, and not
to ubiquitin. By using functional assays, it was found in my
laboratory (and I believe in others as well) that ubiquitin was
limited to eukaryotes, and its apparent presence in bacteria
was due to contamination of the bacterial extract with the
yeast extract in which the bacteria were grown: growing the
bacteria in a synthetic medium resulted in the “disappear-
ance” of ubiquitin from the preparation. The later unraveling
of the bacterial genome demonstrated unequivocally that the
ubiquitin tagging system does not exist in prokaryotes, though
there is some similarity between the proteasome and certain
bacterial proteolytic complexes. Thus, in a relatively short
period of time, ubiquitin was converted from a ubiquitous
thymopoietic hormone to a eukaryotic proteolytic marker.
While the term ubiquitin is not justified anymore, as it is
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clearly not ubiquitous, we stopped using the term APF-1 and
adopted the term ubiquitin as the modifying protein in the
newly discovered proteolytic system. At times habits and
tradition are stronger from the scientific validity and/or from
logic in nomenclature. Accordingly, we adopted a general
policy to use in our terminology the name that was first coined
by the discoverer of any novel protein.

From that point on, the road was relatively short to the
identification and characterization of the conjugation mech-
anism and the three enzymes involved in this process.
En route to the unraveling of the conjugation mechanism,
we followed partially the footsteps of Dr. Fritz Lipmann, the
great biochemist from Rockefeller University (who was
awarded the 1953 Nobel Prize in Physiology or Medicine
for the discovery of coenzyme A). Lipmann continued to
contribute to our understanding of basic biochemical pro-
cesses. Among his many discoveries was the mechanism of
non-ribosomal (and hence nongenetically encoded) peptide-
bond formation that occurs during the biosynthesis of
bacterial oligopeptides such as gramicidin S. We learnt that
the principles of basic biochemical reactions, such as gener-
ation of high-energy intermediates involved in peptide-bond
formation, were preserved along evolution regardless of
whether the bond is encoded genetically or not, or whether it
links two amino acids or two proteins. Initially, we identified
the general mechanism of activation of ubiquitin in a crude
extract. Later, using “covalent” affinity chromatography over
immobilized ubiquitin and a stepwise elution (that was based
on the general activation mechanism we deciphered earlier),
we purified the three conjugating enzymes that act succes-
sively in a cascadelike mechanism, and catalyze this unique
process: 1) the ubiquitin-activating enzyme E1, the first
enzyme in the ubiquitin system cascade, 2) the ubiquitin
carrier protein E2, to which the activated ubiquitin is
transferred from E1, and 3) the ubiquitin protein ligase E3,
the last and critical component in the three-step conjugation
mechanism that specifically recognizes the target substrate
and conjugates it with ubiquitin. The binding of E1 and E2
was mediated by the activation mechanism. The E3 was also
adsorbed onto the resin, although by a mechanism distinct
from that of E1 and E2.

Later studies by Avram in the late 1980s revealed that the
E3 adsorbed by the column was E3a that recognizes
substrates through their N-terminal residue. At this point,
however, we were extremely lucky, when unknowingly we
used as model substrates commercial proteins such as BSA,
lysozyme, and RNase A that were all recognized by this ligase
and through a similar targeting motif: their N-terminal
residue. Had we used other substrates, such as globin, the
model substrate we used in our initial experiments, the E3a
adsorbed to the column would have escaped our attention, as
E3 enzymes do not typically adsorb to ubiquitin. In parallel
and independently, I also used this enzyme in the late 1980s in
order to characterize a distinct subset of proteins recognized
by this signal (see below). Last, and most importantly, using
antibodies that we raised against ubiquitin with the help of
Arthur Haas, we found that the ubiquitin system is involved in
degradation of abnormal, short-lived proteins in hepatoma

cells, thus demonstrating that the system was not limited to
the terminally differentiating reticulocyte, but was probably
distributed more “universally” in nucleated mammalian cells,
playing a role in maintaining the cell@s quality control.

During my graduate studies at Avram@s laboratory, I
collaborated with Hannah Heller, an extremely talented and
knowledgeable research associate (who also joined us for
some of our summer stays in the laboratory of Ernie in
Philadelphia) and with Yaacov Hod who was also a graduate
student with Avram at that time. Other colleagues in the
laboratory provided me with a lot of help during this period,
including Dvorah Ganoth, Sarah Elias, and Esther Eythan
who were research associates with Avram, and Clara Segal
and Bruria Rosenberg, two dedicated technicians.

The Interaction with Irwin Rose

As noted, I spent an important part of my graduate studies
in Ernie@s laboratory. Avram spent a sabbatical in his
laboratory in 1977/78, and I joined him for the first time for
several months in the summer of 1978, after I completed the
initial characterization of APF-1 in Haifa. I returned to
Ernie@s laboratory during the summers of 1979, 1980, and
1981. As noted, during our summer stay in 1979, we resolved
the problem of the nature of the high-molecular-mass
“compound” generated when APF-1 was incubated with
fraction II in the presence of ATP. The change in the
molecular mass of APF-1 was discovered several months
earlier in Haifa, however, we were not able to unravel the
nature of the “compound”; this had to await the knowledge
and wisdom of Ernie. In a breakthrough discovery, we found
that the target substrate is covalently modified by multiple
moieties of APF-1, a modification that renders it susceptible
to degradation. This was a novel type of posttranslational
modification and clearly a new biological paradigm, that
required—as I feel today in retrospect—a different type of
knowledge and experimental approach. This would not have
been possible without Ernie@s advice that was based on his
immense knowledge in enzymology and protein chemistry,
accompanied by his unbiased way of original thinking and
approach to problem resolving. This discovery, along with the
discovery that APF-1 is ubiquitin in 1980, made Ernie, his
fellows (in particular Keith Wilkinson and Arthur Haas), and
laboratory crucial players in the historical trail of the
discovery of the ubiquitin system. Interestingly, Ernie also
studied proteolysis before Avram joined him first, but had
never published in the field before.

Postgraduate Training at MIT and How I Continued My Studies
on the Ubiquitin System Independently

The five years in graduate school had a significant impact
on my future career, not only because I played an active part
in such an important discovery, but maybe more importantly,
because I learnt several basic and important principles of how
to approach a scientific problem. From my mentors, first and
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foremost Avram, but also Ernie, I learnt two important
principles: first, to select an important biological problem
(but in order to avoid fierce competition and to be original to
ascertain it is not in the mainstream), and second, to make
sure there are appropriate research tools to approach it
experimentally.

From Avram I also learnt to become a book rather then a
short stories writer: I learnt not to be opportunistic but rather
to adhere to a project, to dig deeply into a problem, to resolve
it mechanistically, to untangle complex mazes—peeling them
like an onion, and not to be tempted to be dragged after
fashions. I learnt to pay attention to small details, to carefully
examine hints, as the important findings were not always
obvious from the beginning. I learnt to be stubborn, to fight
difficulties uphill, and most importantly to be critical: I
believe I developed good senses that enable me to distinguish
false from truth, and artifacts from meaningful findings.

Interestingly, I learnt all these principles not in frontal
lessons or formal presentations, but as an apprentice, follow-
ing my mentors own attitude and way of thinking. But I also
learnt to question, to doubt, to ask, and to discuss, to follow
my own gut feeling when it was necessary, not to always take
advice and direction for granted, and to trust myself too. It did
help in many occasions along the way, although at times I
found myself swimming against the stream in my own school.
Altogether these principles generated an important philoso-
phy and shaped my approach to science, something I try to
instill to my own students, as I strongly believe it is the only
way one can make an impact and leave an imprint behind.

Toward graduation I had to think of the next step:
postdoctoral training and planning of my future career as an
independent scientist. I was in a dilemma. On the one hand I
knew it was important to obtain training somewhere else,
under different mentorship, in a different environment, being
exposed to a different culture of science. On the other hand I
knew for certain that the ubiquitin system was extremely
important and that we were seeing only the tip of its iceberg. I
therefore wanted to continue my studies in a related field,
learning more on regulated proteolysis, but also to continue
my own studies on ubiquitin.

I had several ideas in mind of where to go. The choice was
quite narrow and also risky, as I did not have any idea of how
much independence I could have as a postdoctoral fellow.
Searching for a mentor, and with the advice of my colleague
Mickey Fry, I looked for scientists whose work was related to
regulated proteolysis. I wrote to GNnter Blobel in the
Rockefeller University, who worked at that time on trans-
location of proteins to the endothelium reticulum (ER), a
process which involves cleavage of the leader peptide by
signal peptidase, to Jeffrey Roberts in Cornell, who worked
on E. coli RecA protein directed cleavage of phage l repres-
sor and its requirement for polynucleotide, and to Harvey
Lodish at the MIT, who worked, among other subjects, on the
processing of viral polyproteins. I am not sure Harvey was
that impressed with the ubiquitin system at that time, but he
was the only one to respond positively. Typical of his etiquette
(as I learnt later), his response was prompt and direct, and he
invited me for an interview, after which he accepted me.

GNnter was kind enough to let me know he did not have space
in his laboratory at that time, and Jeffrey never responded.

With two fellowships, one from the Leukemia Society of
America and one from the Israel Cancer Research Fund
(ICRF), I started a period of three wonderful years (1981–
1984) in Harvey@s laboratory in the Department of Biology at
MIT. Harvey gave me complete freedom to choose my
research subjects. What I had in mind was to take advantage
of the exceptional strength of the laboratory and Harvey@s
unique expertise in cell biology, but in parallel, to continue my
own studies on the ubiquitin system.

I realized that Harvey was no longer interested in viral
protein processing, and along with Alan Schwartz who was a
visiting scientist (from Harvard Medical School) in the
laboratory, we started to characterize the transferrin receptor
on a human hepatoma cell line with the aim of later studying
the mechanism of transferrin and transferrin receptor medi-
ated iron delivery to cells. This collaboration led us, along
with another fellow in the laboratory, Alice Dautry-Varsat
(from the Pasteur Institute) who joined us later, to the
discovery of a fascinating mechanism of how iron is delivered
into cells: in the neutral pH of the growth medium, the iron-
loaded holotransferrin binds to its receptor with a high
affinity and is endocytosed into the cell. At the low endo-
somal pH, the affinity between the iron and transferrin is
weakened dramatically. As a result, the iron cation is
released, but the apotransferrin, which has high affinity for
the receptor at acidic pH, remains bound. Along with the
receptor, the apotransferrin recycles to the cell surface. At the
neutral pH of the growth medium, the apotransferrin loses its
high affinity to the receptor and is released into the
extracellular fluid where it can load additional iron ions and
then rebind to its receptor with high affinity.

The transferrin/transferrin receptor pH-dependent and
iron loading-dependent cycle has become a “classic” in the
field of receptor-mediated endocytosis. Based on this, other
phenomena related to receptor and ligand recycling to the cell
surface or targeting to the lysosome could be explained, which
are also due to the pH difference between the external
environment and the interior of the endocytic pathway
vesicles.

However, throughout this time I lived under the strong
feeling that the ubiquitin system had barely started to emerge,
with only the basic principles unraveled. I felt compelled to
get back and work on it. So gradually I started to “crawl” and
return to my “alma mater” research subject.

On one fascinating subject I worked on my own—
continuing to explore a mysterious finding I discovered
during my graduate training and which I did not pursue at the
time: when we purified APF-1/ubiquitin in Haifa, we noticed
a large discrepancy between its dry weight and the Lowry
assay quantitative protein measurement. Avram hypothesized
that the protein could be a ribonucleoprotein (RNP), and the
remaining mass is that of the nucleic acid component. To test
this hypothesis, we added DNase to the crude extract (ATP-
and ubiquitin-containing) assay in which we monitored
degradation of bovine serum albumin (BSA) that was used
as one of our model substrates. The enzyme had no effect. We
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then added RNase A, and to our surprise proteolysis was
completely inhibited, even with an extremely small amount—
a mere few nanograms—of the enzyme added: it looked as
though the enzyme exerted its effect by catalysis—RNA
degradation.

Avram suggested testing the RNase effect on lysozyme as
well—our second model substrate. Here we got no effect,
which was kind of a surprise, as proteolysis of the two
substrates, BSA and lysozyme, behaved in an identical
manner all along the way. ATP as well as all the different
factors resolved from the crude extract were all required for
the degradation of both proteins. Avram suspected that the
RNase effect could be an artifact. Meanwhile, APF-1 was
identified by Keith Wilkinson and his colleagues as ubiquitin,
and the amino acid sequence/composition of ubiquitin
disclosed the “secret” of the dry weight/protein measurement
discrepancy—the molecule has a single tyrosine residue, thus
eyplaining the low readings at 280 nm and in the Lowry
assays. So we decided not to pursue this subject, and the
selective inhibitory effect of RNase A on BSA degradation
remained an unsolved mystery—for the time.

I had not stopped suspecting however that the findings
must represent some true biological phenomenon, and used
the opportunity of my independence at Harvey@s laboratory
to pull out the late 1970s data from my notebook and to start
dissecting the RNase effect in a systematic manner. With
some advice fromAlexander (Alex) Varshavsky (MIT), and a
lot of help from Joan Steitz (Yale), Harvey Lodish, and Uttam
RajBhandary (MIT), I managed to make some progress. I
discovered that the degradation of BSA was completely
dependent on specific tRNAs (for Arg and His), and that the
destruction of the tRNA led to inhibition of the reaction. The
nature of the mechanism of action of the tRNAs and the
problem of why the degradation of lysozyme was insensitive
to RNase had remained a mystery at that time, which I
resolved only when I retuned to Israel and established my
own laboratory.

The other ubiquitin subject I was studying involved a
collaboration with Alex Varshavsky and his then graduate
student, Daniel (Dan) Finley. At that time Alex was studying
the role of monoubiquitination of histones (see above for the
histone H2A/ubiquitin adduct, also known as protein A24 or
uH2A). He noted a series of publications on a temperature-
sensitive cell-cycle-arrest mouse mutant cell ts85 that was
generated and described by the group of M. Yamada. At the
nonpermissive temperature, the cell lost the histone H2A/
ubiquitin adduct. This loss could be due to one of two defects,
either loss of ubiquitination, or activated deubiquitination.
Alex asked me to collaborate with him and Dan to identify
the mutation in this cell. We surmised that the defect in these
cells was more likely due to loss rather then to gain of
function, and set out to dissect the defect. The idea was that
the same defect may also affect protein degradation, although
it was clear that the single modification of the histone
molecule by ubiquitin does not lead to its targeting to
proteolysis.

Identification of the defect in the cells was not too
difficult, as we used the isolation technique of the conjugation

enzymes developed in Haifa, and demonstrated that the
defect results from a temperature-sensitive ubiquitin-activat-
ing enzyme E1, the first enzyme in the ubiquitin system
cascade. Importantly, inactivation of the enzyme led to
inhibition of ubiquitin conjugation to the general population
of cellular proteins, and was not confined to inhibition of
conjugation of histone H2A. Consequently, degradation of
short-lived proteins was also inhibited, demonstrating that the
same enzyme that is involved in ubiquitin activation for
histone modification is also involved in activation of ubiquitin
for modification of substrates destined for degradation.
Identification and characterization of the cell defect further
corroborated our earlier general hypothesis that ubiquitina-
tion signals proteins for degradation, and that it also occurs in
nucleated cells, a finding we had already demonstrated,
albthough indirectly, in Haifa, using the anti-ubiquitin anti-
body. Since the ts85 cell was also a cell-cycle-arrest mutant,
we hypothesized, but did not prove experimentally at the
time, that the system might be involved in regulating the cell
cycle, a hypothesis that later turned out to be correct.

The Return to Israel—Independent Research Career

After three years at MIT (1981–1984), it was time to seek
an independent academic position. After many deliberations
and despite attractive offers and a big temptation to stay in
the US, I decided to return home, to Israel. With the help of
Avram, I obtained an independent academic position in the
Department of Biochemistry at the Faculty of Medicine of the
Technion (where I graduated), and returned home towards
the end of 1984, after a productive postdoctoral period.
Importantly, I already had a research subject I wanted to
pursue, the effect of RNase on ubiquitin-mediated proteol-
ysis.

The years that followed the postdoctoral fellowship
(1984–present) have been extremely rewarding. I was happy
to return to Israel to my family and friends, to a place I felt I
belong. I established my own independent research group and
laboratory, obtained extramural competitive funding, and
continued my research on the ubiquitin system. I have been
lucky to have, through the years, a group of extremely
talented graduate students and postdoctoral fellows.

In our first series of studies we elucidated the role of
tRNA in the proteolytic process, a subject I discovered as a
graduate student and continued to study independently at
MIT. Along with one of my first graduate students, Sarah
Ferber, we demonstrated that proteins with acidic N-termini,
such as Asp or Glu, undergo arginylation at the N-terminus,
converting the acidic, negatively charged residue at this site
into a positively charged residue. The reaction is catalyzed by
arginine tRNA-protein transferase, a known protein with a
hitherto unknown function. The enzyme uses charged
tRNAArg as a source of activated Arg. Therefore, digestion
of the cell extract RNA with RNase A inhibits this reaction.
This finding explained the selectivity of the RNase effect to
BSA and not to lysozyme: BSA has an Asp residue at the N-
terminus, while lysozyme has lysine in this position. Interest-
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ingly, the ligase involved is E3a, which we discovered during
my graduate studies. The ligase recognizes only proteins with
basic termini, but not with acidic N-termini. Thus, what
appeared initially as an artifact turned out to be part of the
first specific recognition signal in a target substrate.

Parallel to our work on the RNase effect, Avram and his
graduate student Yuval Reiss characterized the E3a ligase
and identified on it three distinct substrate binding sites for:
1) basic N-termini (the one involved in recognition of basic
and Arg-modified acidic N-termini), 2) bulky-hydrophobic N-
termini, and 3) “body” sites that reside downstream of the N-
terminal residue. In parallel and by using a systematic genetic
approach in the yeast S. cerevisiae, Alex Varshavsky and his
colleagues formulated a general rule (“N-end rule”) for
recognition of all 20 different amino acid residues at the N-
terminal site.

Research in the laboratory has also evolved in other
directions. We have shown that N-a-acetylated proteins are
also targeted by the ubiquitin system. This important finding
demonstrated that the N-terminally modified proteins, a
group that constitutes the vast majority of cellular proteins,
must be targeted by signals that are distinct from the N-
terminal residue and reside downstream to it: they do not
have free N-termini and therefore cannot be recognized by
the N-terminal amino acid residue. Along with the discovery
of the “body” site in E3a, we felt that N-terminal recognition
is of minor physiological significance, an exception rather
then a rule, and the mode of recognition of the numerous
substrates of the system must be broad and diverse: they are
recognized by multiple and distinct targeting motifs.

At that point, towards the end of the 1980s, we felt it was
time to move from studying model substrates to investigating
the fate of specific native cellular substrates. We have shown
that an important group of cell regulators—tumor suppres-
sors (e.g. p53) and growth promoters (c-Myc)—are targeted
by the ubiquitin cell-free system. We believed that this was
true also for the targeting of these substrates in vivo, which
later turned out to be correct. We continued and demon-
strated that, unlike the thinking in the field until that time,
that degradation of proteins in the lysosome proceeds
independently from the ubiquitin system, the two proteolytic
pathways are actually linked to one another, and ubiquitina-
tion is required for stress-induced lysosomal degradation of
cellular proteins. This area later evolved in a dramatic
manner, and engulfed involvement of the ubiquitin system
in receptor-mediated endocytosis and autophagy. Other
studies involved elucidation of some of the mechanisms
involved in the two-step ubiquitin-mediated proteolytic
activation of the transcriptional regulator NF-kB, demonstra-
tion of a role for heat-shock proteins in targeting certain
protein substrates, and identification of a novel mode of
ubiquitination at the N-terminal residue of the protein
substrate. This modification is clearly different and distinct
from recognition of the substrate by E3a at the N-terminal
residue. In the latter case, the ligase binds to the N-terminal
residue while ubiquitination occurs on an internal lysine. In
N-terminal ubiquitination, modification occurs at the N-
terminal residue, while the ligase binds, most probably, to an

internal sequence in the protein target molecule. This subject
has evolved in a surprising manner and changed another
paradigm in the field that ubiquitination is limited to internal
lysine(s) of the target substrate. We, and later others, have
shown that the phenomenon is not limited to the one protein
we identified initially (the muscle-specific transcriptional
regulator MyoD), and identified a large group of proteins that
undergo N-terminal ubiquitination. This group of proteins
contain many that have internal lysine(s), but for some reason
these residues cannot be targeted, and interestingly also a
large group of proteins (such as p16INK4a that plays an
important role in cell-cycle regulation) that are devoid of
any lysine residue. To be degraded by the ubiquitin system
they must undergo N-terminal ubiquitination.

These years have not been simple, however. The Technion
has traditionally been a school of engineering, and life
sciences and biomedicine have been foreign to many of its
senior faculty members and policy planners: we were treated
in many ways like step-children, and thoughts of closing the
school have been aired at times. This deeply rooted philos-
ophy, which only now starts to change slowly, has severely
hampered development in these fields and had left the body
of researchers and infrastructure in these areas small and
battling for survival. Through a network of wonderful
colleagues all over the world (important among them is my
friend Alan Schwartz from Harvard Medical School and then
from Washington University in St. Louis) and fruitful
collaborations, it was possible to establish an active research
group and carry out what I believe was a good and original
research program, even under less than optimal, and at times
impossible conditions. This was important in balancing my
desire to live in Israel, but at the same time to remain at the
forefront of the ubiquitin research field that has grown in
importance to become an extremely exciting, yet a highly
competitive area.

Unpaid Debts

Last but not least, I owe a huge debt which I doubt I shall
ever be able to repay to several people who helped me cross
critical stormy waterways along my life. My aunt Miriam, who
took me to her house after the death of my father and made
her home a new home for me, thus enabling me to complete
seamlessly my high-school studies without any interruption.
My brother Yossi and my sister-in-law Atara, who opened
their home for me during the fragile times of my high-school
and medical studies, and made sure I would not collapse along
the way, emotionally, but also economically. And last, my
wonderful wife Menucha and my son Tzachi (Yitzhak, Isaac;
named after my late father); they have flooded me with love,
care, and deep understanding of my needs, and were always
there for me, when I was flying high on the wings of my
dreams, not always seeing them or listening to them or being
with them, physically and emotionally. Without all these
wonderful life partners, I could not have achieved anything.

I also owe special thanks to all my mentors, who each
contributed in their own way to my upbringing as a scientist. I
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have to thank Jacob Bar-Tana and Benjamin Shapira for
taking me, hand in hand, through the complex maze of
metabolic pathways, thus enabling me to fall in love with
Biochemistry. Their enthusiasm and deep thinking convinced
me, at a critical stage of my development, to pursue a career in
biological sciences. I owe a big debt to my mentor, Avram
Hershko, with whom I have come a long way in discovering
the ubiquitin system, and from whom I learnt the very basic
principles of how to approach a scientific problem. I owe
special thanks to Ernie Rose for showing me that ordered
thinking is not always necessary in science, and is even
interfering at times, and that being erratic and disordered,
absent minded at times, collecting sparks from all over the
place, can yield wonderful ideas and results. Last, I owe a

huge debt to Harvey Lodish, who is not only a great cell
biologist, but a wonderful spiritual mentor in a different way
to how we tend to think of mentors. He gave me complete
freedom to choose my own way, but did not let me fall. He
always listened carefully and helped me to analyze data, and
with his deep insight was able to find in the ocean of my
numbers and graphic analyses new routes and pathways that I
could have never seen or thought of. He used to gently
comment on my approach when he felt I derailed, and helped
redirecting me. Yet, he was never imposing: Harvey@s active
passive educational approach is truly unique. I owe many
thanks to all my colleagues, in particular Alan Schwartz, Iasha
Sznajder, and Kazuhiro Iwai, who helped me in many ways
along this long voyage. I must also mention my laboratory
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research associates, initially Sarah Elias and then Hedva
Gonen and Beatrice Bercovich, who have become my eyes
and hands since I established my own laboratory. Last but not
least, my wonderful graduate students, fellows, and visiting
scientists, with whom I discovered new and exciting paths in
the rapidly evolving and exciting ubiquitin field.

2. Introduction

The concept of protein turnover is barely 60 years old.
Beforehand, body proteins were viewed as essentially stable
constituents that were subject to only minor “wear and tear”.
Dietary proteins were believed to function primarily as
energy-providing fuel, which were independent from the
structural and functional proteins of the body. The problem
was hard to approach experimentally, as research tools were
not available. An important research tool that was lacking at
that time were stable isotopes. While radioactive isotopes
were developed earlier by George de Hevesy (Nobel Lectures
in Chemistry 1942–1962, World Scientific, 1999, pp. 5–41),
they were mostly unstable and could not be used to follow
metabolic pathways.

The concept that body structural proteins are static and
the dietary proteins are used only as a fuel was challenged by
Rudolf Scheonheimer at Columbia University in New York
city. Schoenheimer, like many other Jewish scientists (for
example, Albert Einstein), escaped from Germany after the
rise of the Nazis, and joined the Department of Biochemistry
in Columbia University, founded by Hans T. Clarke.[1–3] There
he met Harold Urey who was working in the Department of
Chemistry and who discovered deuterium, the heavy isotope
of hydrogen, a discovery that enabled him to prepare heavy
water, D2O. David Rittenberg, who had recently received his
PhD in Urey@s laboratory, joined Schoenheimer, and together
they entertained the idea of “employing a stable isotope as a
label in organic compounds, destined for experiments in
intermediary metabolism, which should be biochemically
indistinguishable from their natural analog”.[1]

Urey later succeeded in enriching nitrogen with 15N, which
provided Schoenheimer and Rittenberg with a “tag” for
amino acids and thus for their study on protein dynamics.
They discovered that following administration of 15N-labled
tyrosine to rats, only about 50% was recovered in the urine,
“while most of the remainder is deposited in tissue proteins. An
equivalent of protein nitrogen is excreted”.[4] They further
discovered that from the half that was incorporated into body
proteins “only a fraction was attached to the original carbon
chain, namely to tyrosine, while the bulk was distributed over
other nitrogenous groups of the proteins”,[4] mostly as an NH2

group in other amino acids. These experiments demonstrated
unequivocally that the body structural proteins are in a
dynamic state of synthesis and degradation, and that even
individual amino acids are in a state of dynamic interconver-
sion. Similar results were obtained using 15N-labled leucine.[5]

This series of findings shattered the paradigm in the field
at that time that: 1) ingested proteins are completely metab-
olized and the products are excreted, and 2) that body

structural proteins are stable and static. Schoenheimer was
invited to deliver the prestigious Edward K. Dunham lecture
at Harvard University where he presented his revolutionary
findings. After his untimely tragic death in 1941, his lecture
notes were edited by Hans Clarke, David Rittenberg, and
Sarah Ratner, and were published in a small book by Harvard
University Press. The editors called the book The Dynamic
State of Body Constituents,[6] adopting the title of Schoen-
heimer@s presentation. In the book, the new hypothesis is
clearly presented: “The simile of the combustion engine
pictured the steady state flow of fuel into a fixed system, and the
conversion of this fuel into waste products. The new results
imply that not only the fuel, but the structural materials are in a
steady state of flux. The classical picture must thus be replaced
by one which takes account of the dynamic state of body
structure”. However, the idea that proteins are turning over
was not accepted easily and was challenged as late as the mid-
1950s. For example, Hogness and colleagues studied the
kinetics of b-galactosidase in E. coli and summarized their
findings:[7] “To sum up: there seems to be no conclusive
evidence that the protein molecules within the cells of
mammalian tissues are in a dynamic state. Moreover, our
experiments have shown that the proteins of growing E. coli are
static. Therefore it seems necessary to conclude that the
synthesis and maintenance of proteins within growing cells is
not necessarily or inherently associated with a 5dynamic state5”.
While the experimental study involved the bacterial b-
galactosidase, the conclusions were broader, and included
also the authors@ hypothesis on mammalian proteins. The use
of the term “dynamic state” was not incidental, as they
challenged directly Schoenheimer@s studies.

Now, after more then six decades of research in the field
and with the discovery of the lysosome and later the complex
ubiquitin–proteasome system with its numerous tributaries, it
is clear that the area has been revolutionized. We now realize
that intracellular proteins are turning over extensively, that
this process is specific in most cases, and that the stability of
many proteins is regulated individually and can vary under
different conditions. From a scavenger, unregulated and
nonspecific end process, it has become clear that proteolysis
of cellular proteins is a highly complex, temporally controlled
and tightly regulated process that plays major roles in a broad
array of basic pathways. Among these processes are the cell
cycle, development, differentiation, regulation of transcrip-
tion, antigen presentation, signal transduction, receptor-
mediated endocytosis, quality control, and modulation of
diverse metabolic pathways. As a result, this development has
changed the paradigm that regulation of cellular processes
occurs mostly at the transcriptional and translational levels,
and has placed regulated protein degradation in an equally
important position. With the multitude of substrates targeted
and processes involved, it is not surprising that aberrations in
the pathway have been implicated in the pathogenesis of
many diseases, among them certain malignancies, neuro-
degeneration, and disorders of the immune and inflammatory
system. As a result, the ubiquitin system has become a
platform for drug targeting, and mechanism-based drugs are
currently developed, one of them is already on the market.
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3. The Lysosome and Intracellular Protein
Degradation

In the mid-1950s, Christian de Duve discovered the
lysosome (see, for example, Refs. [8, 9] and Figure 1). The
lysosome was first recognized biochemically in rat liver as a
vacuolar structure that contains various hydrolytic enzymes
which function optimally at an acidic pH. It is surrounded by a
membrane that endows the contained enzymes with latency
that is required to protect the cellular contents from their
action (see below). The definition of the lysosome has been
broadened over the years. This is because it has been
recognized that the digestive process is dynamic and involves
numerous stages of lysosomal maturation together with the
digestion of both exogenous proteins (which are targeted to
the lysosome through receptor-mediated endocytosis and
pinocytosis) and exogenous particles (which are targeted
through phagocytosis; the two processes are known as
heterophagy), as well as digestion of endogenous proteins
and cellular organelles (which are targeted by micro- and
macro-autophagy; see Figure 2).

The lysosomal/vacuolar system as we currently recognize
it is a discontinuous and heterogeneous digestive system that
also includes structures that are devoid of hydrolases, for
example, early endosomes which contain endocytosed recep-
tor–ligand complexes and pinocytosed/phagocytosed extra-
cellular contents. At the other extreme it includes the residual
bodies—the end products of the completed digestive pro-
cesses of heterophagy and autophagy. In between these
extremes one can observe: primary/nascent lysosomes that
have not yet been engaged in any proteolytic process; early

Figure 1. The lysosome: Ultrathin cryosection of a rat PC12 cell that
had been loaded for 1 h with bovine serum albumin (BSA)·gold (5-nm
particles) and immunolabeled for the lysosomal enzyme cathepsin B
(10-nm particles) and the lysosomal membrane protein LAMP1 (15-
nm particles). Lysosomes are recognized also by their typical dense
content and multiple internal membranes. Scale bar, 100 nm.
Printed with permission from Viola Oorschot and Judith Klumperman,
Department of Cell Biology, University Medical Centre, Utrecht,
The Netherlands.

Figure 2. The four digestive processes mediated by the lysosome: 1) specific receptor-mediated endocytosis; 2) pinocytosis (nonspecific
engulfment of cytosolic droplets containing extracellular fluid); 3) phagocytosis (of extracellular particles), and 4) autophagy (micro- and macro-
autophagy of intracellular proteins and organelles). Printed from Ref. [83] with permission from Nature Publishing Group.
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autophagic vacuoles that might contain intracellular organ-
elles; intermediate/late endosomes and phagocytic vacuoles
(heterophagic vacuoles) that contain extracellular contents/
particles; and multivesicular bodies (MVBs) which are the
transition vacuoles between endosomes/phagocytic vacuoles
and the digestive lysosomes (Figure 2).

The discovery of the lysosome along with independent
experiments that were carried out at the same time and that
have further strengthened the notion that cellular proteins are
indeed in a constant state of synthesis and degradation (see,
for example, Ref. [10]), led scientists to feel, for the first time,
that they had at hand an organelle that could potentially
mediate degradation of intracellular proteins. The separation
of the proteases from their substrates by a membrane
provided an explanation for controlled degradation, and the
only problem left to be explained was how the substrates are
translocated into the lysosomal lumen, where they are
degraded by the lysosomal proteases.

An important discovery in this respect was the unraveling
of the basic mechanism of action of the lysosome, namely
autophagy (reviewed in Ref. [11]). Under basal metabolic
conditions, portions of the cytoplasm which contain the entire
cohort of cellular proteins, are segregated within a mem-
brane-bound compartment, and are then fused to a primary
nascent lysosome and their contents digested. This process
was denoted micro-autophagy. Under more extreme condi-
tions (for example, starvation) mitochondria, endoplasmic
reticulum membranes, glycogen bodies, and other cytoplas-
mic entities can also be engulfed by a process called macro-
autophagy (see, for example, Ref. [12]). The different modes
of action of the lysosome in digesting extra- and intracellular
proteins are shown in Figure 2.

However, over a period of more than two decades
(between the mid-1950s and the late-1970s) it became
gradually more and more difficult to explain several aspects
of intracellular protein degradation based on the known
mechanisms of lysosomal activity. Accumulating lines of
independent experimental evidence indicated that the degra-
dation of at least certain classes of cellular proteins must be
non-lysosomal. Yet, in the absence of any “alternative”,
researchers found different explanations, some more sub-
stantiated and others less, to defend the “lysosomal” hypoth-
esis.

First was the gradually emerging notion, coming from
different laboratories, that different proteins vary in their
stability, and their half-life times (t1/2) can span three orders of
magnitude—from a few minutes to many days. Thus, the t1/2 of
ornitihine decarboxylase (ODC) is about 10 min, while that of
glucose-6-phosphate dehydrogenase (G6PD) is 15 h (for
review articles, see, for example, Refs. [13,14]). Also, the
rates of degradation of many proteins were shown to change
with changing physiological conditions, such as availability of
nutrients or hormones. It was conceptually difficult to
reconcile the findings of distinct half-lives of different
proteins with the mechanism of action of the lysosome,
where the micro-autophagic vesicle contains the entire cohort
of cellular (cytosolic) proteins that are therefore expected to
degrade at the same rate. Likewise, if micro- and macro-
autophagy had been the mechanisms that mediate intra-

cellular proteolysis, changing pathophysiological conditions,
such as starvation or resupplementation of nutrients, would
have been expected to affect the stability of all cellular
proteins to the same extent. Clearly, this was not the case.

A second source of concern about the lysosome as the
organelle in which intracellular proteins are degraded were
the findings that specific and general inhibitors of lysosomal
proteases have different effects on different populations of
proteins, making it clear that distinct classes of proteins are
targeted by different proteolytic machineries. Thus, the
degradation of endocytosed/pinocytosed extracellular pro-
teins was significantly inhibited, a partial effect was observed
on the degradation of long-lived cellular proteins, and almost
no effect could be detected on the degradation of short-lived
and abnormal/mutated proteins.

Finally, the thermodynamically paradoxical observation
that the degradation of cellular proteins requires metabolic
energy, and more importantly, the emerging evidence that the
proteolytic machinery uses the energy directly, were in
contrast with the known mode of action of lysosomal
proteases that under the appropriate acidic conditions, and
similar to all known proteases, degrade proteins in an
exergonic manner.

The assumption that the degradation of intracellular
proteins is mediated by the lysosome was nevertheless logical.
Proteolysis results from direct interaction between the target
substrates and proteases, and therefore it was clear that active
proteases cannot be free in the cytosol, which would have
resulted in destruction of the cell. Thus, it was recognized that
any suggested proteolytic machinery that mediates degrada-
tion of intracellular protein degradation must also be
equipped with a mechanism that separates—physically or
virtually—between the proteases and their substrates, and
enables them to associate only when needed. The lysosomal
membrane provided a physical fencing mechanism.

Of course, nobody could have predicted that a new mode
of posttranslational modification—ubiquitination—could
function as a proteolytic signal, and that untagged proteins
would remain protected. Thus, while the structure of the
lysosome could explain the separation necessary between the
proteases and their substrates, and autophagy could explain
the mechanism of entry of cytosolic proteins into the
lysosomal lumen, major problems have remained unsolved.
Important among them were: 1) the varying half-lives, 2) the
energy requirement, and 3) the distinct response of different
populations of proteins to lysosomal inhibitors.

Nevertheless, scientists tried to “defend” the lysosomal
model. According to one model, it was proposed that
different proteins have different sensitivities to lysosomal
proteases, and their half lives in vivo correlate with their
sensitivity to the action of lysosomal proteases in vitro.[15] To
explain an extremely long half-life for a protein that is
nevertheless sensitive to lysosomal proteases, or alterations in
the stability of a single protein under various physiological
states, it was suggested that although all cellular proteins are
engulfed into the lysosome, only the short-lived proteins are
degraded, whereas the long-lived proteins exit back into the
cytosol: “To account for differences in half-life among cell
components or of a single component in various physiological
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states, it was necessary to include in the model the possibility of
an exit of native components back to the extralysosomal
compartment”.[16]

According to a different model, selectivity is determined
by the binding affinity of the different proteins for the
lysosomal membrane which controls their entry rates into the
lysosome, and subsequently their degradation rates.[17] For a
selected group of proteins, such as the gluconeogenetic
enzymes phosphoenolpyruvate carboxykinase (PEPCK),
and fructose-1,6-biphosphatase, it was suggested, though not
firmly substantiated, that their degradation in the yeast
vacuole is regulated by glucose through a mechanism called
“catabolite inactivation” that possibly involves their phos-
phorylation. However, this regulated mechanism for vacuolar
degradation was limited only to a small and specific group of
proteins (see, for example, Refs. [18], [19]).

More recent studies have shown that at least for stress-
induced macro-autophagy, KFERQ, a general sequence of
amino acids that in its general structure was identified in
many proteins, directs, by binding to a specific “receptor” and
in cooperation with cytosolic and lysosomal chaperones, the
regulated entry of many cytosolic proteins into the lysosomal
lumen. While further corroboration of this hypothesis is still
required, it explains the mass entry of a large population of
proteins that contain a homologous sequence, but not the
targeting for degradation of a specific protein under defined
conditions (reviewed in Refs. [20,21]). The energy require-
ment for protein degradation was described as indirect, and
necessary, for example, for protein transport across the
lysosomal membrane[22] and/or for the activity of the H+

pump and the maintenance of the low acidic intralysosomal
pH that is necessary for optimal activity of the lysosomal
proteases.[23] We now know that both mechanisms require
energy. In the absence of any alternative, and with lysosomal
degradation as the most logical explanation for targeting all
known classes of proteins at the time, Christian de Duve
summarized his view on the subject in a review article
published in the mid-1960s, saying: “Just as extracellular
digestion is successfully carried out by the concerted action of
enzymes with limited individual capacities, so, we believe, is
intracellular digestion”.[24] The problem of different sensitiv-
ities of distinct protein groups to lysosomal inhibitors has
remained unsolved, and may have served as an important
trigger in the future quest for a non-lysosomal proteolytic
system.

Progress in identifying the elusive, non-lysosomal proteo-
lytic system(s) was hampered by the lack of a cell-free
preparation that could faithfully replicate the cellular pro-
teolytic events, degrading proteins in a specific and energy-
requiring mode. An important breakthrough was made by
Rabinovitz and Fisher who found that rabbit reticulocytes
degrade abnormal, amino acid analogue containing hemo-
globin.[25] Their experiments modeled known disease states—
the hemoglobinopathies. In these diseases abnormal mutated
hemoglobin chains (such as sickle cell hemoglobin) or excess
of unassembled normal hemoglobin chains (which are
synthesized normally, but accumulate and found in excess in
thalassemias, diseases in which the pairing chain is not
synthesized at all or is mutated and rapidly degraded, and

consequently the hemoglobin complex is not assembled) are
rapidly degraded in the reticulocyte.[26, 27] Reticulocytes are
terminally differentiating red blood cells that do not contain
lysosomes. Therefore, it was postulated that the degradation
of hemoglobin in these cells is mediated by a non-lysosomal
machinery.

Etlinger and Goldberg[28] were the first to isolate and
characterize a cell-free proteolytic preparation from reticu-
locytes. The crude extract selectively degraded abnormal
haemoglobin, required ATP hydrolysis, and acted optimally
at a neutral pH, which further strengthened the assumption
that the proteolytic activity was of a non-lysosomal origin. A
similar system was isolated and characterized later by our
research group.[29] Additional studies by our group led
subsequently to resolution, characterization, and purification
of the major enzymatic components from these extracts, and
to the discovery of the ubiquitin tagging system (see below).

4. The Lysosome Hypothesis Is Challenged

As mentioned above, the unraveled mechanism(s) of
action of the lysosome could explain only partially, and at
times not satisfactorily, several key emerging characteristics
of intracellular protein degradation. Among them were the
heterogeneous stability of individual proteins, the effect of
nutrients and hormones on their degradation, and the
dependence of intracellular proteolysis on metabolic energy.
The differential effect of selective inhibitors on the degrada-
tion of different classes of cellular proteins could not be
explained at all.

The evolvement of methods to monitor protein kinetics in
cells, together with the development of specific and general
lysosomal inhibitors, has resulted in the identification of
different classes of cellular proteins, long- and short-lived, and
the discovery of the differential effects of the inhibitors on
these groups (see, for example, Refs. [30,31]). An elegant
experiment in this respect was carried out by Brian Poole and
his colleagues at the Rockefeller University. Poole was
studying the effects on proteolysis of lysosomotropic
agents—weak bases such as ammonium chloride and chlor-
oquine—that accumulate in the lysosome and dissipate its low
acidic pH. It was assumed that this mechanism also underlies
the antimalarial activity of chloroquine and similar drugs,
where they inhibit the activity of the parasite@s lysosome,
“paralyzing” its ability to digest the host@s hemoglobin during
the intraerythrocytic stage of its life cycle. Poole and his
colleagues metabolically labeled endogenous proteins in
living macrophages with 3H-leucine and “fed” them with
dead macrophages that had been previously labeled with 14C-
leucine. They assumed, apparently correctly, that the dead
macrophages debris and proteins will be phagocytosed by the
live macrophages and targeted to the lysosome for degrada-
tion. They monitored the effect of lysosomotropic agents on
the degradation of these two protein populations. In partic-
ular, they studied the effect of the weak bases chloroquine
and ammonium chloride (which enter the lysosome and
neutralize the H+ ions), and the acid ionophore X537Awhich
dissipates the H+ gradient across the lysosomal membrane.
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They found that these drugs specifically inhibited the
degradation of extracellular proteins, but not that of intra-
cellular proteins.[32]

Poole summarized these elegant experiments and explic-
itly predicted the existence of a non-lysosomal proteolytic
system that degrades intracellular proteins: “Some of the
macrophages labeled with tritium were permitted to endocytise
the dead macrophages labeled with 14C. The cells were then
washed and replaced in fresh medium. In this way we were able
to measure in the same cells the digestion of macrophage
proteins from two sources. The exogenous proteins will be
broken down in the lysosomes, while the endogenous proteins
will be broken down wherever it is that endogenous proteins
are broken down during protein turnover”.[33]

The requirement for metabolic energy for the degradation
of both prokaryotic[34] and eukaryotic[10, 35] proteins was
difficult to understand. Proteolysis is an exergonic process
and the thermodynamically paradoxical energy requirement
for intracellular proteolysis made researchers believe that
energy cannot be consumed directly by proteases or the
proteolytic process per se, and is used indirectly. As Simpson
summarized his findings:[10] “The data can also be interpreted
by postulating that the release of amino acids from protein is
itself directly dependent on energy supply. A somewhat similar
hypothesis, based on studies on autolysis in tissue minces, has
recently been advanced, but the supporting data are very
difficult to interpret. However, the fact that protein hydrolysis
as catalyzed by the familiar proteases and peptidases occurs
exergonically, together with the consideration that autolysis in
excised organs or tissue minces continues for weeks, long after
phosphorylation or oxidation ceased, renders improbable the
hypothesis of the direct energy dependence of the reactions
leading to protein breakdown”. Being cautious, however, and
probably unsure about this unequivocal conclusion, Simpson
still left a narrow orifice opened for a proteolytic process that
requires energy in a direct manner: “However, the results do
not exclude the existence of two (or more) mechanisms of
protein breakdown, one hydrolytic, the other enrgy-requiring.”

Since any proteolytic process must be at one point or
another hydrolytic, the statement that makes a distinction
between a hydrolytic process and an energy-requiring, yet
nonhydrolytic one, is not clear. Judging the statement from a
historical point of view and knowing the mechanism of action
of the ubiquitin system, where energy is required also in the
prehydrolytic step (ubiquitin conjugation), Simpsonmay have
thought of a two-step mechanism, but did not give it a clear
description: in retrospect, one can view ubiquitination as a
nonhydrolytic, yet energy-requiring process. At the end of this
clearly understandable and apparently difficult deliberation,
he left us with a vague explanation linking protein degrada-
tion to protein synthesis, a process that was known at that
time to require metabolic energy: “The fact that a supply of
energy seems to be necessary for both the incorporation and the
release of amino acids from protein might well mean that the
two processes are interrelated. Additional data suggestive of
such a view are available from other types of experiments.
Early investigations on nitrogen balance by Benedict, Folin,
Gamble, Smith, and others point to the fact that the rate of
protein catabolism varies with the dietary protein level. Since

the protein level of the diet would be expected to exert a direct
influence on synthesis rather than breakdown, the altered
catabolic rate could well be caused by a change in the rate of
synthesis.”[10]

With the discovery of lysosomes in eukaryotic cells it
could be argued that energy is required for the transport of
substrates into the lysosome or for maintenance of the low
intralysosomal pH, for example. The observation by Hershko
and Tomkins that the activity of tyrosine aminotransferase
(TAT) was stabilized following depletion of ATP[36] indicated
that energy may be required at an early stage of the
proteolytic process, most probably before proteolysis occurs.
Yet, it did not provide a clue for the mechanism involved:
energy could be used, for example, for specific modification of
TAT, for example, phosphorylation, that would sensitize it to
degradation by the lysosome or by a yet unknown proteolytic
mechanism, or for a modification that activates its putative
protease. It could also be used for a more general lysosomal
mechanism, one that involves transport of TAT into the
lysosome or maintenance of the low intralysosomal pH, as it is
cleat that ATP depletion also inhibited completely lysosomal
degradation. The energy inhibitors inhibited almost com-
pletely degradation of the entire population of cell proteins,
confirming previous studies (see, for example, Ref. [10]) and
suggesting a general role for energy in protein catabolism. An
interesting finding was that energy inhibitors had an effect
that was distinct from that of protein synthesis inhibitors,
which affected only enhanced degradation (induced by
steroid hormone depletion), but not basal degradation. This
finding ruled out, at least partially, a tight linkage between
protein synthesis and all classes of protein degradation.

In bacteria, which lack lysosomes, an argument involving
energy requirement for lysosomal degradation could not have
been proposed, but other indirect effects of ATP hydrolysis
could have affected proteolysis in E. coli, such as phosphor-
ylation of substrates and/or proteolytic enzymes, or main-
tenance of the “energized membrane state”. According to this
model, proteins could become susceptible to proteolysis by
changing their conformation, for example, following associ-
ation with the cell membrane that maintains a local, energy-
dependent gradient of a certain ion. While such an effect was
ruled out,[37] and since there was no evidence for a phosphor-
ylation mechanism (although the proteolytic machinery in
prokaryotes had not been identified at that time), it seemed
that at least in bacteria, energy is required directly for the
proteolytic process (which later turned out to be correct).

In any event, the requirement for metabolic energy for
protein degradation in both prokaryotes and eukaryotes, a
process that is exergonic thermodynamically, strongly indi-
cated that in cells proteolysis is highly regulated, and that a
similar principle/mechanism has been preserved in the
evolution of the two kingdoms. From the possible direct
requirement for ATP in the degradation of proteins in
bacteria, it was not too unlikely to assume a similar direct
mechanism involved in the degradation of cellular proteins in
eukaryotes. Supporting this notion was the description of the
cell-free proteolytic system in reticulocytes,[28,29] a cell that
lacks lysosomes, which indicated that energy is probably
required directly for the proteolytic process, although here
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too, the underlying mechanisms had remained enigmatic at
the time. Yet, the description of the cell-free system paved the
road for detailed dissection of the underlying mechanisms
involved.

5. The Ubiquitin–Proteasome System

The cell-free proteolytic system from reticulocytes[28,29]

turned out to be an important and rich source for the
purification and characterization of the enzymes that are
involved in the ubiquitin–proteasome system. Initial fraction-
ation of the crude reticulocyte cell extract on the anion-
exchange resin diethylaminoethylcellulose (DEAE) yielded
two fractions which were both required to reconstitute the
energy-dependent proteolytic activity that was identified in
the crude extract: The unadsorbed, flow-throughmaterial was
denoted fraction I, and the adsorbed proteins which were
eluted with a high concentration of salt was denoted
fraction II (Table 2).[38]

This was an important observation and a lesson for the
future dissection of the system. For one, it suggested that the
system is not composed of a single “classical” protease that
has evolved evolutionarily to acquire energy dependence
(although such energy-dependent proteases such as the
mammalian 26S proteasome and the prokaryotic Lon gene
product, for example, were described later), but that it is
made of at least two components. This finding of a two-
component, energy-dependent protease left us with no
paradigm to follow, and in attempts to explain the finding,
we suggested, for example, that the two fractions could
represent an inhibited protease and its activator.

Second, learning from this reconstitution experiment and
the essential dependence of the two active components, we
continued to reconstitute activity from resolved fractions
whenever we encountered a loss of activity in further
purification steps. This biochemical “complementation”
approach resulted in the discovery of additional enzymes in
the system, which are all required to be present in the reaction
mixture in order to catalyze the multistep proteolysis of the
target substrate. We chose first to purify the active component
from fraction I. It was found to be a small, about 8.5 kDa
heat-stable protein that was designated ATP-dependent
proteolysis factor 1 (APF-1). APF-1 was later identified as
ubiquitin (see below; I am using the term APF-1 to the point
at which it was identified as ubiquitin, and then change
terminology accordingly). In retrospect, the decision to start

the purification efforts with fraction I turned out to be
important, as fraction I contained only one single protein,
APF-1, that was necessary to stimulate proteolysis of the
model substrates we used at the time, BSA and lysozyme,
while fraction II turned out to contain many additional active
factors. Later studies showed that fraction I contains other
components necessary for the degradation of other substrates,
but these were not necessary for the reconstitution of the
system at that time. This enabled us not only to purify APF-1,
but also to quickly decipher its mode of action. If we had
started our purification efforts with fraction II, we would have
encountered a significantly bumpier road. A critically impor-
tant finding that paved the road for future developments in
the field was that multiple moieties of APF-1 are covalently
conjugated to the target substrate when incubated in the
presence of fraction II, and the modification requires ATP
(Figures 3 and 4).[39,40] It was also found that the modification
is reversible, and APF-1 can be removed from the substrate or
its degradation products.[40]

The discovery that APF-1 is covalently conjugated to
protein substrates and stimulates their proteolysis in the
presence of ATP and crude fraction II, led in 1980 to the
proposal of a model, according to which protein-substrate
modification by multiple moieties of APF-1 targets it for
degradation by a downstream, at that time as yet unidentified,
protease that cannot recognize the unmodified substrate;
following degradation, reusable APF-1 is released.[40] Amino

Table 2: Resolution of the ATP-dependent proteolytic activity from crude
reticulocyte extract into two essentially required complementing activ-
ities (adapted from Ref. [38] with permission from Elsevier).

Fraction Degradation of [3H]globin [%]
�ATP +ATP

lysate 1.5 10.0
fraction I 0.0 0.0
fraction II 1.5 2.7
fraction I + fraction II 1.6 10.6

Figure 3. APF-1/ubiquitin is shifted to high-molecular-mass com-
pound(s) following incubation in an ATP-containing crude cell extract.
125I-labeled APF-1/ubiquitin was incubated with reticulocyte crude frac-
tion II in the absence (*) or presence (*) of ATP, and the reaction
mixtures were resolved by gel-filtration chromatography. The radioac-
tivity measured in each fraction is shown. As can be seen, following
addition of ATP, APF-1/ubiquitin becomes associated with some
component(s) (another enzyme of the system or its substrate(s)) in
fraction II. Printed from Ref. [39] with permission from the National
Academy of Sciences.

Ubiquitin in Protein Breakdown
Angewandte

Chemie

5961Angew. Chem. Int. Ed. 2005, 44, 5944 – 5967 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


acid analysis of APF-1, along with its known molecular mass
and other general characteristics, raised the suspicion that
APF-1 was ubiquitin,[41] a known protein of previously
unknown function. Indeed, Wilkinson and colleagues con-
firmed unequivocally that APF-1 was indeed ubiquitin.[42]

Ubiquitin is a small, heat-stable, and highly evolutionarily
conserved protein of 76 residues. It was first purified during
the isolation of thymopoietin[43] and was subsequently found
to be ubiquitously expressed in all kingdoms of living cells,
including prokaryotes.[44] Interestingly, it was initially found to
have lymphocyte-differentiating properties, a characteristic
that was attributed to the stimulation of adenylate
cyclase.[44,45] Accordingly, it was named UBIP for ubiquitous
immunopoietic polypeptide.[44] However, later studies showed
that ubiquitin is not involved in the immune response,[46] and
that it was a contaminating endotoxin in the preparation that
generated the adenylate cyclase and the T-cell-differentiating
activities. Furthermore, the sequence of several eubacteria
and archaebacteria genomes as well as biochemical analyses
of cell extracts from these organisms (unpublished results)
showed that ubiquitin is restricted only to eukaryotes. The
finding of ubiquitin in bacteria[44] was probably due to
contamination of the bacterial extract with yeast ubiquitin
derived from the yeast extract in which the bacteria were
grown.While, in retrospect, the name ubiquitin is a misnomer,
as it is restricted to eukaryotes and is not ubiquitous as was
previously thought, for historical reasons it has still main-
tained its name. Accordingly, and in order to avoid confusion,
I suggest that the names of other novel enzymes and

components of the ubiquitin system, as well as of other
systems, should remain as they were first coined by their
discoverers.

An important development in the ubiquitin research field
was the discovery that a single ubiquitin moiety can be
covalently conjugated to histones, particularly to histone-
s H2A and H2B. While the function of these adducts had
remained elusive until recently, their structure was unraveled
in the mid-1970s. The structure of the ubiquitin conjugate of
H2A (uH2A; also designated protein A24) was deciphered by
Goldknopf and Busch[47,48] and by Hunt and Dayhoff,[49] who
found that the two proteins are linked through a forklike,
branched isopeptide bond between the carboxy-terminal
glycine of ubiquitin (Gly76) and the e-NH2 group of an
internal lysine (Lys119) of the histone molecule. The isopeptide
bond found in the histone–ubiquitin adduct was suggested to
be identical to the bond that was found between ubiquitin and
the target proteolytic substrate[50] and between the ubiquitin
moieties in the polyubiquitin chain[51,52] that is synthesized on
the substrate and that functions as a proteolysis recognition
signal for the downstream 26S proteasome. In this particular
polyubiquitin chain the linkage is between Gly76 of one
ubiquitin moiety and internal Lys48 of the previously con-
jugated moiety. Only Lys48-based ubiquitin chains are recog-
nized by the 26S proteasome and serve as proteolytic signals.

In recent years it has been shown that the first ubiquitin
moiety can also be attached in a linear mode to the N-
terminal residue of the proteolytic target substrate.[53] How-
ever, the subsequent ubiquitin moieties generate Lys48-based
polyubiquitin chains on the first, linearly fused moiety. N-
terminal ubiquitination is clearly required for targeting
naturally occurring lysine-free proteins for degradation. Yet,
several lysine-containing proteins have also been described
that traverse this pathway, the muscle-specific transcription
factor MyoD, for example. In these proteins the internal
lysine residues are probably not accessible to the cognate
ligases.

Other types of polyubiquitin chains have also been
described that are not involved in targeting the conjugated
substrates for proteolysis. Thus, a Lys63-based polyubiquitin
chain has been described that is probably necessary for the
activation of transcription factors (see Ref. [54]). Interest-
ingly, the role of monoubiquitination of histones has also been
identified recently, and this modification is also involved in
regulation of transcription, probably by modulation of the
structure of the nucleosomes (see, for example, Refs. [55,56]).

The identification of APF-1 as ubiquitin, and the discov-
ery that a high-energy isopeptide bond, similar to the one that
links ubiquitin to histone H2A, links it also to the target
proteolytic substrate, resolved at that time the enigma of the
energy requirement for intracellular proteolysis and paved
the road to the untangling of the complex mechanism of
isopeptide-bond formation. This process turned out to be
similar to that of peptide-bond formation that is catalyzed by
tRNA synthetase following amino acid activation during
protein synthesis or during the nonribosomal synthesis of
short peptides.[57] With the unravelled mechanism of ubiquitin
activation and using immobilized ubiquitin as a “covalent”
affinity bait, the three enzymes that are involved in the

Figure 4. Multiple molecules of APF-1/ubiquitin are conjugated to the
proteolytic substrate, probably signaling it for degradation. To analyze
the data described in the experiment depicted in Figure 3 mechanisti-
cally and to test the hypothesis that APF-1 is conjugated to the target
proteolytic substrate, 125I-APF-1/ubiquitin was incubated along with
crude fraction II in the absence (lane 1) or presence (lanes 2–5) of ATP
and in the absence (lanes 1, 2) or presence (lanes 3–5) of increasing
concentrations of unlabeled lysozyme. Reaction mixtures resolved in
lanes 6 and 7 were incubated in the absence (lane 6) or presence
(lane 7) of ATP, and included unlabeled APF-1/ubiquitin and 125I-
labeled lysozyme. C1–C6 denote specific APF-1/ubiquitin–lysozyme
adducts in which the number of APF-1/ubiquitin moieties bound to
the lysozyme moiety of the adduct increases, probably from 1 to 6.
Reaction mixtures were resolved by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and visualized following exposure of the gel to an X-
ray film (autoradiography). Printed from Ref. [40] with permission from
the National Academy of Sciences.
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cascade reaction of ubiquitin conjugation were purified by us.
These enzymes are: 1) E1, the ubiquitin-activating enzyme,
2) E2, the ubiquitin carrier protein, and 3) E3, the ubiquitin
protein ligase.[58, 59] The discovery of an E3 which is a specific
substrate-binding component indicated a possible solution to
the problem of the varying stabilities of different proteins—
they might be specifically recognized and targeted by differ-
ent ligases.

Within a short period, the ubiquitin-tagging hypothesis
received substantial support. For example, Chin and co-
workers injected into HeLa cells labeled ubiquitin and
hemoglobin, and denatured the injected hemoglobin by
oxidizing it with phenylhydrazine. They found that ubiquitin
conjugation to globin is markedly enhanced by denaturation
of the hemoglobin, and the concentration of globin–ubiquitin
conjugates was proportional to the rate of hemoglobin
degradation.[60] Hershko and colleagues observed a similar
correlation for abnormal, amino acid analogue containing
short-lived proteins.[61] A previously isolated cell-cycle-arrest
mutant that loses the ubiquitin–histone H2A adduct at the
permissive temperature[62] was found to harbor a thermolabile
E1.[63] Following heat inactivation, the cells failed to degrade
normal short-lived proteins.[64] Although the cells did not
provide direct evidence for substrate ubiquitination as a
destruction signal, their characterization established the
strongest direct linkage between ubiquitin conjugation and
degradation.

At this point, the only missing link was the identification
of the downstream protease that would specifically recognize
ubiquitinated substrates. Tanaka and colleagues identified a
second ATP-requiring step in the reticulocyte proteolytic
system, which occurred after ubiquitin conjugation,[65] and
Hershko and colleagues demonstrated that the energy is
required for conjugate degradation.[66] An important advance
in the field was a discovery by Hough and colleagues, who
partially purified and characterized a high-molecular-mass
alkaline protease that degraded, in an ATP-dependent mode,
ubiquitin adducts of lysozyme, but not untagged lysozyme.[67]

This protease which was later called the 26S proteasome (see
below), provided all the necessary criteria for being the
specific proteolytic arm of the ubiquitin system.

This finding was confirmed and the protease was further
characterized by Waxman and colleagues who found that it is
an unusually large, approximately 1.5 MDa enzyme, unlike
any other known protease.[68] A further advance in the field
was the discovery[69] that a smaller neutral multi-subunit
20S protease complex that was discovered together with the
larger 26S complex is similar to a “multicatalytic proteinase
complex” (MCP) that was found earlier in the bovine
pituitary gland by Wilk and Orlowski.[70] This 20S protease
is ATP-independent and has different catalytic activities:
cleaving on the carboxy-terminal side of hydrophobic, basic,
and acidic residues. Hough and colleagues raised the possi-
bility—although they did not show it experimentally—that
this 20S protease can be a part of the larger 26S protease that
degrades ubiquitin adducts.[69] Later studies showed that,
indeed, the 20S complex is the core catalytic particle of the
larger 26S complex.[71,72] However, strong evidence that the
active “mushroom”-shaped 26S protease was generated

through the assembly of two distinct subcomplexes—the
catalytic 20S cylinder-like MCP and an additional 19S ball-
shaped subcomplex (that was predicted to have a regulatory
role)—was provided only in the early 1990s by Hoffman
et al.[73] who mixed the two purified particles and generated
the active 26S enzyme.

The proteasome is a large, 26S multicatalytic protease that
degrades polyubiquitinated proteins to small peptides (Fig-
ures 5 and 6). It is composed of two subcomplexes: a 20S core

particle (CP) that carries the catalytic activity, and a
regulatory 19S regulatory particle (RP). The 20S CP is a
barrel-shaped structure composed of four stacked rings, two
identical outer a rings and two identical inner b rings. The
eukaryotic a and b rings are composed each of seven distinct
subunits, giving the 20S complex the general structure a1–7b1–

7b1–7a1–7. The catalytic sites are localized to some of the
b subunits. Each extremity of the 20S barrel can be capped by
a 19S RP each composed of 17 distinct subunits, 9 in a “base”
subcomplex, and 8 in a “lid” subcomplex. One important
function of the 19S RP is to recognize ubiquitinated proteins
and other potential substrates of the proteasome. Several
ubiquitin-binding subunits of the 19S RP have been identi-
fied, although their biological roles and mode of action have
not been discerned. A second function of the 19S RP is to
open an orifice in the a ring that will allow entry of the
substrate into the proteolytic chamber. Also, since a folded
protein would not be able to fit through the narrow
proteasomal channel, it is assumed that the 19S particle
unfolds substrates and inserts them into the 20S CP. Both the

Figure 5. The ubiquitin–proteasome proteolytic system: Ubiquitin is
activated by the ubiquitin-activating enzyme E1 (1), followed by its
transfer to a ubiquitin-carrier protein (ubiquitin-conjugating enzyme,
UBC) E2 (2). E2 transfers the activated ubiquitin moieties to the pro-
tein substrate that is bound specifically to a unique ubiquitin ligase
E3. The transfer is either direct ((3) in the case of RING finger ligases)
or via an additional thiol-ester intermediate on the ligase ((4, 4a) in
the case of HECT domain ligases). Successive conjugation of ubiquitin
moieties to one another generates a polyubiquitin chain that serves as
the binding (5) and degradation signal for the downstream 26S protea-
some. The substrate is degraded to short peptides (6), and free and
reusable ubiquitin is released by deubiquitinating enzymes (DUBs; 7).
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channel opening function and the
unfolding of the substrate require
metabolic energy, and indeed, the
19S RP “base” contains six differ-
ent ATPase subunits. Following
degradation of the substrate,
short peptides derived from the
substrate are released, as well as
reusable ubiquitin.

6. Concluding Remarks

The evolution of proteolysis
as a centrally important regula-
tory mechanism is a remarkable
example of the evolution of a
novel biological concept and the
accompanying battles to change
paradigms. The five-decade jour-
ney between the early 1940s and
early 1990s began with fierce
discussions on whether cellular
proteins are static, as had been
thought for a long time, or are
turning over. The discovery of the

dynamic state of proteins was followed by the discovery of the
lysosome, that was believed between the mid-1950s and mid-
1970s to be the organelle within which intracellular proteins
are destroyed. Independent lines of experimental evidence
gradually eroded the lysosomal hypothesis and resulted in a
new idea that the bulk of intracellular proteins are
degraded—under basal metabolic conditions—by a non-
lysosomal machinery. This resulted in the discovery of the
ubiquitin system in the late 1970s and early 1980s.

With the identification of the reactions and enzymes that
are involved in the ubiquitin–proteasome cascade, a new era
in the protein-degradation field began in the late 1980s and
early 1990s. Studies that showed that the system is involved in
the targeting of specific key regulatory proteins, such as light-
regulated proteins in plants, and transcriptional factors, cell-
cycle regulators, and tumor suppressors and promoters in
mammalian cells, started to emerge (see, for example
Refs. [74–78]). They were followed by numerous studies on
the underlying mechanisms involved in the degradation of
these specific proteins, each with its own unique mode of
recognition and regulation. The unraveling of the human

Figure 6. Structure of the proteasome. Printed
from Ref. [83] with permission from Nature Pub-
lishing Group. a) Electron microscopy image of
the 26S proteasome from the yeast Saccharomy-
ces cerevisiae; b) schematic representation of the
structure and function of the 26S proteasome.

Figure 7. Some of the different functions of modification by ubiquitin and ubiquitin-like proteins:
a) Proteasomal-dependent degradation of cellular proteins (see Figures 5 and 6). b) Mono- or
oligoubiquitination targets membrane proteins to degradation in the lysosome/vacuole. c) Monoubi-
quitination, or d) a single modification by a ubiquitin-like (UBL) protein, for example, SUMO, can
target proteins to different subcellular destinations such as nuclear foci or the nuclear pore complex
(NPC). Modification by UBLs can serve other nonproteolytic functions, such as protecting proteins
from ubiquitination or activation of E3 complexes. e) Generation of a Lys63-based polyubiquitin chain
can activate transcriptional regulators, directly or indirectly (through recruitment of other proteins,
such as the shown protein Y, or activation of upstream components such as kinases). Ub=ubiquitin.
Printed from Ref. [83] with permission from the Nature Publishing Group.
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genome revealed the existence of hundreds of
distinct E3s, attesting to the complexity and the
high specificity and selectivity of the system.

Two important advances in the field were the
discovery of the nonproteolytic functions of ubiq-
uitin, among which are activation of transcription
and routing of proteins to the vacuole, and the
discovery of modification by ubiquitin-like proteins
(UBLs) that are also involved in numerous non-
proteolytic functions such as directing proteins to
their subcellular destination, protecting proteins
from ubiquitination, or controlling entire processes
such as autophagy (see, for example, Ref. [79]).
Some of the different roles of modifications by
ubiquitin and UBLs are shown in Figure 7. All these
studies have led to the emerging realization that this
novel and general mode of covalent conjugation
plays a key role in regulating a broad array of
cellular processes—among them cell cycle and
division, growth and differentiation, activation and
silencing of transcription, apoptosis, the immune
and inflammatory response, signal transduction,
receptor-mediated endocytosis, various metabolic
pathways, and cell-quality control—through proteo-
lytic and nonproteolytic mechanisms. The discovery
that ubiquitin modification plays a role in routing
proteins to the lysosome/vacuole and that modifi-
cation by specific and unique ubiquitin-like proteins
and the conjugation mechanism controls autophagy,
closed an exciting historical cycle, since it demon-
strated that the two apparently distinct proteolytic
systems communicate with one another.

With the many processes and substrates targeted by the
ubiquitin pathway, it was not surprising to find that aberra-
tions in the system underlie, directly or indirectly, the
pathogenesis of many diseases. While inactivation of a
major enzyme such as E1 is obviously lethal, mutations in
enzymes or in recognition motifs in substrates that do not
affect vital pathways, or that affect the involved process only
partially, may result in a broad array of phenotypes. Likewise,
acquired changes in the activity of the system can also evolve
into certain pathologies. The pathological states associated
with the ubiquitin system can be classified into two groups:
1) those that result from loss of function—mutation in a
ubiquitin system enzyme or in the recognition motif in the
target substrate that results in stabilization of certain proteins,
and 2) those that result from gain of function—abnormal or
accelerated degradation of the protein target.

Aberrations in the ubiquitin system that result in disease
states are shown in Figure 8. Studies that employ targeted
inactivation of genes coding for specific ubiquitin system
enzymes and substrates in animals can provide a more
systematic view into the broad spectrum of pathologies that
may result from aberrations in ubiquitin-mediated proteol-
ysis. A better understanding of the processes and identifica-
tion of the components involved in the degradation of key
regulatory proteins will lead to the development of mecha-
nism-based drugs that will target specifically only the involved
proteins. While the first drug, a specific proteasome inhibitor

is already on the market,[80] it appears that one important
hallmark of the new era we are entering now will be the
discovery of novel drugs based on the targeting of specific
processes such as inhibiting aberrant Mdm2- or E6-AP-
mediated accelerated targeting of the tumor suppressor p53
which will lead to regeneration of its lost function.

Many reviews have been published on different aspects of
the ubiquitin system. The purpose of this article was to bring
to the reader several milestones on the historical pathway
along which the ubiquitin system has evolved. For additional
reading on the ubiquitin system the reader is referred to the
many reviews written on the system, such as Refs. [81,82].
Some parts of this Review, including several figures, are based
on another recently published review article (Ref. [83]).
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Figure 8. Aberrations in the ubiquitin–proteasome system and pathogenesis of human dis-
eases: Normal degradation of cellular proteins maintains them at a steady-state level,
although this level may change under various pathophysiological conditions (right side, top
and bottom). When degradation is accelerated because of an increase in the level of an E3
(Skp2 in the case of p27, for example), or overexpression of an ancillary protein that gener-
ates a complex with the protein substrate and targets it for degradation (for example, the
human papillomavirus E6 oncoprotein that associates with p53 and targets it for degradation
by the E6-AP ligase, or the cytomegalovirus-encoded ER proteins US2 and US11 that target
MHC class I molecules for endoplasmic reticulum-associated degredation, ERAD), the
steady-state level of the protein decreases (top left). A mutation in a ubiquitin ligase (such
as occurs in adenomatous polyposis coli, or EG-AP in Angelmans’ syndrome), or in the sub-
strate’s recognition motif (such as occurs in b-catenin or in ENaC), will result in decreased
degradation and accumulation of the target substrate (bottom left).
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A cubic Li4H4 species can be isolated in molecular form through the
coordination of three HAl{N(SiMe3)2}2 ligands. Steric factors prevent
the coordination of a fourth ligand and result in the formation of an
aggregate with nearly perfect C3 symmetry. For more information see
the Communication by M. Veith et al. on the following pages.
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Cubane-Like Li4H4 and Li3H3Li(OH): Stabilized
in Molecular Adducts with Alanes**

Michael Veith,* Peter K�nig, Andreas Rammo, and
Volker Huch

Lithium hydride forms molecular adducts, espe-
cially with boranes, Rx(H)3�xB, but also with
alanes, Rx(H)3�xAl, most of which can be de-
scribed as boranate or aluminate anions with
lithium as the cation. A frequently observed
common structural element of these adducts is a
four-membered Li2H2 ring that arises from dime-
rization of the simple lithium boranates and
aluminates.[1–10] A particularly simple example
from the area of lithium aluminates can be
described briefly thus: [(tBu)3AlH]Li is a dimer
and has a four-membered {Li2H2} ring to which
the aluminum atoms are bonded exocyclically through the
hydridic hydrogen atom.[11] A different structural principle is
the formation of Li-H-Al units where the metal atoms are
each held together through hydrogen bonds and thus form a
ring system.[12–15] In this way [{[(Me3Si)2N]AlH3Li·2OEt2}2] is
formed from an eight-membered {Li2Al2H4} ring with the
hexamethyldisilazyl groups as ligands on the aluminum atoms
and the two Et2O molecules linked to the lithium atoms.[16]

The stabilization of larger LiH units in a molecule appears to
be exceptionally difficult. To our knowledge such lithium
hydride oligomers could only be confirmed structurally for
one example: [(tBuO)16Li16]Li17H17·3cyclohexane.

[17] This
alkoxo-hydrido lithium compound is a complex agglomerate
of LiOtBu and LiH.

Herein we report for the first time a Li4H4 cube that is
coordinated through three bis(amino)alane units and as a
result may be isolated in molecular form.We also describe the
reaction of this molecule with an equivalent of water in which
only one of the hydridic hydrogen atoms reacts. We have used
the reaction of tert-butoxyalane[18] with hexamethyldisilazyl-
lithium[19] for the in situ generation of lithium hydride (see
also the synthesis of [{[(Me3Si)2N]AlH3Li·2OEt2}2] from
hexamethyldisilazane and lithium alanate[16]). According to
the reaction in Equation (1) a product mixture is formed in
this reaction that consists of the lithium alanates 2 and 3 as

well as 1 which is the adduct of Li4H4 with three molecules of
[(Me3Si)2N]2Al-H .

We were able to separate all the components of this
reaction mixture by fractional crystallization and to charac-
terize them spectroscopically and by X-ray crystallography. In
toluene solution 1–3 give simple 1H, 13C, and 29Si NMR
spectra, which suggests weak associations or small degrees of
oligomerization. The IR spectrum of 1 has a relatively broad
absorption in the metal hydride region with a maximum at
1732 cm�1 and an extensive shoulder at 1700 cm�1, a situation

which is in agreement with the different hydride bridges
found in the solid.

A ball and stick model of 1 derived from the X-ray
structural analysis is reproduced in Figure 1.[20] The molecule
has an approximate threefold axis that runs through atoms H7
and Li2. The molecule is most simply described as a Li4H4

cube at three edges of which Al–H units of HAl{N(SiMe3)2}2
are inserted so that Li–H–Al–H loops are formed from the
original Li–H edges. In spite of their weak Lewis basicity, a
hexamethyldisilylazyl group of each the three aluminum
atoms coordinates to one of the lithium atoms Li1, Li2, and
Li3. This coordination is shown by the relatively short Li–N

Figure 1. Molecular structure of 1. The methyl groups of the trimethyl-
silyl units (yellow Si) have been omitted for clarity. Selected (averaged)
bond lengths [*] and angles [8]: H7–Li(1,3,4) 2.03(2), H(1,2,3)–Li-
(1,3,4) 1.89(2), H(4,5,6)–Li2 1.815(9), H(4,5,6)–Li(4,1,3) 2.26(2), Al-
(1,2,3)–H(6,4,5) 1.64(1), Al(1,2,3)–H(1,2,3) 1.59(1), Al(1,2,3)–N(1,4,5)
1.846(5), Al(1,2,3)–N(2,3,6) 1.892(6), Li(1,3,4)···N(6,2,3) 2.191(8), Li-
(1,3,4)···H(6,4,5) 2.77(2); Li1-H1-Al1 118.2(3), Li3-H2-Al2 116.6(3),
Li4-H3-Al3 116.3(3), average angle about H7 100.6(3), about Li2
101.8(6), angle-sum about N1 359.5, N2 355.2, N3 355.7, N4 358.6,
N5 359.0, N6 355.9.
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Anorganische Chemie
Universit?t des Saarlandes
Im Stadtwald, 66041 Saarbr@cken (Germany)
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distances (see Figure 1). Owing to the insertion of the Al–H
units into the three edges of the Li4H4 cube the Li1–H6, Li3–
H4, and Li4–H5 distances are greatly elongated, which is
reinforced by the concomitant N coordination to these atoms
(Figure 1). The different coordination behavior of the two
hexamethyldisilylazyl groups on each Al atom is also evident
from the angle-sum around the nitrogen atoms, almost
trigonal planar environment are found for N1, N4 and N5,
whereas N2, N3, and N6 are slightly pyramidalized. The
lithium atoms Li1, Li3, and Li4 are approximately tetrahe-
drally coordinated by three hydride ligands and a nitrogen
base, whereas Li2 is surrounded by a trigonal-pyramidal
arrangement of hydrides. The hydrides can be divided into
three categories: H1–H3 form angular bridges (mean value:
1178) between lithium and aluminum atoms, H4–H6 are
coordinated by the metal atoms in an almost trigonal-planar
arrangement, whereas H7 is surrounded only by lithium
atoms (mean angle: 100.6(3)8) in a trigonal-pyramidal
arrangement. Thus hydrogen atom H7 is the most accessible,
at least in the kinetic sense (see below).

The other two main products of the reaction form
coordination polymers in their crystal structures (Figure 2
and Figure 3). In the case of [{Li{H(OtBu)2Al[N(SiMe3)2]}}n]
(2) one-dimensional helical structures are formed from two
crystallographically different units through almost linear Li–
H–Al hydrogen bonds. They consist formally of aluminate
units {H(OtBu)2Al[N(SiMe3)2]} that chelate the formal lith-
ium cation through the oxygen atom of the alcohol residue
(Figure 2).[20] The lithium atoms are coordinated by oxygen

and hydrogen atoms in a distorted trigonal-planar arrange-
ment, and the hexamethyldisilazyl substituents form simple
terminal ligands to the aluminum atoms. An example of an
isolated lithium alanate that is chemically very similar to 2 is
[Li(OEt2)(mOCMetBu2)2Al(H)(OCMetBu2)] in which poly-
merization is impeded by the bonding of the Et2O base to the
lithium atom.

The crystal structure of 3 is remarkable (Figure 3).[20] Two
crystallographically independent strands of [{Li(H2Al[N(Si-
Me3)2]2)}n] run through the crystal as Al–H–Li–H–Al zigzag
chains, which surprisingly (in spite of the weak Lewis basicity
of the nitrogen atom in {N(SiMe3)2}) are reinforced by Al–N–

Li bridges so that four-membered Al–N–Li–H rings are
formed. An alternative description is that the lithium atom is
coordinated by two hydrogen atoms and a nitrogen atom, this
is in contrast to the isolated molecular diethyl ether adduct
[Li(OEt2)2(mH)2Al{N(SiMe3)2}2] in which the lithium atom is
chelated by only two hydride hydrogen atoms.[16] Clearly the
loss of base requires the lithium atoms to expand their
coordination sphere from 2 to 3 with the silylazyl ligands.

If Li4H4[HAl{N(SiMe3)2}2]3 (1) is treated with a small
amount of water only H7 of the seven hydride atoms
(Figure 1) reacts, in the hydrolysis product Li4H3 (OH)
[HAl{N(SiMe3)2}2]3 (4 ; Figure 4 and the reaction in Equa-
tion (2)) it is substituted by an OH group.

Li4H4½HAlfNðSiMe3Þ2g2�3 ð1Þ þH2O

! H2 þ Li4H3ðOHÞ½HAlfNðSiMe3Þ2g2�3 ð4Þ
ð2Þ

In many respects the structure of 4 resembles that of 1
since the whole basket-shaped Li4H3[HAl{N(SiMe3)2}2]3 part
is essentially identical in both molecules (Figure 1 and
Figure 4;[20] 1 and 4 crystallize in different crystal lattices
and are therefore not isotopic). The Li�O1 bond in 4 is about
0.15 A longer than the Li�H7 bond in 1, thus, the Li4H3-
[HAl{N(SiMe3)2}2]3 basket part of 4 is somewhat extended
(the nonbonding Li···Li distances in 4 are about 0.08 A longer
than in 1) and consequently the angles at the oxygen atom O1
are also more acute than at H7. As can be seen from the
hydrolysis of 1, the three HAl{N(SiMe3)2}2 loops not only
stabilize the Li4H4 units coordinatively but also protect them
in the kinetic sense. It is only at the unprotected, free position
(H7 in 1) that substitution occurs (in careful hydrolysis).

Figure 2. Molecular structure of 2. Selected bond lengths [*] and
angles [8]: Al1–H1 1.61(1), Al2–H2 1.61(1), Li1’–H2 1.95(2), Li2–H1
1.86(2), Al1–N1 1.843(5), Al1–O1 1.769(4), Al1–O2 1.788(4), Li1–O1
1.910(7), Li1–O2 1.924(7), Al2–N2 1.848(5), Al2–O3 1.780(4), Al2–O4
1.771(4), Li2–O3 1.883(7), Li2–O4 1.890(7); O1-Li1-O2 82.2(1), O1-
Al1-O2 90.27(8), Al1-H1-Li2 159.3(2), O3-Li2-O4 83.7(1), O3-Al2-O4
90.32(8), Al2-H2-Li1’ 164.7(2).

Figure 3. Molecular structure of 3. (only one of the two crystallographi-
cally independent but structurally very similar polymers is shown).
Selected (averaged) bond lengths [*] and angles [8]: Al1–H1 1.52(1),
Al1–H2 1.79(1), Al1–N1 1.932(5), Al1–N2 1.846(5), Li1–H2 1.62(2),
Li1–H1’ 1.81(2), Li1–N1 2.135(8), N1–Si(1,2) 1.752(9), N2–Si(3,4)
1.745(1); H2-Al1-N1, Al1-N1-Li1, N1-Li1-H2, Li1-H2-Al1 101.6(2), Li1-
H1’-Al1’ 166.8(2).
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Experimental section
A stirred solution of (H2AlOtBu)2 (0.79 g, 3.84 mmol) in toluene
(5.0 mL) at room temperature was slowly treated dropwise with a
solution of LiN(SiMe3)2 (2.58 g; 13.4 mmol) in toluene (15.0 mL).
After 18 h stirring the reaction mixture was heated for 7 h at about
95 8C. After cooling overnight in the oil bath the partly crystalline
precipitate (amount: 0.6 g) is collected by filtration. Colorless crystals
of 1 (0.05 g, 1.8%) and 2 (0.40 g, 15.3%) separate from the filtrate at
room temperature. The crystals differ in their crystalline habit. After
further concentration, further crystals separate, which after recrystal-
lization from toluene yields 0.20 g (7.3%) of colorless crystals of 3. If
a solution of 1 is treated with wet toluene, crystals of 4 form after a
few hours. Solvent in each case [D8]toluene: 1: 1H NMR
(200.13 MHz): d= 0.38 ppm, 13C NMR (50.3 MHz): d= 5.96 ppm,
29Si NMR (39.7 MHz): d= 0.01 ppm; IR: (Al-H): ñ= 1732, 1700 cm�1;
2 : 1H NMR: d= 0.45 (SiCH), 1.31 ppm (CCH), 13C NMR: d= 6.04
(SiC), 33.7 (CH), 68.9 ppm (CC), 29Si NMR: d=�2.96 ppm; 3 : 1H
NMR: 0.37 ppm, 13C NMR: d= 5.90 ppm, 29Si NMR: d= 0.25 ppm. 4
was only characterized by X-ray diffraction.
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Figure 4. Molecular structure of 4. The methyl groups of the trimethyl-
silyl units (yellow Si) have been omitted for clarity. Selected (averaged)
bond lengths [*] and angles [8]: O1–Li(1,2,3) 2.183(9), Al(1,2,3)–N-
(2,4,6) 1.896(5), Al(1,2,3)–N(1,3,6) 1.841(5), Li4–H(1,4,5) 1.85(1), Li-
(1,2,3)–H(2,6,3) 1.90(1), Al(1,2,3)–H(2,3,6) 1.57(1), Al(1,2,3)–H(1,4,5)
1.62(2); Li1-O1-Li2 94.5(1), Li2-O1-Li3 94.4(1), Li1-O1-Li3 94.6(1).
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Most substituted amines are made
today by multistep syntheses.
Therefore, addition reactions of
simple amines onto unsaturated
carbon–carbon multiple bonds,
hydroamination reactions,[1–6] are
of considerable importance for
industry and academia. Transforma-
tions of alkynes and allenes can be
catalyzed by a variety of reagents.[7]

However, protocols for intermolec-
ular hydroamination reactions of
more readily available olefins have
thus far proven limited. Various
lanthanide complexes catalyze
hydroamination reactions of
alkenes, but they lack compatibility
with a number of important func-
tional groups.[8,9] Significant
research activity has focused on
the use of late-transition-metal
complexes for intermolecular
hydroamination reactions of olefins,
featuring iridium,[10–12] rhodium,[13–18] nickel,[19, 20] palla-
dium,[21–24] platinum,[25, 26] and ruthenium.[27, 28] The high cost
of these complexes, their stabilizing ligands, or the additives
constitute a limitation of these protocols. Recently, we
reported a Group 4 metal catalyzed[29] intermolecular[30]

hydroamination of norbornene.[31] Herein we present tita-
nium-catalyzed[32] hydroamination reactions of vinylarenes as
well as an application of this procedure to the synthesis of a
tetrahydroisoquinoline.

Initial experiments showed that catalytic amounts of the
Lewis acid TiCl4 converted styrene (1a) in the presence of
four equivalents of 4-chloroaniline (2a) efficiently at 130 8C
(Table 1, entry 1). Control experiments indicated that a

simple Brønsted acid mediated reaction is not operative
(entries 3 and 4). These results are in agreement with
observations made by Hartwig et al. , who found that even
the intramolecular addition of amines, not bearing an
electron-withdrawing group, does not occur in the presence
of concentrated sulfuric acid.[33, 34]

Under the above reaction conditions, mixtures of hydro-
amination and ortho-hydroarylation products were obtained.
While the reaction time for quantitative conversion could be
reduced significantly with microwave irradiation, the amount

of hydroarylation product increased (entries 6, 9, and 10). As
the ortho-alkylated product was also predominantly formed
when stoichiometric amounts of the Lewis acid TiCl4 were
employed (entry 7), we wondered if a rearrangement of the
hydroamination product occurs. Accordingly, we synthesized
secondary amine 3a independently through a palladium-
catalyzed amination reaction[35] and subjected it to the
hydroamination reaction conditions [Eq. (1)]. Indeed, the
secondary amine 3a was quantitatively converted, while the
primary amine 4a remained unchanged under the reaction
conditions [Eq. (2)].

Subsequently, we studied the scope of the catalytic
intermolecular hydroamination of styrene derivatives
(Table 2). A number of vinylarenes 1 and aniline derivatives
2 were efficiently converted with catalytic amounts of TiCl4,
leading to the functionalized products in high yields. Elec-
tron-poor amines underwent more efficient reactions

Table 1: Hydroamination of vinylarenes 1 with 4-chloroaniline (2a).[a]

Entry Reagent R t [h] 3/4[b] Yield 3
[%][c]

Yield 4
[%][c]

1 TiCl4 H (1a) 22 61:39 30 (3a) 32 (4a)
2 – H (1a) 22 – – –
3 H2SO4 H (1a) 22 – – –
4 4-ClC6H4NH3Cl H (1a) 22 – – –
5 Cp2TiCl2 H (1a) 22 – – –
6 TiCl4 H (1a) 4[d] 13:87 – 61 (4a)
7 TiCl4 H (1a) 22[e] 16:84 – 52 (4a)
8 TiCl4 Me (1b) 22 41:59 40 (3b) 40 (4b)
9 TiCl4 Me (1b) 2[d] 7:93 – 68 (4b)

10 TiCl4 F (1c) 6[d] 42:68 29 (3c) 37 (4c)

[a] Reaction conditions: 1 (1 mmol), 2a (4 mmol), toluene (2 mL), 130 8C. [b] By GC analysis. [c] Yields
of isolated product. [d] With microwave irridiation. [e] 1.0 equiv TiCl4.
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(entries 1–6). A variety of functional groups was tolerated by
the catalyst, such as CF3 (entries 1–3), Cl (entry 2), CN
(entry 4), F (entries 3 and 6), and Br substituents (entries 5
and 10). Additionally, a-methylstyrene (1e) was quantita-
tively converted into product 4k, which contains a quarter-
nary carbon center (entry 8). Interestingly, di-ortho-substi-
tuted aniline 2h was not converted (entry 9).[31] In the
reaction of aniline 2b catalytic amounts of the Lewis acid
HfCl4 led to comparable results (entry 11).

Finally, we applied the titanium-catalyzed hydroamina-
tion reaction to a regioselective synthesis of a tetrahydroiso-
quinoline (Scheme 1).[36] The highly regio- and chemoselec-
tive titanium-catalyzed hydroamination[37,38] of enyne 5 and
subsequent one-pot reduction gave aminoalkene 6 in good
yield. Intramolecular hydroamination of the remaining

double bond yielded the desired tetrahydroisoquinoline 7
with excellent regioselectivity and a diastereoselectivity of
4:1.[39]

In summary, we have described a protocol for titanium-
catalyzed hydroamination reactions of styrene derivatives. A
subsequent rearrangement gives rise to ortho-alkylated
products. The catalytic system was applied to the synthesis
of a tetrahydroisoquinoline derivative.

Experimental Section
Representative procedure for titanium-catalyzed hydroamination: A
sealed tube was equipped with a septum and purged with N2. The tube
was charged with dry toluene (2 mL), 3,5-bis(trifluoromethyl)aniline
(2b ; 917 mg, 4.00 mmol), and styrene (1a ; 104 mg, 1.00 mmol). TiCl4
(0.022 mL, 0.20 mmol, 20 mol%) was added, the tube was sealed, and
the resulting mixture was stirred for 30 h at 110 8C. CH2Cl2 (5 mL),
Et2O (60 mL), aq NH4OH (1n, 15 mL), and brine (50 mL) were
added to the cold suspension. The separated aqueous phase was
washed with Et2O (2C 60 mL). The combined organic phases were
dried over MgSO4 and concentrated in vacuo. Purification by column
chromatography (silica gel, n-pentane/Et2O 100:1) yielded N-1-
phenylethyl-3,5-bis(trifluoromethyl)aniline (3d) as a yellow oil
(290 mg, 87%).
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[%][c]

Yield 3+4
[%][c]

1 H H (1a) 3,5-(CF3)2C6H3NH2 (2b) 30 >99:1 87 (3d) – 87
2 Cl H (1d) 3,5-(CF3)2C6H3NH2 (2b) 30 99:1 68 (3e) – 68
3 F H (1c) 3,5-(CF3)2C6H3NH2 (2b) 30 >99:1 81 (3 f) – 81
4 H H (1a) 2-CNC6H4NH2 (2c) 22[d,e] 91:9 62 (3g) – 62
5 H H (1a) 2,4-Br2C6H3NH2 (2d) 20[d] 7:93 – 65 (4h) 65
6 H H (1a) 4-FC6H4NH2 (2e) 3[f,g] 32:68 21 (3 i) 47 (4 i) 68
7 H H (1a) 3,5-(CH3)2C6H3NH2 (2 f) 20[g,h] 8:92 – 50 (4 j) 50
8 H Me (1e) 2-ClC6H4NH2 (2g) 19[d] <1:99 – 85 (4k) 85
9 H H (1a) 2,4,6-Cl3C6H2NH2 (2h) 16[g] – – – –

10 OMe H (1 f) 2,4-Br2C6H3NH2 (2d) 22 <1:99 – 51 (4 l) 51
11 H H (1a) 3,5-(CF3)2C6H3NH2 (2b) 22[i] >99:1 85 (3d) – 85

[a] Reaction conditions: 1 (1 mmol), 2 (4 mmol), TiCl4 (20 mol%), toluene (2 mL). [b] By GC analysis. [c] Yields of isolated product. [d] 130 8C. [e] 1a
(4 mmol), 2c (1 mmol). [f ] With microwave irridiation. [g] 170 8C. [h] TiCl4 (1 mmol). [i] HfCl4 (20 mol%).

Scheme 1. Titanium-catalyzed synthesis of tetrahydroisoquinoline 7.
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Alkene metathesis has experienced a breathtaking success in
the last decade. Organic synthetic applications were mainly
facilitated by the development of highly active ruthenium
carbene catalysts.[1] The increase in activity from the catalysts
of the first generation 1[2] to those of the second generation 2
further broadened their significance (Scheme 1).[3] However,

“there is so far no unique explanation for the enhanced
reactivity of the (second-generation( Grubbs-type ruthenium
complexes”.[4]

The influence of the ligands is reflected in Grubbs(
conclusion: “Phosphines, which are larger and more electron
donating, and likewise halogens, which are smaller and more
electron withdrawing, lead to more active catalysts.”[5] Since
N-heterocyclic carbenes (NHC) behave as if they were
extremely electron-donating phosphines, Grubbs( rule was

Scheme 1. Alkene metathesis with first-generation and second-genera-
tion Grubbs catalysts.
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confirmed by the development of the second-generation
catalysts. A first assumption concerning the origin of their
high activity was based on the higher electronic trans-
influence of NHC ligands compared to phosphines. An
expected, more favored phosphine dissociation would result
in higher concentrations of the active 14 valence-electron
complexes. These complexes undergo [2+2] cycloaddition
reactions with alkene substrates according to the Chauvin
mechanism.[6] However, NMR spectroscopy studies by San-
ford and Grubbs demonstrated exactly the opposite behavior
for the ease of phosphine dissociation.[7] The least active first-
generation iodide complex has the lowest barrier for phos-
phine dissociation, while the most active second-generation
complex has the highest barrier (Scheme 2).

A more efficient partitioning between the coordination of
the phosphine ligand and the alkene substrate by the
14 valence-electron ruthenium carbene complexes has been
proposed to account for the high activity of second-gener-
ation Grubbs catalysts.[7, 8] We encountered the challenging
question concerning the origin of their outstanding catalytic
activity in our recent quantum-chemical investigation on
enyne metathesis.[9] The key to the understanding of meta-
thesis activities is the existence of active and inactive
conformations in the alkene–carbene intermediates
(Scheme 3). Three conformers are inactive, and only one

conformer is active for an immediate rearrangement into a
ruthena(iv)cyclobutane.[10]

Based on this almost trivial consideration, two findings by
Hansen and Hofmann are decisive for a deeper understanding
of the electronic origin of catalyst activity:[11] 1) “The
orientation of the carbene moiety allows for optimal back-
bonding from the metal fragments [of both Grubbs complexes
and Hofmann cis-diphosphine ruthenium complexes] to the
carbene acceptor orbital”. 2) The ruthenium–ligand unit (P-
Ru-P, C-Ru-P, Cl-Ru-Cl, or Cl-Ru-P) “that interacts with the
p-acceptor orbital of the methylene carbon is more strongly
bent” than the unit which has an orthogonal orientation to the
carbene p orbital.

The formally ideal angles at the ruthenium center can be
derived from the classification of Grubbs carbene complexes
as 16 valence-electron d6-ML5 species. As the Cl-Ru-Cl angle
decreases from 1808, the nonbonding interaction between
occupied chloride orbitals and an occupied ruthenium
d orbital becomes increasingly antibonding (Figure 1, first

row). Intrafragment polarization (mixing of 5p and 4d
orbitals) of the ruthenium fragment minimizes this antibond-
ing orbital interaction and leads to increased backbonding to
the empty p orbital of the carbene ligand. Overall, the
bending of the chloride ligands results in a stronger ruthe-
nium–carbene double bond and thus to a stabilization of the
inactive carbene orientation. More electropositive iodide
ligands are expected to further stabilize the inactive carbene
conformation. An analogous line of argumentation can also
be applied to the decrease of the NHC-Ru-alkene angle
(Figure 1, second row). The alkene ligand is a worse s donor
than a chloride ligand, while the NHC ligand is a better
s donor and leads to a pronounced antibonding orbital
interaction. With increasing antibonding interaction between

Scheme 2. Gibbs free activation energies for phosphine dissociation
and the efficiency of alkene metathesis according to Grubbs et al.[7]

Scheme 3. Inactive and active alkene–carbene complexes.

Figure 1. Stabilization of inactive and active carbene orientations:
better backbonding by bending.
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the NHC sp2 orbital and a ruthenium d orbital, the back-
bonding of the ruthenium fragment to the carbene acceptor
orbital increases, and the active carbene conformation is
stabilized.

This qualitative hypothesis can be tested by the quantum-
chemical calculation of relative energies of catalytic inter-
mediates, particularly of the four alkene–carbene conform-
ers.[12] To our knowledge, the relative stabilities of the four
alkene carbene conformations have not yet been investigated
at the same level of theory. The catalytic cycle of alkene
metathesis has already been thoroughly studied theoreti-
cally.[4, 13] Thus, the predicted catalytic pathway in Scheme 4
comes as no surprise.

Even in the isomeric simplified Grubbs catalyst models
3a–c and 4a–c, the acceptor orbitals of the carbene fragments
prefer a parallel orientation with the stronger s-donor ligands
(2I� or NHC+PMe3> 2Cl�> 2PMe3). Intrinsic electronic
barriers for the rotation of the methylene unit between model
structures 3 and 4 are small.[14] Dissociation of PMe3 from the
models 4a–c leads to the active carbene complexes 5a–c.
Then, alkene association yields the alkene–carbene com-
plexes 6a–c,[15] or their conformers 7a–c, 8a–c, and 9a–c.
[2+2] Cycloaddition via the transition states 10a–c results in
the ruthenacycles 11a–c.[16] Interestingly, the low relative
Gibbs free energy of the sterically simplified complex 5c is in
contrast to the high, experimentally observed dissociation
barrier for PCy3 from complex 2. This result indicates that
electronic factors are not responsible for the experimental
anomaly. The overall Gibbs free activation energies in the
transition state models 10a–c fit nicely to the analogous
experimental catalyst activities.

The computed Gibbs free energies of the alkene carbene
ruthenium complexes show little preference for a particular
alkene rotamer. The rotation of the alkene in the most stable
conformers 6a–c to give the rotamers 7a–c is only slightly
disfavored by 2.5 to 5.6 kJmol�1.[17] The orientation of the
carbene fragment, however, strongly depends on the choice of
the spectator ligands. The rotation of the carbene ligand into

its active orientation in 8a–c is highly disfavored for the first-
generation iodide model complex (7a versus 8a, DG=

23.3 kJmol�1), and it is also disfavored for the first-generation
chloride complex (7b versus 8b, DG= 21.0 kJmol�1). In
contrast, carbene rotation is essentially degenerate for the
second-generation chloride complex (7c versus 8c, DG=

�1.6 kJmol�1). We were unable to localize minimum struc-
tures 9a–c, because either alkene–carbene structures 6a–c or
ruthenacycles 11a–c were obtained after geometry optimiza-
tion. The transition states 10a–c, however, have the same
alkene and carbene conformation as the hypothetical struc-
tures 9a–c. Indeed, the transition states 10a–c with their
active carbene orientation have similar Gibbs free energies to
the active carbene conformers 8a–c.

Thus, the high reactivity of second-generation Grubbs
catalysts mainly originates in the electronic stabilization of
the active carbene conformation by the N-heterocyclic
carbene ligands (Scheme 5). The computed total electronic
energies for phosphine dissociation of the models 12a, 12b,
and 14 to the model complexes 13a, 13b, and 15 correlate
nicely with experimental Gibbs free activation energies for
PCy3 loss (Scheme 6 versus Scheme 2).[18] The differences in
phosphine dissociation barriers for first- and second-gener-
ation complexes are caused almost exclusively by specific
steric congestion. In this case the repulsive interaction of a-
and b-hydrogen atoms of the cyclohexyl substituents with the
halogen ligands is of primary importance.

In addition to the electronic benefit of using the strong s-
donor NHC ligands, their mesityl substituents also contribute
to a favored active carbene orientation (Scheme 7). The
association of ethene to complex 15 and the subsequent
carbene rotation proceed without enthalpic barrier to the
intermediate 16, which is formally a minimum structure
(NIMAG0). The additional s-donor ligand ethene as well as
the steric repulsion between the hydrogen of an inactive
carbene ligand and a mesityl substituent enforce an active
carbene orientation. Finally, an essentially barrierless trans-
formation leads to the cycloadduct 17.

Scheme 4. Computed Gibbs free energies of simplified catalyst intermediate models.
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In summary, second-generation alkene–carbene com-
plexes are characterized by their high efficiency in partition-
ing between unproductive alkene dissociation and successful
[2+2] cycloaddition. The electronic and steric stabilization of
the active conformation of the carbene moiety in second-
generation Grubbs catalysts is responsible for their excep-
tional alkene metathesis activity.
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56, 2257; f) P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973,
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Eur. J. 2002, 8, 3962; b) L. Cavallo, J. Am. Chem. Soc. 2002, 124,
8965; c) C. Costabile, L. Cavallo, J. Am. Chem. Soc. 2004, 126,
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[14] The transition state for rotation of the methylene unit from
model 3b to model 4b has a relative Gibbs free energy of Grel=

11.2 kJmol�1. The transition state connecting structures 3c and
4c has a relative Gibbs free energy of Grel= 11.8 kJmol�1; see
ref. [9].

[15] A derivative of model 6b has been characterized crystallo-
graphically; see J. A. Tallarico, P. J. Bonitatebus, Jr., M. L.
Snapper, J. Am. Chem. Soc. 1997, 119, 7157.

[16] Recently, a derivative of model 11c has been characterized by
NMR spectroscopy; see P. E. Romero, W. E. Piers, J. Am. Chem.
Soc. 2005, 127, 5032.

[17] Owing to the low binding strength of the alkene ligand to
ruthenium, alkene reorientation may proceed either by alkene
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Ge2 Trapped by Triple Bonds between Two Metal
Centers: The Germylidyne Complexes
trans,trans-[Cl(depe)2M�Ge�Ge�M(depe)2Cl]
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Complexes, in which sp-hybridized carbon chains span two
transition-metal centers, [LnMCxM’L’n]

y+, (Ln, L’n= ligand
sphere; x,y= integer) have attracted particular attention in
recent years.[1] These compounds form an important class of
carbon-based molecular wires,[2] which are appealing for
studies of the electronic communication between redox-
active metal termini,[3] and are of potential practical impor-
tance in molecular electronics[4] and in nonlinear optics.[5]

Moreover, these compounds can be viewed, at large carbon-
chain lengths, as polymeric sp-hybridized carbon allotropes,
revealing a conceptual relationship to the classical polymeric
sp2- and sp3-hybridized carbon allotropes, graphite and
diamond.[6] For x= 2, three classes of metal complexes have
been reported to date (Ia–I c, Scheme 1). The ethynediyl

complexes Ia are by far the most prevalent.[1a,b,d,f, 7] In contrast,
analogous compounds of the heavier Group 14 elements Si–
Pb are not known to date.[8] This situation is not surprising
given the reluctance of these elements to form triple
bonds.[9,10] A rich elimination and substitution chemistry of
main-group elements was elaborated in recent years using the

heterolytic or homolytic cleavage of Cp*–element bonds
(Cp*=C5Me5).

[11] A successful implementation of this
method in the synthesis of the first transition-metal com-
plexes with triply bonded Ge2 chains is presented herein.

For the synthesis, the dichloro complexes trans-[MCl2-
(depe)2] (depe=Et2PCH2CH2PEt2; M=Mo (1-Mo-Cl), M=

W (1-W-Cl)) were employed. Complex 1-Mo-Cl was obtained
upon reduction of mer-[MoCl3(thf)3]

[12] with zinc in THF in
the presence of 2.1 equivalents of depe, and 1-W-Cl upon
heating of trans-[WCl2(PMe3)4]

[13] with 2.1 equivalents of
depe in toluene at reflux. Both compounds were isolated as
slightly air-sensitive, orange-yellow solids in 90% yield and
decompose upon melting at 211 and 205 8C, respectively.[14]

Reduction of 1-M-Cl with sodium powder in THF under N2

atmosphere afforded selectively the dinitrogen complexes
trans-[M(depe)2(N2)2] (M=Mo (2-Mo), M=W (2-W)),
which were isolated as air-sensitive, orange (2-Mo) and
bright red (2-W) solids in 98 and 72% yields, respectively
(Scheme 2).[14,15]

Treatment of 2-Mo with a stoichiometric amount of the
germanium(ii) halides [{Ge(Cp*)X}n] (X=Cl, n= 1 (3-Cl);
X=Br, n= 2 (3-Br))[16] in toluene at reflux gave the brown-
orange, air-sensitive molybdenum germylidyne complexes 4-
Mo-Cl and 4-Mo-Br in 32% and 44% yields, respectively
(Scheme 2).[14,17] Both compounds are very soluble in pentane
and melt in sealed capillaries under vacuum at 152 and 155 8C,
respectively. Simultaneous thermal analysis (thermogravi-
metry/differential thermal analysis/mass spectrometry (TG-
DTA-MS)) of 4-Mo-Cl revealed that the germylidyne com-
plex melts at the extrapolated onset temperature Tex

on= 144 8C
(peak temperature, Tp= 149 8C) and then decomposes at
181 8C releasing C5Me5H.[14, 18] These results prompted us to
study the thermolysis of 4-Mo-Cl on a preparative scale. Upon
heating the germylidyne complex 4-Mo-Cl at 180–185 8C
under static vacuum, the brown-orange sample of 4-Mo-Cl
melted and then turned progressively to a red-brown mass.
Analysis of the molten mass by 1H and 31P{1H} NMR

Scheme 1. Valence bond structures of C2 bridged complexes.

Scheme 2. Stepwise synthesis of the germylidyne complexes 4-M-X and
5-M-Cl starting from the dichlorides 1-M-Cl.
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spectroscopy revealed a gradual conversion of 4-Mo-Cl into
the digermanium complex 5-Mo-Cl, which after completion
of the reaction and work-up was obtained as an air-sensitive,
brown solid in 27% yield (Scheme 2).[14] During the thermol-
ysis of 4-Mo-Cl, a yellow volatile material deposited on the
cold top part of the reaction tube and was identified by NMR
spectroscopy to be a mixture of depe, Cp*H,[19] 1,2,3,4-
tetramethylpentafulvene,[20] and some [GeCp*2].

[21] These
results suggest that homolysis of the Ge�Cp* bond occurs
upon thermal activation of 4-Mo-Cl to generate [MoCl(Ge)-
(depe)2] and Cp* radicals. The [MoCl(Ge)(depe)2] radicals
dimerize to form 5-Mo-Cl, whereas the Cp* radicals dispro-
portionate under the reaction conditions to give Cp*H and
1,2,3,4-tetramethylpentafulvene.[22] Heating of an equimolar
mixture of complex 2-Wand 3-Cl in toluene at reflux afforded
a 7.7:1 mixture of the tungsten germylidyne complexes 4-W-
Cl and 5-W-Cl (Scheme 2). Thermolysis of this mixture at
190 8C under static vacuum transformed 4-W-Cl into the
digermanium complex 5-W-Cl, which was isolated as a very
air-sensitive, green-brown solid in 30% overall yield. Com-
plex 5-W-Cl decomposes upon melting at 240 8C.[14] The
molecular structures of 4-Mo-Br and 5-W-Clwere determined
by single-crystal X-ray diffraction (Figures 1 and 2). The

trans-configured octahedral complex 4-Mo-Br has a very
short Mo�Ge triple bond (2.2798(5) F) and an almost linear
coordinated germanium atom (Mo-Ge-CCp* 177.46(8)8) which
has an h1-bonded Cp* substituent as shown by the Ge�C1/C5
distances, the alternating (C�C)ring bond lengths, and the bond
angles at the C1 atom (Figure 1).[23] The Mo�Ge bond of 4-
Mo-Br is even shorter than those of the dppe complexes trans-
[X(dppe)2Mo�Ge-(h1-Cp*)] (dppe=Ph2PCH2CH2PPh2, X=

Cl, 2.3185(6) F; X=Br, 2.3103(6) F).[9c] This situation sug-
gests that sterically less-demanding phosphine ligands of
higher s-basicity strengthen the metal–germanium triple
bonds. Complex 5-W-Cl features a crystallographically

imposed center of symmetry at the midpoint of the Ge�Ge
bond, an almost linear Ge2 chain spanning the two trans-
configured, octahedral tungsten centers (W-Ge-Ge#
175.13(3)8), and two W�Ge triple bonds (2.3087(5) F) that
are linked by a short Ge�Ge single bond (2.362(1) F)
(Figure 2). The W�Ge bonds of 5-W-Cl compare well with

those of the germylidyne complexes trans-[X(dppe)2W�Ge-
(h1-Cp*)] (X=H, Cl, Br, I, NCO, CN; W-Ge 2.293(1)–
2.3184(6) F).[9c,g] The Ge�Ge distance (2.362(1) F) is the
shortest known for a Ge�Ge single bond.[24,25] This distance
can be rationalized with the increased s character of the
s hybrid orbitals forming the Ge�Ge bond and the p conju-
gation of the W�Ge bonds (see below). Note the Ge�Ge
bond length of 5-W-Cl lies close to the range of lengths
calculated for Ge2 (2.36–2.46 F).[26] The 1H, 13C{1H}, and
31P{1H} NMR spectra corroborate the structures of complexes
4-M-X and 5-M-Cl (X=Cl, Br; M=Mo,W). Thus, the 1H and
13C{1H} NMR spectra display a double set of resonances for
the diastereotopic ethyl groups and methylene protons of the
depe ligands, as expected for diamagnetic complexes of the
general formula trans-[M(depe)2(L)(L’)].

[14] In addition, the
NMR spectra of 4-M-X reveal a fast haptotropic shift of the
Cp* substituent. This shift gives rise to one singlet signal for
the methyl protons in the 1H NMR spectra, and two singlet
resonances in the 13C{1H} NMR spectra, one for the methyl
carbon and one for the ring carbon nuclei of the Cp* group.[14]

The 31P{1H} NMR spectra display a singlet resonance
confirming the trans-configuration of 4-M-X and 5-M-Cl.
The 31P NMR signals of the Ge2-bridged complexes (5-Mo-Cl,
d= 56.3 ppm; 5-W-Cl, d= 38.2 ppm) appear slightly upfield
of those of the mononuclear complexes (4-Mo-Cl, d=

57.2 ppm; 4-W-Cl, d= 39.2 ppm), and for the tungsten com-
pounds are flanked by a pair of satellites arising from coupling
with the 183W nucleus (4-W-Cl, 1J(W,P)= 259 Hz; 5-W-Cl,
1J(W,P)= 249 Hz).[14]

Density functional theoretical (DFT) calculations of the
model complex trans,trans-[Cl(PH3)4WGe2W(PH3)4Cl] (5-
PH3-W-Cl) were performed without symmetry restraints
using the exchange correlation functionals B3LYP and BP86
and various basis sets.[14,27] Geometry optimization of the

Figure 1. DIAMOND plot of the molecular structure of 4-Mo-Br, ther-
mal ellipsoids set at 30% probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [G] and bond angles [8]: Mo-Ge
2.2798(5), Ge-C1 2.046(3), Mo-Br 2.6899(5), Mo-P1 2.479(1), Mo-P2
2.498(1), Mo-P3 2.465(1), Mo-P4 2.4812(9), C1-C2 1.504(4), C2-C3
1.356(5), C3-C4 1.466(5), C4-C5 1.353(4), C1-C5 1.485(4); Mo-Ge-C1
177.46(8), Ge-Mo-Br 177.94(2), Ge-Mo-P1 95.38(2), Ge-Mo-P2
95.30(2), Ge-Mo-P3 96.86(2), Ge-Mo-P4 92.80(2), Ge-C1-C2 99.8(2),
Ge-C1-C5 99.9(2), Ge-C1-C6 114.0(2).

Figure 2. DIAMOND plot of the molecular structure of 5-W-Cl, thermal
ellipsoids set at 30% probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [G] and bond angles [8]: W-Ge 2.3087(5),
Ge-Ge# 2.362(1), W-Cl 2.518(1), W-P1 2.455(1), W-P2 2.459(1), W-P3
2.470(1), W-P4 2.461(1); W-Ge-Ge# 175.13(3), Ge-W-Cl 176.66(3), Ge-
W-P1 92.96(3), Ge-W-P2 94.47(3), Ge-W-P3 95.59(3), Ge-W-P4
90.28(3).
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model compound at the B3LYP/IIa level of theory led to six
minimum structures on the ground-state singlet potential-
energy surface, which can be classified into one pair of
isomers featuring an end-on coordinated Ge2 ligand (A), and
two pairs of isomers displaying a side-on bonded Ge2 ligand
(B, C ; Figure 3). Each pair consists further of an eclipsed (e)

and a staggered conformer (s) differing in the orientation of
the [WCl(PH3)4] fragments. The eclipsed isomer A-e of D4h

symmetry and the corresponding D4d symmetric staggered
isomer A-s, which feature a linear end-on bonded Ge2 chain,
are the most stable compounds and differ in energy by less
than 1 kJmol�1. The isomers B displaying a planar W2Ge2
bicyclic ring lie at slightly higher energy than A (10–
13 kJmol�1), whereas the species C with a W2Ge2 butterfly
structure are considerably less stable than A (Figure 3). The
calculated bond lengths and angles of the eclipsed isomerA-e
compare well with the experimental values of 5-W-Cl
(Table 1).

Analysis of the electronic charge distribution ofA-e using
the natural bond orbital (NBO) partitioning scheme[28] gives
an optimal Lewis structure with two W�Ge triple bonds
connected by a Ge�Ge single bond. Both W�Ge triple bonds
are composed of one s component, which is polarized towards
germanium (64.8%), and two degenerate p bonds, which
result from the overlap of pure tungsten d orbitals and
germanium p orbitals and are polarized towards tungsten
(71.6%) (Table 2). The polarity of the W�Ge bonds is
reflected in the partial charges of the W and Ge atoms
(�1.25 and + 0.30, respectively) and the Wiberg bond index
of 1.71.[29] Further evidence for the considerable ionic
character of the W�Ge triple bonds of A-e was provided by
the energy-partitioning analysis of the interaction between
the closed-shell fragments trans-[WCl(h1-Ge2)(PH3)4]

+ and
[WCl(PH3)4]

� using the energy decomposition analysis
(EDA) method,[30] which revealed a considerable contribu-
tion of the electrostatic term DEelstat (�622.6 kJmol�1) to the
total attractive interactions (DEelstat+DEorb=

�1374.4 kJmol�1), leading to a 55% covalent character of
the W�Ge triple bonds (Table 2). The EDA analysis also
showed that the degenerate W�Ge p bonds make the largest
contribution (78%) to the orbital interaction energy DEorb

indicating the same high p-bonding character of the W�Ge
bonds in A-e as in trans-[Cl(CO)4W�GeH].[31] Taking into
account the polarization of the W�Ge s and p bonds, an
extreme view of isomer A-e is that of a Ge2

2+ ion, which is
embedded in an h1:h1 bonding mode between two d6 [WCl-
(PH3)4]

� fragments by two s ([Ge2]
2+![WCl(PH3)4]

�) and
four p [WCl(PH3)4]

�![Ge2]
2+) donor–acceptor bonds. Ge2

2+

has a singlet ground state with a very weak and long Ge�Ge
bond (3.099 F) owing to Coulomb repulsion.[32] Metal com-
plexation is accompanied by a considerable electron drift
from the metal fragments to Ge2

2+, which decreases the
partial charges on the germanium atoms from + 1 to + 0.3,

reduces thereby the Coulomb
repulsion, and shortens the Ge�Ge
bond by 0.694 F (B3LYP/IIa,
Table 1).

The p bonding and p* anti-
bonding orbitals of the W-Ge-Ge-
W chain form four doubly degener-
ate levels (HOMO�3, HOMO,

Figure 3. Selected bond lengths [G] and bond angles [8] , symmetries,
and relative energies [kJmol�1, ZPVE corrected] of the minimum
structures of 5-PH3-W-Cl (B3LYP/IIa). Hydrogen atoms are omitted
for clarity.

Table 1: Comparison of selected bonding parameters of 5-PH3-W-Cl (A-e isomer) with those of 5-W-Cl.

Method/basis set W�Ge [G] Ge�Ge [G] W�Cl [G] P-W-Cl [8] P-W-Pcis [8]

B3LYP/IIa 2.327 2.405 2.518 86.1 89.7
RI-BP86/I 2.357 2.453 2.541 86.9 89.8
BP86/IIb 2.328 2.389 2.456 86.2 89.7
X-ray (5-W-Cl) 2.3087(5) 2.362(1) 2.518(1) 86.7[a] 89.8[a]

[a] Mean value.

Table 2: Results of the W�Ge and Ge�Ge bonding analyses of the isomer A-e (B3LYP/IIa).

Bond NBO analysis[a] EDA[b] [kJmol�1]
A�B occ. % (A) hyb. % (B) hyb. q(A) WBI DEPauli DEelstat DEorb DEint

W�Ge s : 1.90 35.2 sd2.1 64.8 sp0.5 �1.25 1.71 507.4 �622.6 �751.8 (55%) �866.5
p1: 1.85 71.6 d 28.4 p DEs(a1): �144.1
p2 : 1.85 71.6 d 28.4 p DEp(e): �588.4

Ge�Ge 1.96 50.0 sp1.9 50.0 sp1.9 +0.30 1.10 909.4 �398.4 �795.3 (67%) �283.8
DEs(a1): �730.1
DEp(e): �65.0

[a] NBO analysis of the W�Ge and Ge�Ge bonds: NBO occupancies, bond polarization in %(W) and %(Ge), orbital hybridization, NPA partial
charges q(A) and Wiberg bond index (WBI). [b] Energy decomposition analysis of the W�Ge and Ge�Ge bonds (BP86/IIb): Pauli repulsion (DEPauli),
electrostatic interaction (DEelstat), orbital interaction (DEorb=DEs(a1)+DEp(e)+DErest(b1+b2)), and total interaction energy (DEint) between the closed-
shell C4v-symmetric fragments trans-[WCl(h1-Ge2)(PH3)4]

+ and [WCl(PH3)4]
� (W�Ge bond) and the C4v-symmetric doublet fragments trans-

[WCl(Ge)(PH3)4] (Ge�Ge bond) in the frozen geometry of A-e ; the percentage of DEorb in the total attractive interactions (DEelstat+DEorb) reflects the
covalent character of the bonds and is given in parenthesis; DEint=DEPauli+DEelstat+DEorb.
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LUMO, and LUMO+ 3; Figure 4) resulting from the in-
phase or out-of-phase combination of the tungsten dxz(dyz)
orbitals and the germanium px(py) orbitals (the z axis of the
Cartesian coordinate system and the C4 symmetry axis ofA-e
are collinear).[33] Four electrons occupy the lowest energy e1u

symmetric pair of molecular orbitals (HOMO�3), which are
bonding with respect to the W�Ge and Ge�Ge linkages, and
four electrons occupy the e1g symmetric pair of orbitals
(HOMO), which are bonding with respect to the W�Ge
linkages but antibonding with respect to the Ge�Ge linkage
(Figure 4).[33, 34] This molecular orbital picture corresponds in
valence bond terms to the digermanehexayl formula [LnW�
Ge�Ge�WLn] and suggests some p conjugation of the W�Ge
triple bonds.[35] This proposal is supported by the NBO and
EDA analyses, which indicate the presence of a Ge�Ge
s bond with low p-bonding character (WBI (Ge�Ge)= 1.10;
DEp is 8.2% of DEorb; Table 2), and the natural resonance
theoretical (NRT) analysis ofA-e,[36] which provides 21 differ-
ent resonance structures with a resonance weight greater than
1% leading to a natural bond order of 2.76 for the W�Ge
bonds and 1.06 for the Ge�Ge bond.[37]

Analysis of the wave function using the electron local-
ization function (ELF)[38] at the B3LYP/IIa level of theory
shows, that the density of localized electrons between
tungsten and germanium has a toroidal shape typical for
triple bonds.[9f, 14, 39] Volume integration of the electron density
over the valence disynaptic basins connecting the W with the
Ge nuclei and linking the two Ge nuclei, leads to a population
of 5.7 electrons in theW�Ge bonding region and 2.6 electrons
in the Ge�Ge bonding region, which supports the bonding
picture of two conjugated W�Ge triple bonds in A-e.[40] This
result is further confirmed by the quantification of conjuga-
tion inA-e using the anisotropy of the induced current density
(AICD) of the Ge�Ge bond.[41] The AICD isosurface plot of
A-e at an isosurface value of 0.015 displays strong delocaliza-
tion over the atoms (Figure 5). The continuous boundary
surface enclosing the conjugating Ge atoms breaks at an

isosurface value of 0.041 (Figure 5), which suggests that the
extent of conjugation inA-e is lower that in benzene (0.08) or
butadiene (0.069), but higher than in 1,3-butadiyne (0.013) at
the same level of theory.[42] Conjugation in A-e might be
caused by the small HOMO–LUMO gap of 2.7 eV which
leads to an excitation energy of 2.67 eV (l= 464 nm) for the
allowed one-electron transition (TD-RIDFT/TZVPP).[43]

The Ge�Ge bond fragmentation energy of A-e (DEfrag=

221.0 kJmol�1) is lower than that of Ge2H6 (288.5 kJmol�1)
calculated at the same level of theory (B3LYP/IIa, Table 3).[44]

Inclusion of relaxation and zero-point vibrational effects
(ZPVE) leads to a theoretical value of 217.1 kJmol�1 for the
Ge�Ge bond dissociation energy of A-e (D80), which is also
lower than that of Ge2H6 (D80= 270.4 kJmol�1; Table 3),[44]

the latter value comparing well with the experimental value
(D8= 276 kJmol�1).[45] In comparison, the Ge�Ge bond
length of A-e (2.405 F) is shorter than that of Ge2H6

(2.439 F, Table 3) leading to an opposite bond length/
dissociation energy correlation to that usually observed.
This result suggests that the radicals trans-[WCl(Ge)(PH3)4]
formed upon Ge�Ge bond homolysis are stabilized by
delocalization of the unpaired electron in the electronic
ground state (2A1).

[46] This electronic stabilization provides a
rationale for the preferred formation of the radicals
trans-[WCl(Ge)(depe)2] during thermolysis of 4-W-Cl. The
energy (ZPVE corrected) required to cleave the W�Ge bond
of A-e into the fragments trans-[WCl(h1-Ge2)(PH3)4]

[47] and
[WCl(PH3)4] in the respective 2A1 and

4A electronic ground
states and minimum geometries, was calculated to be slightly
lower (333.9 kJmol�1) than that of the germylidyne complex
trans-[Cl(PH3)4W�Ge-Me] (354.8 kJmol�1) (Table 3). The
species trans-[WCl(h1-Ge2)(PH3)4] is a local minimum on
the energy potential surface and relaxes to a C2v symmetric
species featuring a side-on bonded Ge2 ligand.

[47] The released
relaxation energy of �52.2 kJmol�1 reduces the W�Ge bond
dissociation energy of A-e to 281.7 kJmol�1 (Table 3).

Figure 4. p and p* Kohn–Sham orbitals of the W-Ge-Ge-W chain in
A-e. Only one of the doubly degenerate p and p* levels is depicted.

Figure 5. Isosurface plots of the AICD in A-e at 0.015 (top) and the
critical value of 0.041 (bottom), at which the topology of the AICD
boundary surface changes.
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Several experimental and theoretical studies have been
carried out on the diatomic molecule Ge2.

[48] Ge2 can be
regarded as the lightest member in the family of germanium
clusters Gen, which are of importance owing to their potential
applications in nanoelectronics.[48] Encapsulation of this very
reactive species in the complexes 5-M-Cl provides a new
example for the ability of stereoelectronically well-defined
transition-metal fragments to stabilize high temperature
molecules in unprecedented bonding patterns.

Received: June 7, 2005
Published online: August 17, 2005

.Keywords: density functional calculations · germanium ·
molybdenum · triple bonds · tungsten

[1] Reviews and accounts on metal-bonded sp-hybridized carbon
chains: a) W. Beck, B. Niemer, M. Wieser, Angew. Chem. 1993,
105, 969; Angew. Chem. Int. Ed. Engl. 1993, 32, 923; b) H. Lang,
Angew. Chem. 1994, 106, 569;Angew. Chem. Int. Ed. Engl. 1994,
33, 547; c) M. Akita, Y. Moro-oka, Bull. Chem. Soc. Jpn. 1995,
68, 420; d) U. Bunz, Angew. Chem. 1996, 108, 1047; Angew.
Chem. Int. Ed. Engl. 1996, 35, 969; e) M. I. Bruce, Coord. Chem.
Rev. 1997, 166, 91; f) F. Paul, C. Lapinte, Coord. Chem. Rev.
1998, 178–180, 431; g) S. Szafert, J. A. Gladysz, Chem. Rev. 2003,
103, 4175; h) M. Akita, A. Sakurai, M.-C. Chung, Y.Moro-oka, J.
Organomet. Chem. 2003, 670, 2; i) M. I. Bruce, P. J. Low, Adv.
Organomet. Chem. 2004, 50, 179.

[2] a) M. D. Ward, Chem. Soc. Rev. 1995, 24, 121; b) A. Harriman,
R. Ziessel, Chem. Commun. 1996, 1707.

[3] Selected references on the electronic coupling between Cx-
bridged metal centers: a) M. Brady, W. Weng, Y. Zhou, J. W.
Seyler, A. J. Amoroso, A. M. Arif, M. BNhme, G. Frenking, J. A.
Gladysz, J. Am. Chem. Soc. 1997, 119, 775; b) F. Coat, M.-A.
Guillevic, L. Toupet, F. Paul, C. Lapinte, Organometallics 1997,
16, 5988; c) M. Guillemot, L. Toupet, C. Lapinte, Organo-
metallics 1998, 17, 1928; d) P. Belanzoni, N. Re, A. Sgamellotti,
C. Floriani, J. Chem. Soc. Dalton Trans. 1998, 1825; e) S.
Kheradmandan, K. Heinze, H. W. Schmalle, H. Berke, Angew.
Chem. 1999, 111, 2412; Angew. Chem. Int. Ed. 1999, 38, 2270;
f) M. I. Bruce, P. J. Low, K. Costuas, J.-F. Halet, S. P. Best, G. A.
Heath, J. Am. Chem. Soc. 2000, 122, 1949; g) F. Paul, W. E.
Meyer, L. Toupet, H. Jiao, J. A. Gladysz, C. Lapinte, J. Am.
Chem. Soc. 2000, 122, 9405; h) H. Jiao, J. A. Gladysz, New J.
Chem. 2001, 25, 551.

[4] a) An Introduction to Molecular Electronics (Eds.: M. C. Petty,
M. R. Bryce, D. Bloor), Oxford University Press, New York,
1995 ; b) D. Astruc, Acc. Chem. Res. 1997, 30, 383; c) S. Creager,

C. J. Yu, C. Bamdad, S. OPConnor, T. Maclean, E. Lam, Y.
Chong, G. T. Olsen, J. Luo, M. Gozin, J. F. Kayyem, J. Am.
Chem. Soc. 1999, 121, 1059, and references therein.

[5] a) N. J. Long, Angew. Chem. 1995, 107, 37; Angew. Chem. Int.
Ed. Engl. 1995, 34, 21; b) I. R. Whittall, A. McDonagh, M. G.
Humphrey, M. Samoc, Adv. Organomet. Chem. 1998, 43, 349.

[6] For sp carbon allotropes see: a) F. Diederich, Y. Rubin, Angew.
Chem. 1992, 104, 1123; Angew. Chem. Int. Ed. Engl. 1992, 31,
1101; b) R. J. Lagow, J. J. Kampa, H.-C. Wei, S. L. Battle, J. W.
Genge, D. A. Laude, C. J. Harper, R. Bau, R. C. Stevens, J. F.
Haw, E. Munson, Science 1995, 267, 362; c) T. Gibtner, F.
Hampel, J.-P. Gisselbrecht, A. Hirsch, Chem. Eur. J. 2002, 8, 408.

[7] C2-bridged transition-metal complexes having the valence
formulae Ib and I c are very rare: a) M. L. Listemann, R. R.
Schrock, Organometallics 1985, 4, 74; b) D. R. Neithamer, R. E.
LaPointe, R. A. Wheeler, D. S. Richeson, G. D. Van Duyne, P. T.
Wolczanski, J. Am. Chem. Soc. 1989, 111, 9056; c) K. G. Caulton,
R. H. Cayton, M. H. Chisholm, J. C. Huffman, E. B. Lobkovsky,
Z. Xue,Organometallics 1992, 11, 321; d) B. E. Woodworth, P. S.
White, J. L. Templeton, J. Am. Chem. Soc. 1998, 120, 9028.

[8] The dimetallaheterocumulenes [CpR(CO)2Mn=E=
Mn(CO)2Cp

R] (E=Ge, Sn, Pb; CpR=h5-C5H5, h
5-C5H4Me, h5-

C5Me5) are the only members of the complex series
[LnMExM’L’n]

y+ (E=Si–Pb) known. Their syntheses and reac-
tions are described in: a) W. GQde, E. Weiss, J. Organomet.
Chem. 1981, 213, 451; b) N. M. Kostic, R. F. Fenske, J. Organo-
met. Chem. 1982, 233, 337; c) D. Melzer, E. Weiss, J. Organomet.
Chem. 1984, 263, 67; d) J. D. Korp, I. Bernal, R. HNrlein, R.
Serrano, W. A. Herrmann, Chem. Ber. 1985, 118, 340; e) W. A.
Herrmann, H.-J. Kneuper, E. Herdtweck, Angew. Chem. 1985,
97, 1060; Angew. Chem. Int. Ed. Engl. 1985, 24, 1062; f) W. A.
Herrmann, Angew. Chem. 1986, 98, 57; Angew. Chem. Int. Ed.
Engl. 1986, 25, 56; g) H.-J. Kneuper, E. Herdtweck, W. A.
Herrmann, J. Am. Chem. Soc. 1987, 109, 2508; h) F. Ettel, G.
Huttner, L. Zsolnai, Angew. Chem. 1989, 101, 1525; Angew.
Chem. Int. Ed. Engl. 1989, 28, 1496; i) W. A. Herrmann, H.-J.
Kneuper, E. Herdtweck, Chem. Ber. 1989, 122, 437; j) F. Ettel, G.
Huttner, W. Imhof, J. Organomet. Chem. 1990, 397, 299; k) F.
Ettel, G. Huttner, L. Zsolnai, C. Emmerich, J. Organomet.
Chem. 1991, 414, 71; l) B. Schiemenz, F. Ettel, G. Huttner, L.
Zsolnai, J. Organomet. Chem. 1993, 458, 159; m) F. Ettel, M.
Schollenberger, B. Schiemenz, G. Huttner, L. Zsolnai, J.
Organomet. Chem. 1994, 476, 153.

[9] For transition-metal complexes featuring triple bonds to germa-
nium, tin, or lead see: a) L. Pu, B. Twamley, S. T. Haubrich,
M. M. Olmstead, B. V. Mork, R. S. Simons, P. P. Power, J. Am.
Chem. Soc. 2000, 122, 650; b) A. C. Filippou, A. I. Philippopou-
los, P. Portius, D. U. Neumann, Angew. Chem. 2000, 112, 2881;
Angew. Chem. Int. Ed. 2000, 39, 2778; c) A. C. Filippou, P.
Portius, A. I. Philippopoulos, Organometallics 2002, 21, 653;
d) A. C. Filippou, P. Portius, A. I. Philippopoulos, H. Rohde,

Table 3: Fragmentation, bond dissociation, and Gibbs free dissociation energies [kJmol�1] of the Ge�Ge and W�Ge bonds of 5-PH3-W-Cl (A-e isomer),
Ge2H6, and trans-[Cl(PH3)4W�Ge-Me] (B3LYP/IIa).

Compound Bond Length [G] DEfrag
[a] DErelax

[b] DEZPVE
[c] D80

[d] DEtherm
[e] DG8[f ]

5-PH3-W-Cl (A-e) Ge�Ge 2.405 +221.0 �0.2 �3.7 +217.1 �55.4 +161.7
Ge2H6 Ge�Ge 2.439 +288.5 �2.3 �15.8 +270.4 �45.8 +224.6
5-PH3-W-Cl (A-e) W�Ge 2.327 +476.6 �133.1 �9.6 +333.9 �74.3 +259.6

+281.7[g] �69.6[g] +212.1[g]

[Cl(PH3)4W�Ge-Me] W�Ge 2.304 +622.3 �251.9 �15.6 +354.8 �56.4 +298.4

[a] Homolytic fragmentation energy to the fragments in the geometry adopted by the molecule prior to fragmentation and in the electronic state, in
which the number of unpaired electrons corresponds to the number of broken bonds. [b] Relaxation energy of both fragments to their minimum
geometry and electronic ground state. [c] Zero point vibrational energy correction to the bond dissociation energy. [d] Bond dissociation energy at 0 K;
D80=DEfrag+DErelax+DEZPVE. [e] Thermal and entropic corrections to the dissociation energy (298.15 K, 1 atm). [f ] Gibbs free homolytic bond
dissociation energy at standard conditions; DG8=D80+DEtherm. [g] See text and ref. [47].

Angewandte
Chemie

5983Angew. Chem. Int. Ed. 2005, 44, 5979 –5985 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Angew. Chem. 2003, 115, 461; Angew. Chem. Int. Ed. 2003, 42,
445; e) A. C. Filippou, A. I. Philippopoulos, G. Schnakenburg,
Organometallics 2003, 22, 3339; f) A. C. Filippou, H. Rohde, G.
Schnakenburg, Angew. Chem. 2004, 116, 2293; Angew. Chem.
Int. Ed. 2004, 43, 2243; g) A. C. Filippou, A. I. Philippopoulos, P.
Portius, G. Schnakenburg, Organometallics 2004, 23, 4503;
h) A. C. Filippou, N. Weidemann, G. Schnakenburg, H. Rohde,
A. I. Philippopoulos, Angew. Chem. 2004, 116, 6674; Angew.
Chem. Int. Ed. 2004, 43, 6512.

[10] For experimental studies on heavier Group 14 element ana-
logues of alkynes see: a) A. Sekiguchi, S. S. Zigler, R. West, J.
Michl, J. Am. Chem. Soc. 1986, 108, 4241; b) M. Bogey, H.
Bolvin, C. Demuynck, J.-L. Destombes, Phys. Rev. Lett. 1991, 66,
413; c) M. Cordonnier, M. Bogey, C. Demuynck, J.-L. Des-
tombes, J. Chem. Phys. 1992, 97, 7984; d) N. Wiberg, C. M. M.
Finger, K. Polborn, Angew. Chem. 1993, 105, 1140; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1054; e) L. Pu, B. Twamley, P. P.
Power, J. Am. Chem. Soc. 2000, 122, 3524; f) R. Pietschnig, R.
West, D. R. Powell, Organometallics 2000, 19, 2724; g) C. Bibal,
S. Mazieres, H. Gornitzka, C. Couret, Angew. Chem. 2001, 113,
980; Angew. Chem. Int. Ed. 2001, 40, 952; h) A. D. Phillips, R. J.
Wright, M. M. Olmstead, P. P. Power, J. Am. Chem. Soc. 2002,
124, 5930; i) M. Stender, A. D. Phillips, R. J. Wright, P. P. Power,
Angew. Chem. 2002, 114, 1863; Angew. Chem. Int. Ed. 2002, 41,
1785; j) N. Wiberg, W. Niedermayer, G. Fischer, H. NNth, M.
Suter, Eur. J. Inorg. Chem. 2002, 1066; k) P. P. Power, Chem.
Commun. 2003, 2091; l) L. Pu, A. D. Phillips, A. F. Richards, M.
Stender, R. S. Simons, M. M. Olmstead, P. P. Power, J. Am.
Chem. Soc. 2003, 125, 11626; m) A. Sekiguchi, R. Kinjo, M.
Ichinohe, Science 2004, 305, 1755.

[11] P. Jutzi, G. Reumann, J. Chem. Soc. Dalton Trans. 2000, 2237.
[12] a) R. Poli, H. D. Mui, J. Am. Chem. Soc. 1990, 112, 2446; b) F.

Stoffelbach, D. Saurenz, R. Poli, Eur. J. Inorg. Chem. 2001, 2699.
[13] a) P. R. Sharp,Organometallics 1984, 3, 1217; b) P. R. Sharp, J. C.

Bryan, J. M. Mayer, Inorg. Synth. 1990, 28, 326.
[14] The Supporting Information contains the Experimental Section

including the syntheses, analytical, and spectroscopic data of the
complexes 1-M-Cl, 2-M, 4-Mo-X and 5-M-Cl (M=Mo, W; X=

Cl, Br). It also contains the crystallographic data of the
germylidyne complexes 4-Mo-Br and 5-W-Cl and details of the
simultaneous thermal analysis of 4-Mo-Cl and of the electronic
structure calculations of 5-PH3-W-Cl. CCDC-259718 (4-Mo-Br)
and CCDC-259719 (5-W-Cl) contain the supplementary crystal-
lographic 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.

[15] Alternative methods for the synthesis of 2-Mo and 2-W are
described in: a) J. Chatt, G. A. Heath, R. L. Richards, J. Chem.
Soc. Dalton Trans. 1974, 2074; b) W. Hussain, G. J. Leigh, H. M.
Ali, C. J. Pickett, D. A. Rankin, J. Chem. Soc. Dalton Trans.
1984, 1703; c) T. A. George, M. E. Noble, Inorg. Chem. 1978, 17,
1678; d) G. J. Kubas, C. J. Burns, J. Eckert, S. W. Johnson, A. C.
Larson, P. J. Vergamini, C. J. Unkefer, G. R. K. Khalsa, S. A.
Jackson, O. Eisenstein, J. Am. Chem. Soc. 1993, 115, 569.

[16] a) J. G. Winter, P. Portius, G. Kociok-KNhn, R. Steck, A. C.
Filippou, Organometallics 1998, 17, 4176; b) ref. [9c].

[17] 1H and 31P{1H} NMR spectra of the crude products isolated after
completion of the reactions, revealed the concomitant formation
of 1-Mo-X, [GeCp*2], and 5-Mo-X. Several recrystallizations
from pentane were necessary to separate the complexes 4-Mo-X
from the by-products decreasing the overall yields (see Support-
ing Information).

[18] Signals for the ions [C5Me5H]+ (m/z 136) and [C7H7]
+ (m/z 91)

appeared in the EI mass spectra of the gases evolved with the
beginning of decomposition. The intensity of these signals
increased rapidly above 181 8C (see Supporting Information).

[19] a) R. S. Threlkel, J. Bercaw, J. Organomet. Chem. 1977, 136, 1;
b) J. M. Manriquez, P. J. Fagan, L. D. Schertz, T. J. Marks, Inorg.
Synth. 1982, 21, 181; c) F. X. Kohl, P. Jutzi, J. Organomet. Chem.
1983, 243, 119.

[20] a) J. C. Pando, E. A. Mintz, Tetrahedron Lett. 1989, 30, 4811;
b) P. Jutzi, A. Mix, Chem. Ber. 1992, 125, 951; c) P. Jutzi, T.
Heidemann, B. Neumann, H. G. Stammler, Synthesis 1992, 1096;
d) S. DNring, G. Erker, Synthesis 2001, 43.

[21] P. Jutzi, F. Kohl, P. Hofmann, C. KrSger, Y.-H. Tsay, Chem. Ber.
1980, 113, 757.

[22] a) A. G. Davies, J. Lusztyk, J. Chem. Soc. Chem. Commun. 1980,
554; b) A. G. Davies, J. Lusztyk, J. Chem. Soc. Perkin Trans. 2
1981, 692; c) P. N. Culshaw, J. C. Walton, L. Hughes, K. U.
Ingold, J. Chem. Soc. Perkin Trans. 2 1993, 879; d) W. R. Roth, F.
Hunold, Liebigs Ann. 1995, 1119.

[23] For a detailed discussion of the bonding parameters of h1-
bonded Cp* substituents in germylidyne complexes see ref [9c].

[24] The Ge�Ge distance in elemental germanium is 2.44 F: A. F.
Wells, Structural Inorganic Chemistry, 5th ed., Clarendon,
Oxford, 1984, p. 1279.

[25] For Ge�Ge single bonds connecting unsaturated germanium
centers see: a) A. Sekiguchi, H. Yamazaki, C. Kabuto, H.
Sakurai, S. Nagase, J. Am. Chem. Soc. 1995, 117, 8025; b) H.
SchQfer, W. Saak, M. Weidenbruch, Angew. Chem. 2000, 112,
3847; Angew. Chem. Int. Ed. 2000, 39, 3703; c) A. Sekiguchi, Y.
Ishida, N. Fukaya, M. Ichinohe, J. Am. Chem. Soc. 2002, 124,
1158; d) G. Ramaker, A. SchQfer, W. Saak, M. Weidenbruch,
Organometallics 2003, 22, 1302; e) G. Ramaker, W. Saak, D.
Haase, M. Weidenbruch, Organometallics 2003, 22, 5212.

[26] W. Xu, Y. Zhao, Q. Li, Y. Xie, H. F. SchQfer III,Mol. Phys. 2004,
102, 579, and references therein.

[27] Basis set I is of valence double-z quality (LANL2DZ) and
includes the quasi-relativistic effective core potentials LANL2.
The auxiliary basis sets for the density fitting were generated
automatically. Basis set IIa is of valence triple-z quality (6-
311G* for C, H, Cl, P; TZVPP for Ge and W [ECP{MEFIT,
WB}]), and IIb is a triple-z slater-type basis set with two sets of
polarization functions. More details can be found in the
Supporting Information.

[28] A. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899.
[29] K. B. Wiberg, Tetrahedron 1968, 24, 1083.
[30] a) K.Morokuma,Acc. Chem. Res. 1977, 10, 294; b) T. Ziegler, A.

Rauk, Theor. Chim. Acta 1977, 46, 1.
[31] M. Lein, A. SzabU, A. KovVcs, G. Frenking, Faraday Discuss.

2003, 124, 365.
[32] Ge2

2+ is suggested to be metastable with respect to dissociation
to Ge+ ions: W. A. Saunders, Phys. Rev. B 1989, 40, 1400.

[33] As in linear polyynes, the parity of the p-bonding orbitals of the
W-Ge-Ge-W chain alternates with respect to the mirror plane
bisecting theGe�Ge bond ofA-e (sh plane of themolecule). The
lowest energy orbital (HOMO�3) has zero nodes, the number of
nodes increases by one on going from one orbital to the one next
highest in energy, and the nodes are symmetrically located with
respect to the sh plane of A-e.

[34] HOMO�2 and HOMO�1 are molecular orbitals of d symmetry
resulting, respectively, from the in-phase and out-of-phase
combination of the tungsten dxy orbitals (see Supporting
Information).

[35] The coefficients of the germanium px(py) atomic orbitals are
larger in the HOMO�3 than in the HOMO suggesting some
Ge�Ge p overlap. Since the W�Ge p bonds are polarized
towards the tungsten, the occupancies of the corresponding
natural atomic orbitals at germanium are quite low (occ. px and
py= 0.64e�) depleting the p overlap of the germanium px(py)
functions.

[36] E. D. Glendening, F. Weinhold, J. Comput. Chem. 1998, 19, 593.

Communications

5984 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 5979 –5985

http://www.angewandte.org


[37] 13 of these resonances structures have W�Ge triple bonds and
eight have W�Ge double bonds. The combined weight of
resonance structures featuring W�Ge triple bonds is 76%.

[38] a) B. Silvi, A. Savin, Nature 1994, 371, 683; b) A. Savin, B. Silvi,
F. Colonna, Can. J. Chem. 1996, 74, 1088.

[39] a) H. GrStzmacher, T. F. FQssler, Chem. Eur. J. 2000, 6, 2317;
b) N. O. J. Malcolm, R. J. Gillespie, P. L. A. Popelier, J. Chem.
Soc. Dalton Trans. 2002, 3333.

[40] The high population of the W�Ge disynaptic basins justifies the
denotation of the W�Ge bonds as triple bonds, for which six
electrons would be needed. The disynaptic basin of the Ge�Ge
bond has a population of 2.6 electrons, which suggests the
Ge�Ge bond to be slightly more than a classical single bond,
reflecting the effect of p conjugation.

[41] R. Herges, D. Geuenich, J. Phys. Chem. A 2001, 105, 3214.
[42] For the recent dispute on the conjugative stabilization of 1,3-

butadiyne see: a) D. W. Rogers, N. Matsunaga, A. A. Zavitsas,
F. J. McLafferty, J. F. Liebman, Org. Lett. 2003, 5, 2373; b) P. D.
Jarowski, M. D. Wodrich, C. S. Wannere, P. v. R. Schleyer, K. N.
Houk, J. Am. Chem. Soc. 2004, 126, 15036; c) D. Cappel, S.
TSllmann, A. Krapp, G. Frenking, Angew. Chem. 2005, 117,
3683; Angew. Chem. Int. Ed. 2005, 44, 3617.

[43] This excitation gives the strongest absorption band in the
calculated UV/Vis spectrum of A-e and may rationalize the
green-brown color of complex 5-W-Cl (see Supporting Informa-
tion).

[44] The calculatedGe�Ge fragmentation energy of Ge2H6 compares
well with that reported by H.-J. Himmel, H. SchnNckel, Chem.
Eur. J. 2003, 9, 748. Our calculations show, however, that the
GeH3 radicals have a pyramidal C3v symmetric minimum
geometry (Ge�H 1.544 F; H-Ge-H 110.88) in the doublet
ground state, which differs marginally from the geometry
adopted by the GeH3 fragments (Ge�H 1.540 F; H-Ge-H
108.58) in the D3d symmetric minimum structure of Ge2H6. Our
results lead to a very low relaxation energy of the two GeH3

fragments (�2.3 kJmol�1) and differ from those of H.-J. Himmel
and SchnNckel, according to which the GeH3 radicals have a
trigonal-planar minimum geometry.

[45] M. J. Almond, A. M. Doncaster, P. N. Noble, R. Walsh, J. Am.
Chem. Soc. 1982, 104, 4717.

[46] Selected bond lengths [F] and bond angles [8] of the radicals
trans-[WCl(Ge)(PH3)4] in their C4v symmetric minimum struc-
ture and doublet ground state: W-Ge 2.329, W-Cl 2.528, W-P
2.483; P-W-Cl 85.9, P-W-Pcis 89.7. Additional evidence for the
delocalization of the unpaired electron in trans-[WCl(Ge)-
(PH3)4] was provided by NBO and ELF analyses.

[47] Two minimum structures were found for the fragment trans-
[WCl(Ge2)(PH3)4] on the potential energy surface, a C4v

symmetric structure featuring an end-on bonded Ge2 ligand,
and a C2v symmetric isomer featuring a side-on bonded Ge2
ligand, which is 52.5 kJmol�1 lower in energy than the end-on
bonded species (see Supporting Information). Preference of the
side-on coordination mode was also found in [W(CO)5(Ge2)]

2�

by calculations: C. Esterhuysen, G. Frenking, Chem. Eur. J. 2003,
9, 3518.

[48] a) A. Kant, B. H. Strauss, J. Chem. Phys. 1966, 45, 822; b) J.
Harris, R. O. Jones, Phys. Rev. A 1978, 18, 2159; c) J. E.
Kingcade, Jr., U. V. Choudary, K. A. Gingerich, Inorg. Chem.
1979, 18, 3094; d) J. E. Northrup, M. L. Cohen,Chem. Phys. Lett.
1983, 102, 440; e) G. Pacchioni, Chem. Phys. Lett. 1984, 107, 70;
f) J. E. Kingcade, H. M. Nagarathna-Naik, I. Shim, K. A. Gin-
gerich, J. Phys. Chem. 1986, 90, 2830; g) P. W. Deutsch, L. A.
Curtiss, J. P. Blaudeau, Chem. Phys. Lett. 1997, 270, 413; h) J.
Wang, G. Wang, J. Zhao, Phys. Rev. B 2001, 64, 205411.

Angewandte
Chemie

5985Angew. Chem. Int. Ed. 2005, 44, 5979 –5985 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Biochemistry

DOI: 10.1002/anie.200501818

Towards a Fully Synthetic Carbohydrate-Based
Anticancer Vaccine: Synthesis and Immunological
Evaluation of a Lipidated Glycopeptide
Containing the Tumor-Associated Tn Antigen**

Therese Buskas, Sampat Ingale, and Geert-Jan Boons*

Dedicated to Professor Steven V. Ley
on the occasion of his 60th birthday

A common feature of oncogenic transformed cells is the
overexpression of oligosaccharides, such as Globo-H, LewisY,
and Tn antigens.[1–4] Numerous studies have shown that this
abnormal glycosylation can promote metastasis,[5] and hence
its expression is strongly correlated with poor survival rates of
cancer patients.

Several elegant studies have exploited the differential
expression of tumor-associated carbohydrates for the devel-
opment of cancer vaccines.[6, 7] The inability of carbohydrates
to activate helper T lymphocytes has complicated, however,
their use as vaccines.[8] For most immunogens, including
carbohydrates, the production of antibodies depends on the
cooperative interaction of two types of lymphocytes, B cells
and helper T cells.[9] Saccharides alone cannot activate helper
T cells and therefore have a limited immunogenicity. The
formation of low-affinity IgM antibodies and the absence of
IgG antibodies manifest this limited immunogenicity.

To overcome the T cell independent properties of carbo-
hydrates, past research has focused on the conjugation of
saccharides to a foreign carrier protein (e.g. Keyhole Limpet
Hemocyanin (KLH) or detoxified tetanus toxoid).[8,9] In this
approach, the carrier protein enhances the presentation of the
carbohydrate to the immune system and provides Tepitopes
(peptide fragments of 12–15 amino acids) that can activate
helper T cells.

However, the conjugation of carbohydrates to a carrier
protein poses several problems. In general, the conjugation
chemistry is difficult to control, resulting in conjugates with
ambiguities in composition and structure which may affect the
reproducibility of an immune response.[10] Additionally, the
foreign carrier protein can elicit a strong B cell response,
which may lead to the suppression of an antibody response
against the carbohydrate epitope. The latter is a greater
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problem when self-antigens are employed, such as tumor-
associated carbohydrates. Also linkers for the conjugation of
carbohydrates to proteins can be immunogenic, leading to
epitope suppression.[11] Not surprisingly, several clinical trials
with carbohydrate–protein conjugate cancer vaccines failed
to induce sufficiently strong helper T cell responses in all
patients.[7,12] Therefore, alternative strategies need to be
developed for the presentation of tumor-associated carbohy-
drate epitopes that will result in a more efficient class switch
to IgG antibodies.[13–18]

Herein, we report the synthesis and immunological
evaluation of a structurally well-defined, fully synthetic
anticancer vaccine candidate 9 that constitutes the minimal
structural features required for a focused and effective T cell
dependent immune response. The vaccine candidate is
composed of the tumor-associated Tn antigen, the peptide
Tepitope YAFKYARHANVGRNAFELFL (YAF), and the
lipopeptide S-[(R)-2,3-dipalmitoyloxy-propyl]-N-palmitoyl-
(R)-cysteine (Pam3Cys). The Tn antigen, which will serve as
a B epitope, is overexpressed on the surface of human
epithelial tumor cells of the breast, colon, and prostate.[3]

This antigen is not present on normal cells, which thus renders
it an excellent target for immunotherapy.[3, 13,18] To overcome
the T cell independent properties of the carbohydrate anti-
gen, the YAF peptide was incorporated. This 20-amino acid
peptide sequence is derived from an outer-membrane protein
of Neisseria meningitides and has been identified as an MHC
class II restricted site for human T cells.[19] It was envisaged
that this helper T cell epitope would induce a T cell depen-
dent immune response that results in the production of IgG
antibodies against the Tn antigen. The combined B cell and
helper T cell epitope lacks the ability to provide appropriate
“danger signals”[20] for dendritic cell maturation. Therefore,
the lipopeptide Pam3Cys, which is derived from the immuno-
logically active N-terminal sequence of the principal lipo-
protein of Escherichia coli,[21] was incorporated. This lipo-
peptide has been recognized as a powerful immunoadju-
vant,[22] and recent studies have shown that it exerts its activity
through the interaction with Toll-like receptor 2 (TLR-2).[23]

This interaction results in the production of pro-inflammatory
cytokines and chemokines, which, in turn, stimulate antigen-
presenting cells (APCs) and thus initiate development and
activation of helper T cells.[24] The lipopeptide also facilitates
the incorporation of the antigen into liposomes. Liposomes
have attracted interest as vectors in vaccine design[25] owing to
their low intrinsic immunogenicity, thus, avoiding undesirable
carrier-induced immune responses.

The synthesis of target compound 9 requires a highly
convergent synthetic strategy which employs chemical manip-
ulations that are compatible with the presence of a carbohy-
drate, peptide, and lipid moieties. It was envisaged that 9
could be prepared from spacer-containing Tn antigen 7,
polymer-bound peptide 1, and S-[2,3-bis(palmitoyloxy)-
propyl]-N-Fmoc-Cys (Pam2FmocCys, 2 ;[26] Fmoc= 9-fluore-
nylmethoxycarbonyl). The resin-bound peptide 1 was assem-
bled by automated solid-phase peptide synthesis using Fmoc-
protected amino acids in combination with the extremely
acid-sensitive HMPB-MBHA (HMPB= 4-(4-hydroxy-
methyl-3-methoxyphenoxy)butyryl; MBHA=p-

methylbenzhydrylamine) resin and 2-(1H-benzotriazol-1-yl)-
oxy-1,1,3,3-tetramethyluronium hexafluorophosphate/1-
hydroxybenzotriazole (HBTU/HOBt)[27] as activators
(Scheme 1). The HMPB-MBHA resin was selected because
it allows the cleavage of a compound from the resin without
concomitant removal of side-chain protecting groups. This
feature was important because side-chain functional groups of
aspartic acid, glutamic acid, and lysine would otherwise
interfere with the incorporation of the Tn antigen derivative
7. Next, the Pam2FmocCys derivative (2) was coupled to the
N-terminal amine of peptide 1 using PyBOP[28] and HOBt in
the presence of DIPEA in a mixture of DMF and dichloro-
methane to give the resin-bound lipopeptide 3. The Fmoc
group of 3 was removed under standard conditions, and the
free amine of the resulting compound 4 was coupled with
palmitic acid in the presence of PyBOP and HOBt to give the
fully protected and resin-bound lipopeptide 5. The amine of
the Pam2Cys moiety was palmitoylated after coupling with 1
to avoid racemization of the cysteine moiety.[26] Cleavage of
compound 5 from the resin was achieved with 2% TFA in
dichloromethane followed by the immediate neutralization
with 5% pyridine in methanol. After purification by LH-20
size-exclusion chromatography, the C-terminal carboxylic
acid of lipopeptide 6 was coupled with the amine of
Tn derivative 7, employing DIC/HOAt/DIPEA[29] as coupling
reagents, to give, after purification by Sephadex LH-20 size-
exclusion chromatography, fully protected lipidated glyco-
peptide 8 in 79% yield. MALDI-TOF mass spectrometry
revealed signals at m/z= 5239.6 and m/z= 5263.0, which
correspond to [M+H]+ and [M+Na]+ ions, respectively.
Finally, the side-chain protecting groups of 8 were removed
by treatment with 95% TFA in water using EDT as a
scavenger. The alternative use of triisopropylsilane resulted in
the formation of unidentified byproducts. The target com-
pound 9 was purified by size-exclusion chromatography
followed by reverse-phase HPLC using a Synchropak C4
column. Analysis of 9 by MALDI-TOF mass spectrometry
revealed a signal at m/z= 3760.3 corresponding to [M+Na]+.

Next, compound 9 was incorporated into phospholipid-
based liposomes. Thus, after hydration of a lipid film that
contained 9, cholesterol, phosphatidylcholine, and phospha-
tidylethanolamine, small unilamellar vesicles (SUVs) were
prepared by extrusion through 100-nm Nuclepore poly-
carbonate membranes. Transmission electron microscopy
(TEM) by negative stain confirmed that the liposomes were
uniformly sized with an expected diameter of approximately
100 nm (Figure 1). The liposome preparations were analyzed
for N-acetyl galactosamine (GalNAc) content by hydrolysis
with TFA, followed by quantification with anion-exchange
chromatography at high pH values. Concentrations of
approximately 30 mgmL�1 of GalNAc were determined
which corresponded to an incorporation of 9 of approximately
10%.

Groups of five female BALB/c mice were immunized
subcutaneously with freshly prepared liposomes containing
0.6 mg carbohydrate at weekly intervals. To explore the
adjuvant properties of the built-in lipopeptide Pam3Cys, the
antigen-containing liposomes were administered with or
without the potent saponin immunoadjuvant QS-21 (Anti-
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genics Inc., Lexington, MA). Anti-Tn antibody titres were
determined by coating microtitre plates with a BSA–Tn
conjugate (BSA= bovine serum albumin) and detection was
accomplished with anti-mouse IgM or IgG antibodies labeled
with alkaline phosphatase. As can be seen in Table 1, the mice
that were immunized with the liposome preparations elicited
IgM and IgG antibodies against the Tn antigen (Table 1,
entries 1 and 2). The presence of IgG antibodies indicated

that the helper Tepitope
peptide of 9 had activated
helper T lymphocytes. Fur-
thermore, the observation
that IgG antibodies were
raised by mice which were
only immunized with lip-
osomes (group 1) indicated
that the built-in adjuvant
Pam3Cys had triggered
appropriate signals for the
maturation of dendritic
cells and their subsequent
activation of helper T cells.
However, the mice which
received the liposomes in
combination with QS-21
(group 2), elicited higher
titres of anti-Tn antibodies.
This stronger immune
response may be due to a
shift from a mixed Th1/Th2
to a Th1 response.[30]

The results presented
herein provide, for the first
time, a proof of principle
for the use of lipidated
glycopeptides as minimal
subunit vaccines. Previous
immunizations with a sac-
charide coupled to an
immunoadjuvant such as
Pam3Cys resulted in no or
very low titres of IgG anti-
bodies[15,31,32] demonstrat-
ing that the incorporation
of a peptide Tepitope[16,17]

is critical for a class switch
to IgG antibodies.

It is to be expected that
several improvements can
be made to the tricompo-
nent vaccine candidate pre-
sented here. For example, it
has been found that a clus-
tered presentation of the
Tn antigen is a more appro-
priate mimetic of mucins,
and hence antibodies raised
against this structure recog-
nize better Tn antigens

expressed on cancer cells.[33–36] The Th epitope employed in
this study is known to be aMHC class II restricted epitope for
humans. Thus, a more efficient class switch to IgG antibodies
may be expected when a murine Th epitope is employed. On
the other hand, compound 9 is a more appropriate vaccine
candidate for use in humans. A recent report indicated that
Pam2Cys is a more potent immunoadjuvant than Pam3Cys.

[37]

It has also been suggested that the Pam2Cys adjuvant has

Scheme 1. a) PyBOP, HOBt, DIPEA, DMF/CH2Cl2 (5:1); b) piperidine/DMF (1:5); c) CH3(CH2)14COOH,
PyBOP, HOBt, DMF/CH2Cl2 (1:5); d) 2% TFA in CH2Cl2; e) 7, DIC, HOAt, DIPEA, DMF/CH2Cl2 (2:1), 79%;
f) TFA/H2O/EDT (95:2.5:2.5), 79%. Boc= tert-butyloxycarbonyl; Trt= trityl; Pbf=2,2,4,6,7-pentamethyldihydro-
benzofuran-5-sulfonyl; PyBOP= (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate;
DIPEA=diisopropylethylamine; DMF=N,N-dimethylformamide; TFA= trifluoroacetic acid; DIC=diisopropyl-
carbodiimide; HOAt=1-hydroxy-7-azabenzotriazole; EDT=1,2-ethanedithiol. Ratios for solvent mixtures are
indicated as v/v.
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improved solubility properties,[38] which is a problematic
feature of compound 9. Studies addressing these issues are
ongoing.
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Figure 1. Negative-stain transmission electron micrograph of the
liposome preparation.

Table 1: ELISA anti-Tn antibody titres[a] after four immunizations with the
glycolipopeptide/liposome formulation.

Entry Group IgM titres IgG titres

1 1) Pam3Cys-YAF-Tn 250 1410
2 2) Pam3Cys-YAF-Tn + QS-21 170 2675

[a] ELISA plates were coated with a BSA-BrAc-Tn conjugate (BrAc=3-
(bromoacetamido)propionate). All titres are medians for a group of five
mice. Titres were determined by regression analysis, plotting log10-
(dilution) versus the absorbance. The titres were calculated to be the
highest dilution that gave 0.1 or higher than the absorbance of normal
saline mouse sera diluted 1:100.
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Prodigiosins, for example, 1 and 2, are a family of naturally
occurring tripyrrolic red pigments that were first isolated in

the 1930s from microorganisms including Serratia and Strep-
tomyces and are characterized by a common pyrrolylpyrro-
methene skeleton.[1] These molecules, especially prodigiosin
25-C (1) but also synthetic analogues such as 3,[2,3] have been
studied extensively for their promising immunosuppressive[4]

and anticancer activities.[5, 6]

To date, two very different modes of action have been put
forward to explain their anticancer activity. One suggestion,
proposed by Manderville, Melvin, and co-workers,[7] and
further supported by F/rstner and Grabowski,[8] is that
prodigiosin mediates its anticancer effect through copper-
mediated cleavage of double-stranded DNA. The second

mechanistic suggestion, proposed by Ohkuma, Wasserman,
and co-workers in 1998,[9] is that the biological activity of
prodigiosin derives from its ability to effect concurrent
transmembrane transport (“symport”) of H+ and Cl� ions
into cells.[9] Support for this mechanism came partly from the
finding that the activity of prodigiosin as well as prodigiosin-
based lysosomal acidification were dependent on the concen-
tration of extracellular chloride ion and that chloride ion
channels were not responsible for these effects.[9] However, to
date, little in the way of direct chemical support for the
mechanism has been provided.[10,11] Accordingly, we have
undertaken a detailed study of the anion-binding and
through-membrane transport properties of several prodigio-
sin analogues and corresponding dipyrromethene constitu-
ents. Herein, we report that it is the rate of transport, rather
than the anion-binding ability, that correlates most closely
with anticancer activity in vitro, as judged from cell prolifer-
ation assays involving A549 human lung and PC3 human
prostate cancer cells.

To investigate the presumed anion binding and transport
ability of prodigiosins, model compounds 3–7 were pre-

pared.[12] These systems contain either the basic prodigiosin
skeleton or the key constituent dipyrromethene motif and
were thus thought to provide a “basis set” sufficient to allow
some limited structure–activity correlations to be made.

The first indication that the protonated forms of prodi-
giosins and dipyrromethenes can bind chloride ions came
from X-ray crystal structure analyses of salts 4·HCl and
7·HCl.[12] As seen in Figures 1 and 2, 1:1 complexes are
formed in the solid state as the result of oriented hydrogen-
bonding interactions and, presumably, electrostatic effects. In
the case of salt 4·HCl the complex is essentially flat, whereas

Figure 1. Crystal structure of 4·HCl. This complex is essentially planar.

[*] Prof. J. L. Sessler, L. R. Eller, W.-S. Cho, S. Nicolaou, A. Aguilar,
J. T. Lee, V. M. Lynch
Department of Chemistry and Biochemistry
Institute for Cellular and Molecular Biology
1 University Station–A5300
University of Texas at Austin
Austin, Texas 78712-1065 (USA)
Fax: (+1)512-471-7550
E-mail: sessler@mail.utexas.edu

Dr. D. J. Magda
Pharmacyclics Inc.
995 E. Arques Ave
Sunnyvale, CA 94085 (USA)
Fax: (+1)408-774-0340
E-mail: dmagda@pcyc.com

[**] This work was supported by the National Institutes of Health (GM
58907). Dr. Wyeth Callaway is thanked for providing samples of
pyrrole 10. We thank Ms. Beth McNally of Prof. Bradley Smith’s
group for her help in developing a working liposomal model
membrane system.

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

Angewandte
Chemie

5989Angew. Chem. Int. Ed. 2005, 44, 5989 –5992 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



some deviation from planarity is seen in 7·HCl. In 4·HCl, the
NH···Cl distances (2.25 @) are roughly equal, while in the case
of 7·HCl they are found to be longer for ring A than rings B
and C (NH···Cl= 2.72, 2.28, and 1.97 @ for rings A, B, and C,
respectively).

Evidence in support of chloride ion binding in solution
came from isothermal titration calorimetry (ITC) studies
carried out in acetonitrile at 303 Kusing tetrabutylammonium
chloride (TBACl) as the source of chloride ions. Whereas the
free-base forms of prodigiosins 6 and 7 as well as various
neutral bipyrroles were found to display affinities for chloride
ion that were too low to be determined by ITC methods in
CH3CN, the corresponding monoprotonated HI salts of these
prodigiosin species were found to exhibit rather substantial
apparent affinities for chloride ion (see Table 1). The same

proved true for the protonated dipyrromethene fragments 4
and 5. As a rule, these latter compounds demonstrated
slightly higher affinities for chloride ions than did the
corresponding monoprotonated prodigiosins; a finding that
reflects presumably the higher effective charge densities
present in the smaller dipyrrolic species.

The efficiency of transport of chloride ions was deter-
mined by monitoring their efflux across a 200-nm POPC/
POPS (POPC= 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline; POPS= 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
l-serine) liposome membrane as a function of time.[13] The

vesicles were loaded with a solution of NaCl (500 mm) and
then diluted to produce a 1 mm suspension in a solution of
NaNO3 (500 mm). The integrity of the liposome membranes
was established according to reported procedures.[14] The
efflux of chloride ion was monitored as a function of time
using an Accumet glass-bodied chloride-selective electrode in
conjunction with a Jenco multimeter. The results of the
transport studies are summarized in Figure 3. Note that

tripyrrole 3, the compound that bears the greatest structural
similarity to the natural prodigiosins, demonstrated remark-
ably high transport efficiency. In fact, the rate of efflux of
chloride ion was sufficiently rapid that studies were con-
ducted using a 0.5 mm solution of the carrier. The remaining
compounds were studied using 2 mm solutions. The order of
transport efficiency, as inferred from initial rates, was found to

be 3@ 6� 4> 5@ 7. Additionally,
compounds 3–6 were all seen to
prompt ^ 60% release of chloride
ions from the interior of the vesicles
within 300 seconds.

To determine the mechanism of
transport, the experiments were
repeated with the pH of the exter-
nal solution initially set at pH 5.5.
The efflux of chloride ions was less
efficient than when the external

solutions were neutral or basic. This behavior is consistent
with an H+/Cl� ion mechanism of transport, as it is expected
that the driving force for proton egress would be reduced with
a lower external pH value.

Experiments were also carried out in which 8-hydrox-
ypyrene trisulfonate (HPTS), a pH-sensitive fluorescent
dye,[15] was included within the liposomes and the external
solution was basified using NaOH. The excitation maxima
(lmax) for HPTS are 450 (at pH 7–8) and 405 nm (pH< 6).
Excitation ratio experiments were performed in which the
sample was excited at both 405 and 450 nm while the emission

Figure 2. Two views of the crystal structure of the complex formed
between monoprotonated prodigiosin 7 and chloride ion.

Table 1: Apparent association constants (Ka) for binding of chloride ion to the monoprotonated (HI)
salts of dipyrromethenes and prodigiosin analogues 3–7 in CH3CN, as determined by ITC analysis at
30 8C using TBACl as the anion source. Errors are estimated to be 10%.

3 4 5 6 7

DH [kcalmol�1] �4.2 �3.35 �2.27 �1.59 �2.03
TDS [kcalmol�1] 3.8 4.88 5.33 5.35 4.93
DG [kcalmol�1] �8.0 �8.23 �7.60 �6.94 �6.96
Ka [m

�1] 5.9G105 8.8G105 3.0G105 1.1G105 1.1G105

Figure 3. Time-dependent efflux of chloride ion from 200-nm vesicles
loaded with a solution of NaCl (500 mm) and suspended in a solution
of NaNO3 (500 mm) and triethylsilane (5 mm), adjusted to pH 7.4.
Prodigiosins are indicated by filled markers (3 *, 6 &, 7 ^); dipyrrome-
thenes are indicated by open markers (4 &, 5 *).
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intensity was monitored at 511 nm. Following addition of the
carrier, an increase in the peak at 450 nm and a corresponding
decrease in the peak at 405 nm were observed. Upon lysis of
the vesicles and subsequent contact with external hydroxide
ion, these spectral changes became even more pronounced. In
contrast, in the absence of chloride ion (but in the presence of
carrier) no effects were seen. Such findings are also consistent
with an H+/Cl� ion symport mechanism.

Finally, transport experiments were performed in which
the external nitrate ion was replaced by sulfate ion. No
significant changes in the transport rates or overall efficiency
were observed under these conditions, as would be expected
for anion efflux conducted through a H+/Cl� ion symport
mechanism. However, if transport were to occur through an
anion-exchange (antiport) mechanism, the transport rates
would be expected to change as a function of the lipophilicity
of the external anion.

Anticancer activity in vitro was assessed using a cell
proliferation assay with A549 human lung cancer and PC3
human prostate cell lines.[16] The order of activity in vitro in
both cell lines was found to be similar, namely, 3> 6> 4> 5>
7 (A549; see Figure 4) and 3> 6> 4> 5� 7 (PC3; see

Supporting Information). Compounds 3, 4, 5, and 6 all
exhibited significant cytotoxic activity, with 100% of cancer
cells killed at a concentration of 40 mm in both cell lines. As
observed earlier in the transport studies, compound 3 proved
to be more efficient than the other compounds examined,
displaying a notably greater antiproliferative effect.

Among the prodigiosin analogues examined in this study,
the rates of through-liposome transport and in vitro activity
were found to correlate well. A general sequence of efficiency
of 3> 6� 4> 5� 7 is seen in both cases. In contrast, the values
of the effective association constant (Ka) in Table 1 do not
correlate well with the observed activity in vitro. For instance,
compound 4·H+, which displays the highest overall Ka value,
is far less active in cell culture than prodigiosin 3. Such
reduced activity could reflect an anion affinity that is too high
to afford an optimal rate of release of chloride ion. Likewise,

the low antiproliferative activity of 7 can be rationalized in
terms of an anion affinity that is too low to make it a highly
effective chloride ion carrier. The present findings thus
provide support for a mechanism such as H+/Cl� ion symport
that is dominated by kinetic rather than thermodynamic
factors.

The present study does not address the issue of whether
recruitment of copper and DNA modification plays a
significant role in mediating the action of prodigiosin.
However, the strong correlation between transport rates
and anticancer activity in vitro, in conjunction with evidence
for anion binding in the solid state and solution phase, lead us
to suggest that the H+/Cl� ion symport mechanism proposed
by Ohkuma, Wasserman, and co-workers[9] is chemically
reasonable. If such a conclusion is correct, it leads to the
suggestion that other chloride ion transport systems, including
those that may have no direct structural resemblance to
prodigiosins, may show interesting anticancer activity.
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Synthesis of Imides, N-Acyl Vinylogous
Carbamates and Ureas, and Nitriles by Oxidation
of Amides and Amines with Dess–Martin
Periodinane**
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The synthetic utility and pervasiveness of hypervalent io-
dine(v) reagents have become increasingly evident in recent
decades, as underscored by a multitude of protocols that
highlight the oxidative capabilities of l5-iodanes and their

successful employment for the construction of diverse arrays
of molecular targets.[1–3] As part of our explorations into the
realm of hypervalent iodine(v) chemistry, we recently
reported a number of useful applications involving both
Dess–Martin Periodinane (DMP) and o-iodoxybenzoic acid
(IBX). Included in these discoveries are the IBX-induced
conversion of amines into imines[4] and the initiation of
cascade reactions by DMP leading to a variety of imidoqui-
nones and heterocycles from anilide precursors.[5, 6] The
intelligence gathered in the course of these investigations
led us to hypothesize about additional modes of reactivity that
could perhaps be unveiled through further explorations of the
chemistry of such hypervalent iodine(v) reagents toward
other classes of heteroatom-containing substrates. These
speculations proved fruitful, and herein we report the direct
oxidation of amides into imides and N-acyl vinylogous
carbamates and ureas, the dehydrogenation of benzylic and
related amines to aromatic nitriles by DMP, and applications
thereof.

Imides are well represented in the literature, often
appearing as productive components in a variety of reactions,
ranging from condensations to alkylations and from acyla-
tions to cycloadditions.[7] This structural motif also appears in
certain natural products such as fumaramidmycin,[8] conio-
thyriomycin,[9] and SB-253514.[10] Despite several procedures
being available for their preparation, new methods for the
synthesis of imides are nevertheless of considerable impor-
tance, especially when their direct access from readily
available substrates could be secured under mild conditions.

The mechanistic rationale for the oxidation of amides to
imides with DMP is shown in Scheme 1 A. Thus, it was
anticipated that nucleophilic attack onto the iodine core of
the reagent by the amide oxygen atom with concomitant
expulsion of an acetate group may lead to intermediate I,
whose spontaneous intramolecular rearrangement was antici-
pated to result in its collapse to Ac-IBA, AcOH, and N-acyl
imine intermediate 3. The latter, highly reactive, species 3
may then be transformed into imide 6, either by addition of
H2O, with subsequent oxidation of the putative hemiaminal
with DMP (Scheme 1 A, path A), or by the incorporation of
Ac-IBX (4), to generate an intermediate of type II (Sche-
me 1 A, path B).

This hypothesis proved correct as secondary amides were
smoothly oxidized to imides by heating with DMP in a
mixture of fluorobenzene and DMSO at 80–85 8C. As seen by
inspection of Table 1, an extensive range of functional groups
is tolerated by this protocol, including aromatic halides,
olefins, and acetates. Particularly significant are the results in
Table 1, entries 3 and 5, which demonstrate the superiority of
the present method over contemporary techniques employing
RuO4,

[11] a reagent whose tolerance of the olefinic and
ethereal sites of substrates 15 and 19, respectively, would be
questionable, at best.[12] Table 1, entries 7 and 8 are also
noteworthy as they provide information regarding chemo-
selectivity preferences for the action of DMP on amide-
containing substrates. Thus, carbamates are inert to these
oxidation conditions (Table 1, entry 7), as are benzylic
positions (Table 1, entry 8). The latter observation is expected
as DMP is not, unlike IBX,[13] a willing single-electron-
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transfer reagent. The minimal amount of DMSO is recom-
mended for this reaction as it was found that larger amounts
of this solvent (needed to ensure dissolution of certain
substrates) proved deleterious (see Table 1, entry 5).

The relevance and potential utility of this novel route to
imides is underscored by a facile synthesis of the ethyl ester
analogue 31 of the antibiotic fumaramidmycin (32), as
depicted in Scheme 2. Thus, coupling of monoethyl fumarate
with amine 29 and subsequent oxidation of the resulting
amide (30) with DMP led to the targeted fumaramidmycin
analogue 31 (Table 4). This endeavor was instructive, as it not
only resulted in the specific synthesis of 31 in a most
expeditious manner but also hinted at the wealth of additional
natural or designed structures that could be easily accessed
through the developed technology.

Encouraged by these results, we further postulated that
secondary amides equipped with N-b-carbonyl structural
motifs could furnish vinylogous carbamates and ureas under
suitable conditions. This speculation, which rested on the
mechanistic rationale shown in Scheme 1B, proved well
founded as demonstrated in Table 2. Thus, the reaction
conditions have been demonstrated to favor the cis-config-
ured product, likely due to the stabilization provided by the

Scheme 1. Mechanistic rationale for the DMP-mediated oxidation of
amides (A) and b-amido esters and amides (B). Ac-IBA=1-acetoxy-
1,2-benziodoxol-3(1H)-one; Ac-IBX=1-acetoxy-1-oxide-1,2-benziodoxol-
3(1H)-one.

Table 1: Synthesis of imides by oxidation of amides with DMP.[a]

Entry Substrate Product t
[h]

Yield
[%][b]

1 11 12 1.0 98

2 13 14 0.5 86

3 15 16 3.0 61

4 17 18 0.5 98

5 19 20 5.0 96[c]

6 21 22 1.0 86

7 23 24 3.5 86[d]

8 25 26 2.0 98

9 27 28 1.0 92

[a] Reactions were conducted on a 0.2–0.5 mmol scale in PhF/DMSO
(minimal amount of DMSO) at 85 8C with DMP (2.0 equiv), unless
otherwise noted. [b] Yield of isolated product with no chromatography
necessary. [c] Based on 42% recovery of 19. [d] DMP: 6.0 equiv. DMSO=
dimethyl sulfoxide.

Scheme 2. Synthesis of the ethyl ester analogue of fumaramidmycin.
Reagents and conditions: a) monoethyl fumarate (0.5 equiv), EDC
(0.6 equiv), 4-DMAP (0.05 equiv), CH2Cl2, 25 8C, 19 h, 73%; b) DMP
(2.0 equiv), PhF/CH2Cl2/H2O (40:20:1), 85 8C, 14 h, 96% (36% conver-
sion). EDC=1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride; 4-DMAP=4-dimethylaminopyridine.
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intramolecular hydrogen bond present within 9 and 10
(Scheme 1B) which is reinforced by the use of a nonpolar
solvent (fluorobenzene);[14] these conditions also tolerate the
presence of phenolic acetates (Table 2, entry 3) and N,N-
dibenzylamides (Table 2, entry 5). The latter example, in
particular, along with that in Table 2, entry 6, underscores the
oxidative potential of DMP, as it represents a direct dehy-
drogenation between two amide functionalities, a task very
few reagents, if any, can smoothly achieve. Possible applica-
tions of this type of synthetic transformation include the
construction of the N-acyl vinylogous urea and carbamic acid
structural domains found in palytoxin,[15] enamidonin,[16] and
CJ-15,801,[17] as specifically highlighted in Table 2, entry 7, in
which tetrahydropyranyl derivative 45 was oxidized with
DMP to compound 46, which could, in principle, be converted
into a palytoxin-like side chain following, among other steps,
cis–trans isomerization of the alkene.[14]

To highlight the applicability of this reaction further, a
formal total synthesis of the antibiotic CJ-15,801, along with
the construction of its cis isomer, was also completed from
commercially available starting materials (Scheme 3). Thus,
allylation of b-alanine (47),[18] followed by subsequent reac-
tion of the resulting amino ester 48 with d-(�)-pantolactone
in refluxing toluene, afforded diol 49. Acetonide formation
within 49 led to 50, whose oxidation with DMP gave a mixture

of the N-acyl vinylogous carbamates 51 (cis isomer) and 52
(trans isomer) in approximately 8:1 ratio in favor of the cis
compound. While the arrival at 52 (Table 4) signals a formal
total synthesis[19] of antibiotic CJ-15,801, the major isomer 51
was converted into cis-CJ-15,801 (53) by sequential cleavage
of the acetonide (BiCl3) and allyl ester ([Pd(PPh3)4])

[20]

protecting groups (Scheme 3).
As a result of the aforementioned successes, we sought to

test the reactivity of DMP on additional nitrogen-containing
substrates, namely benzylic primary amines. We were
attracted by the prospect of directly accessing nitrile com-
pounds, intermediates and products whose ubiquitous appli-
cations in synthesis are well appreciated and documented.[21]

Our reasoning for this expectation is encapsulated in
Scheme 4. Thus, it was hypothesized that aromatic amine
substrates such as 55 could associate with DMP to form
complexes such as IV with concomitant loss of AcOH,
followed by an intramolecular benzylic hydrogen abstraction
by an acetate group. This would then result in a net
dehydrogenation to afford aldimines of type 56. These
fleeting intermediates would then be expected to be either
hydrolyzed by H2O to aldehydes (e.g. 57) or oxidized a second
time by DMP to furnish nitriles (e.g. 58).

Indeed, we were pleased to discover that an assortment of
benzylic and related primary amines undergo the projected

Table 2: Synthesis of N-acyl vinylogous carbamates and ureas by oxidation of b-amido esters and amides with DMP.[a]

Entry Substrate Product cis/trans Yield [%][b]

1 33 34 >25:1 98

2 35 36 19:1 55[b]

3 37 38 >25:1 67

4 39 40 23:1 59[c]

5 41 42 >25:1 52

6 43 44 >25:1 29

7 45 46 6:1 73

[a] Reactions were conducted on 0.1–0.3 mmol scale in PhF at 85 8C for 1 h with DMP (5.0 equiv). [b] Based on 45% recovery of 35. [c] Based on 41%
recovery of 39. Bn=benzyl; Bz=benzoyl; THP= tetrahydropyranyl.
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transformation into nitriles upon reaction with DMP at 25 8C
in CH2Cl2. The generality and scope of this reaction is
demonstrated in Table 3 with examples of substrates contain-
ing halide (Table 3, entries 3, 4, and 6), ether (entries 1 and 3),
electron-donating (entry 1), and electron-withdrawing
(entries 4 and 6) groups, as well as isoxazoles (entry 7) and

bifunctional systems (entry 5). Aside from demonstrating
considerable tolerance, this DMP dehydrogenation protocol
has proven capable of affording nitriles through the imple-
mentation of brief reaction times, without excessive amounts
of aldehyde by-products, unlike previously reported proce-
dures employing iodosobenzene[22] or IBX.[4b]

The described chemistry expands the repertoire of
reactions carried out by DMP, a versatile oxidant with ever-
increasing utility in chemical synthesis. Among the reported
examples of new reactivity for this hypervalent iodine reagent
are the one-step oxidation of secondary amides to imides and
N-acyl vinylogous carbamates or ureas, and the direct
oxidation of benzylic and related primary amines to their
nitrile counterparts. The relevance of the present new
synthetic technology to a rapid synthesis of analogues of
fumaramidmycin and antibiotic CJ-15,801 demonstrates the
mildness and applicability of some of these protocols to
chemical synthesis, and bodes well for their future utilization
in other situations.

Experimental Section
General procedure (amides): Generation of imides: In a sealed tube
the amide (0.1–0.3 mmol) was dissolved in fluorobenzene (0.15m) and
several drops of wet DMSO were added (or enough to ensure
dissolution of substrate). After addition of DMP (2.0 equiv), the
mixture was heated behind a blast shield at 80–858C until the starting
material was consumed (monitored by TLC analysis). The resulting
mixture was allowed to cool and was then quenched with saturated

Scheme 3. Formal total synthesis of the antibiotic CJ-15,801 (54) and
its cis isomer 53. Reagents and conditions: a) see reference [18]; b) d-
(�)-pantolactone (1.5 equiv), NaHCO3 (5.0 equiv), PhMe, reflux, 20 h,
59% (23% of 48 was also observed by 1H NMR prior to purification of
crude mixture); c) 2-methoxypropene (10 equiv), pTsOH (0.1 equiv),
acetone, 0 8C, 1 h, 78%; d) DMP (5.0 equiv), PhF, 85 8C, 2 h, 93%
(based on 39% recovered 50, cis and trans isomers isolated in �8:1
ratio, respectively); e) BiCl3 (0.2 equiv), H2O, MeCN, 25 8C, 14 h, 98%;
f) [Pd(PPh3)4] (0.2 equiv), dioxane/H2O (4:1), 25 8C, 14 h, 87%.
Ts=p-toluenesulfonyl.

Scheme 4. Mechanistic rationale for the oxidation of benzylic and
related amines to aromatic nitriles with DMP.

Table 3: Dehydrogenation of amines to nitriles.[a]

Entry Substrate Product t
[min]

Yield
[%]

1 59 60 10 95

2 61 62 10 71

3 63 64 15 94

4 65 66 10 77

5 67 68 15 90[b]

6 69 70 15 77

7 71 72 15 84

[a] Reactions were conducted on a 0.2–0.5 mmol scale in CH2Cl2 at 25 8C
with DMP (2.0–3.0 equiv), unless otherwise noted. [b] DMP: 5.0 equiv.
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aqueous Na2S2O3 (2 mL) and stirred vigorously until the solution
became clear. The mixture was poured into Et2O (15 mL) and the
ethereal phase was washed twice with 10% aq. Na2S2O3/aq. NaHCO3

(1:1 mixture, 15 mL) and brine (15 mL), and then dried (MgSO4).
Removal of the solvent in vacuo afforded the imide, often pure
enough (by 1NMR spectroscopic analysis) to forgo chromatography.
Generation of N-acyl vinylogous carbamates and ureas: In a sealed
tube the amide (0.1–0.3 mmol) was dissolved in fluorobenzene (0.1m)
and DMP (5.0 equiv) was added. The mixture was heated at 80–85 8C
until full consumption of starting material was noted (monitored by
TLC analysis). The reaction mixture was then quenched and purified
in the same manner as for the preparation of imides described above.

General procedure (amines): The amine (0.1–0.4 mmol) was
dissolved in a small amount of CH2Cl2 and added dropwise over a
period of 5–10 min to a homogeneous mixture of DMP (2.0 equiv) in
CH2Cl2 to form a 0.15m solution with respect to the amine. The
reaction mixture was stirred at 25 8C until the starting material was
consumed (as observed by TLC analysis), at which time the reaction

was quenched with saturated aqueous Na2S2O3 (2 mL) and the
resulting mixture was stirred vigorously until it became clear. The
mixture was then poured into Et2O (15 mL) and the ethereal phase
was washed twice with 10% aq. Na2S2O3/aq. NaHCO3 (1:1 mixture,
15 mL) and brine (15 mL) and then dried (MgSO4). Removal of the
solvent in vacuo afforded the nitrile, which was purified by silica-gel
column chromatography.
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Table 4: Selected physical properties for 31, cis-34, 52, 53, and 64.

31: Rf=0.50 (silica gel, EtOAc/hexanes 1:2); IR (film): ñmax=3282, 2981,
1723, 1690, 1508, 1453, 1367, 1300, 1157, 1031 cm�1; 1H NMR
(400 MHz, CDCl3): d=8.04 (br s, 1H), 7.46 (d, J=15.2 Hz, 1H), 7.38–
7.32 (m, 3H), 7.28–7.26 (m, 2H), 6.90 (d, J=15.5 Hz, 1H), 4.27 (q,
J=7.0 Hz, 2H), 3.95 (s, 2H), 1.32 ppm (t, J=7.0 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d=172.1, 165.0, 164.4, 134.8, 134.3, 133.0, 129.7,
129.1, 127.8, 61.7, 44.4, 14.2 ppm; HRMS (ESI TOF): calcd for
C14H15NO4Na

+ [M+Na]+: 284.0893; found: 284.0898

cis-34 : Rf=0.78 (silica gel, EtOAc/hexanes 1:2); IR (film): ñmax=3311,
1673, 1616, 1480, 1395, 1378, 1220, 1030, 802, 695 cm�1; 1H NMR
(400 MHz, CDCl3): d=11.53 (br s, 1H), 7.97–7.95 (m, 2H), 7.74 (dd,
J=8.9, 11.2 Hz, 1H), 7.61–7.57 (m, 1H), 7.52–7.49 (m, 2H), 5.26 (d,
J=9.0 Hz, 1H), 4.24 (q, J=7.4 Hz, 2H), 1.33 ppm (t, J=7.4 Hz, 3H);
13C NMR (150 MHz, CDCl3): d=169.8, 164.7, 138.9, 133.1, 132.3, 129.1,
127.9, 97.4, 60.5, 14.4 ppm; HRMS (ESI TOF): calcd for C12H13NO3Na

+

[M+Na]+: 242.0788; found: 242.0782

52 : Rf=0.78 (silica gel, EtOAc/hexanes 1:1); [a]
32
D =++38 (CHCl3,

c=0.13); IR (film): ñmax=3331, 2947, 1715, 1635, 1495, 1378, 1298,
1256, 1195, 1134 cm�1; 1H NMR (500 MHz, CDCl3): d=8.41 (br d,
J=11.9 Hz, 1H), 8.00 (dd, J=13.8, 11.9 Hz, 1H), 5.98–5.90 (m, 1H),
5.62 (d, J=13.8 Hz, 1H), 5.33 (d, J=16.5 Hz, 1H), 5.23 (d, J=10.1 Hz,
1H), 4.65–4.64 (m, 2H), 4.20 (s, 1H), 3.71 (d, J=11.9 Hz, 1H), 3.32 (d,
J=11.9 Hz, 1H), 1.52 (s, 3H), 1.45 (s, 3H), 1.05 (s, 3H), 1.00 ppm (s,
3H); 13C NMR (125 MHz, CDCl3): d=168.1, 166.9, 136.5, 132.5, 118.1,
102.8, 99.7, 77.3, 71.4, 65.0, 33.6, 29.6, 22.0, 19.0, 18.8 ppm; HRMS
(ESI TOF): calcd for C15H23NO5Na

+ [M+Na]+: 320.1468; found:
320.1464

53 : [a]32D =++18 (MeOH, c=0.08); IR (film): ñmax=3317, 2960, 2873,
1655, 1625, 1467, 1402, 1320, 1243, 1108, 1044 cm�1; 1H NMR
(500 MHz, CD3OD): d=7.37 (d, J=8.4 Hz, 1H), 5.18 (br s, 1H), 4.03 (s,
1H), 3.48 (d, J=11.0 Hz, 1H), 3.39 (d, J=11.0 Hz, 1H), 0.93 (s, 3H),
0.92 ppm (s, 3H); 13C NMR (125 MHz, CD3OD): d=174.4 (2C), 133.8,
129.9, 77.0, 70.0, 40.7, 21.4, 20.6 ppm; HRMS (ESI TOF): calcd for
C9H14NO5

� [M�H]� : 216.0877, found: 216.0875

64 : Rf=0.68 (silica gel, EtOAc/hexanes 1:2); IR (film): ñmax=3449, 1570,
1488, 1449, 1262, 1199, 929, 765 cm�1; 1H NMR (500 MHz, CDCl3):
d=7.43 (dd, J=8.5, 7.4 Hz, 2H), 7.36 (t, J=8.5 Hz, 1H), 7.27–7.24 (m,
1H), 7.17 (dd, J=8.1, 0.8 Hz, 1H), 7.11–7.09 (m, 2H), 6.73 ppm (dd,
J=8.8, 0.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=161.5, 154.7,
138.3, 134.2, 130.4, 125.7, 123.5, 120.5, 114.6, 113.3 ppm; HRMS
(ESI TOF): calcd for C13H8ClNOH

+ [M+H]+: 230.0367, found: 230.0359
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There has recently been intensive effort to develop porous
metallic materials because of their promising applications in
catalysis, separation technology, sensors, and fuel cells. The
success of these applications strongly relies on the availability
of porous metallic materials with specific pore sizes and
structures. In the quest to fabricate porous metallic materials
with desired pore sizes and structures, attempts have been

made to use templates in a replication process.[1–6] For
example, anodic alumina[1] and lyotropic liquid crystals[2]

were used as templates to fabricate mesoporous (voids
< 50 nm) metal films with cylindrical and parallel pores. It
was also shown that techniques involving colloidal templates
could be used to create ordered macroporous (voids
> 50 nm) metal films.[3–6] The latter method is attractive
because of its pore-size tuneability and the ordered structure
it produces. A critical issue in using this method is how to
controllably fill the interstitial space of the colloidal templates
with a desired composition. In previous work,[3–6] the use of
this method invariably led to a complete infiltration of the
interstitial space with different materials, which, to some
extent, limits the application of such a method to produce
porous metal materials with novel structures.

Porous hollow metallic spheres often exhibit catalytic
activities different from their solid counterparts and have the
advantages of low density and the use of less material.[7, 8] For
example, Hyeon and co-workers[7] showed that hollow Pd
spheres possess excellent catalytic activity in Suzuki reactions
and can be recycled without loss of the catalytic activity. The
extension of such a structure to bimetallic nanomaterials is of
great importance since the properties of one metal are usually
improved by the addition of another.[9, 10] Nevertheless, we are
not aware of publications on the generation of such materials
with ordered structures that may lead to the formation of
hierarchical porosity.

Herein we describe how two different kinds of ordered
bimetallic nanostructures with hierarchical porosity, namely a
macroporous nanostructure and a nanostructure consisting of
hollow spheres, can selectively and conveniently be fabricated
by a general template technique on silicon wafers and glass
substrates.

The starting material for the template is a colloidal
suspension of highly monodisperse silica spheres in ethanol.
The silica spheres were prepared by the improved St3ber
growing procedure,[11, 12] and subsequently modified with 3-
aminopropyltrimethoxysilane (APTMS). The closely packed
colloidal template was assembled on silicon wafers or glass
substrates that were placed vertically in a slowly evaporating
dispersion of APTMS-modified silica spheres in ethanol, as
described by Jiang et al.[13] The colloidal template was then
immersed in an aqueous solution of gold nanoparticles having
an average diameter of 3 nm. Since the cross-sectional area of
the smallest channel inside the colloidal template is much
larger than the gold nanoparticles, the nanoparticles can flow
freely throughout the colloidal template. Different kinds of
nanostructures can be prepared by varying the immersion
times and concentrations of the gold solution (see below and
the Experimental Section). Finally, the dried colloidal tem-
plate with the gold nanoparticles was dipped into a plating
solution for coating with platinum. During the plating process,
the small gold nanoparticles can serve as seeds to accelerate
the reduction of the PtCl6

2� ions by ascorbic acid. Removing
the silica template with 4% HF solution gave black self-
supporting flakes. Shrinkage of the pores was avoided since
the silica template was removed at room temperature.

It is very important to generate high-quality templates for
this template-directed method since the quality of any
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material formed by this method depends sensitively on the
ordering and the properties of the starting template. Fig-
ure 1a shows a typical scanning electron microscopy (SEM)
image of the top view of one of the silica colloidal templates.
The SEM image reveals that the 267-nm silica spheres are

organized in a close-packed arrangement with long-range
hexagonal order. These high-quality colloidal crystals can be
used as templates for the fabrication of ordered structures
constructed from hollow metallic spheres. The resulting
materials exhibit a tunable hollow volume since the starting
template can be formed from silica spheres with different
sizes. Figure 1b, c show typical SEM images (top views) of

hollow metallic nanostructured materials made by using 267-
nm and 300-nm silica colloidal crystals as templates, respec-
tively. It is evident from Figure 1b, c that after removal of the
template, the ordering feature—the original porous structure
of the starting template—and the spherical shape of the silica
spheres have clearly been retained. The hollow structure
character of these materials is anticipated by inspection of the
broken spheres seen in Figure 1b, c. A closer look at
Figure 1b,c reveals another interesting feature, namely the
existence of a hole with an average diameter of about 20 nm
in almost every hollow sphere. These holes are arranged in
order and the distances between neighboring holes are
roughly equal to the center-to-center distances of the hollow
metallic spheres. The detailed mechanism for the formation
for this structural feature will be investigated further since it
may open up a new route to the design of novel nano-
structured materials. Higher magnification SEM images in
Figure 1b,c (insets) show that these hollow spheres consist of
small nanoparticles (average diameter below 10 nm), which
are interconnected to form relatively uniform porous hollow
metallic nanoshells. The average nanoshell thickness of the
hollow metal spheres in Figure 1b and c is estimated to be
about 20 nm and about 45 nm, respectively. The nanoparticle
framework of the as-prepared materials provides yet another
level of porosity which gives the structure a very high surface
area: the size of the small pores and the overall surface area
are determined by the size of the Au/Pt nanoparticles.
Nanostructured materials with such controlled hierarchical
porosity may be particularly suitable for catalytic applica-
tions.

Energy-dispersive X-ray analysis (EDX) is a technique
that enables the elemental composition of a small selected
area of the sample to be identified with a sensitivity of about
1% for elements heavier than beryllium. Figure 2a shows an
EDX analysis of the hollow nanostructures shown in Fig-
ure 1b before (left) and after removal (right) of the SiO2

template as an example. The EDX analysis shows strong Au
and Pt peaks from the hollow nanostructures. The reasonably
strong O peak present before removal stems from the SiO2

template. The Si peak in both Figures originates most
probably from the silicon wafer. The appearance of the
remaining very weak O peak after the removal of the
template can be attributed to the reduction reagents (citrate
ions or ascorbic acid); this proposal is further supported by
the presence of the C peaks (not shown). On the basis of the
above EDX analysis it is reasonable to conclude that the silica
template is completely removed and, thus, ordered hollow
Au/Pt nanostructures are formed. Figure 2b presents an X-
ray diffraction (XRD) pattern of the sample shown in
Figure 1b. Broad diffraction peaks corresponding to metallic
Au and Pt are observed which are indicative of the presence
of nanosized Au/Pt particles (see the bulk reflexes, bottom of
Figure 2b).

Ordered macroporous metallic nanostructures are
another kind of important porous material. We found that
the current method is also applicable to the formation of such
structures if the experimental conditions are suitably con-
trolled (see Experimental Section, Method B). Figure 3 shows
a typical SEM image (top view) of the macroporous structure

Figure 1. a) SEM image of a template consisting of 267-nm silica parti-
cles, and SEM images of typical ordered hollow nanostructures formed
using b) 267-nm and c) 300-nm silica colloidal crystals as templates,
respectively. The insets show the corresponding high-magnification
images.
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formed by this method. It is evident that the resulting material
exhibits relatively uniform porosity with hexagonal close
packing, while the pores match the size of the starting silica,
thus indicating that negligible shrinkage of the metallic
structure occurs.[3a] The ordered regions can extend to several
hundreds of micrometers. The small nanoparticles around the
large pores in the original interstitial space can be clearly
observed in the corresponding higher magnification images
(Figure 3, inset). EDX and XRD analysis show that the as-
prepared materials consist of nanosized metallic Pt and Au.

The success of the current method for selective fabrication
of two different kinds of ordered bimetallic nanostructures
with hierarchical porosity is rationalized as follows. Accord-
ing to previous reports,[3] in which the colloidal template was
immersed in an aqueous solution of gold nanoparticles, small
gold nanoparticles were deposited in the interstices of the
colloidal template by an infiltration process to form a
mesoporous structure around the silica spheres. Since the
porosity allowed the solvent to flow freely through the
structure, the pores can be completely filled with gold
nanoparticles. However, the situation is different in the
present study. Modification of the silica spheres with APTMS
results in the APTMS molecules bonding to the surface of the
silica spheres with their NH2 groups directed outwards.
Immersion of this modified colloidal template leads to an
intense coverage of gold nanoparticles on the surface of the
silica spheres through the interaction between the negatively
charged gold nanoparticles and the positively charged NH2

groups (see also ref. [14]). If the concentration of the gold
nanoparticles is relatively low ([Au]= 0.06 mm) and the
immersion time in the gold solution is comparatively short
(8 h), the assembly of the gold nanoparticles on the surface of
the silica spheres predominates. A small quantity of residual
gold nanoparticles in the interstices of the colloidal template
can be removed by rinsing with deionized water (and/or by
deposition on the surface of the silica spheres during the
drying process). This is followed by a 16-minute electroless
deposition of Pt only on the surface of the silica spheres
(Method A). As a result, the removal of the template leads to
the formation of ordered porous Au/Pt nanostructures con-
structed from hollow spheres. In contrast, if the concentration
of the gold nanoparticles is higher ([Au]= 0.3 mm) and the
immersion time in the gold solution is long (16 h), besides the
assembly of gold nanoparticles on the surface of the silica
spheres, the relatively large amount of small gold nano-
particles in the interstices of the colloidal template in
combination with those on the surface of the silica spheres
associate into a larger, mesoporous structure. The following
16-minute Pt deposition leads to almost complete infiltration
of the pores of the colloidal template, and macroporous Au/Pt
nanostructures are obtained after removal of the template
(Method B).

In a second set of experiments, monodisperse but non-
ordered APTMS-modified silica spheres were used as tem-
plates and the same experimental procedures were per-
formed. We found that only hollow porous Au/Pt nano-
structures were obtained by both Methods A and B (Fig-
ure 4a). As evidenced in higher magnification images, the
shell of the hollow spheres is built-up by stringlike, structured
aggregates consisting of small Au/Pt nanoparticles which
results in many pores with an average diameter of 32 nm.
Such nanostructured materials can be particularly desirable
for application in catalytic nanoreactors. This result further
strengthens our above explanation: Since the templates are
non-ordered and the silica spheres within the template are
loosely arranged, the assembly of the gold nanoparticles and
the following Pt deposition only occurred on the surface of
the silica spheres. As a result, only hollow nanostructures can
be formed under Methods A or B. Interestingly, porous

Figure 2. a) EDX analysis of the ordered Au/Pt nanostructures shown
in Figure 1b before (left) and after (right) HF treatment, and b) XRD
pattern of the hollow nanostructure from Figure 1b.

Figure 3. Typical SEM image of an ordered macroporous Au/Pt nano-
structure. The inset shows a corresponding high-magnification image.
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hollow Au/Pt hemispheres can also be fabricated under
appropriate experimental conditions (such as, for example, an
increase in the Au concentration compared to Method A;
Figure 4b), which may provide an alternative method for the
synthesis of such materials.

In summary, ordered Au/Pt nanostructures with hierar-
chical porosity, such as macroporous nanostructures and
nanostructures constructed from hollow spheres, can be
selectively and conveniently prepared by a general template
technique on silicon wafers and glass substrates. A possible
explanation for the selective fabrication of the above-
mentioned nanostructures is given. Furthermore, since pro-
tocols exist for the deposition of many other metals, such as
Cu,[15] Pd,[16] and Ag,[17] this method could be successfully
extended to other bimetallic systems including Au/Cu, Au/Pd,
and Au/Ag (see Supporting Information). These ordered
metallic nanostructures with hierarchical porosity could be
useful in industrial applications including catalytic nano-
reactors (see Supporting Information), sensors, porous elec-
trodes, and fuel cells.

Experimental Section
3-nm gold nanoparticles:[18] A 1% solution of HAuCl4 (1 mL) was
added to water (90 mL) at room temperature. After stirring the
mixture for 1 min, 1% sodium citrate solution (2 mL) was added.
Freshly prepared 0.075% NaBH4 (in 1% sodium citrate solution;

1 mL) was added 1 min later. The resulting solution was stirred for an
additional 5 min and kept at about 4 8C until use.

Synthesis and modification of the silica spheres: Equal volumes
of a solution containing absolute ethanol (50 mL) and 0.2m tetraethyl
orthosilicate (TEOS), and another containing absolute ethanol
(50 mL), water (28 mL), and ammonia (28–30%; 4 mL) to give a
total volume of about 100 mL were mixed rapidly. The reaction was
allowed to continue for 6 h at room temperature. APTMS (100 mL)
was then added and the mixed solution was stirred for an additional
12 h. The resultant APTMS-modified silica spheres were cleaned by
consecutive centrifuging, decanting, and redispersing in ethanol by
sonication (five times). Removal of aggregates and smaller spheres
was performed by fractionation by removing the upper and the lower
fractions (three times).

Assembly of the silica template and introduction of gold nano-
particles and deposition of platinum: The APTMS-modified silica
spheres were assembled onto a silicon wafer that was placed vertically
in a slowly evaporating dispersion of silica spheres in ethanol for
2 days. The dried colloidal template was then immersed in solutions of
the gold nanoparticles at different concentrations for different times.
The dried colloidal templates with the gold nanoparticles were dipped
into a plating solution (50 mL) that contained 10% H2PtCl6 (1 mL)
and 0.1m ascorbic acid (3 mL) for different times (Method A: [Au]=
0.06 mm, immersion time in the gold solution= 8 h, Pt plating time=
16 min; Method B: [Au]= 0.3 mm, immersion time in gold solution=
16 h, Pt plating time= 16 min). All samples were placed into
deionized water and were dried in air.

Removal of the colloidal template: All samples were dipped into
4% HF solution for 5 min. The metallic film could then be peeled off
the silica wafer. This procedure was repeated to completely remove
the silica spheres.

Characterization: SEM images were obtained with a Leo 1550
supra instrument equipped with an EDX Si-detector (Oxford Instru-
ments). All structures were characterized by XRD (Philips; XEpert
MPD).
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Nitriles have a very rich coordination chemistry because they
are activated by some metals towards nucleophilic or electro-
philic attack.[1, 2] Based on this reactivity, stoichiometric and

catalytic metal-mediated conversions of organonitriles into
important organic compounds are currently being devel-
oped.[1,3] In contrast to other unsaturated molecules, such as
alkynes, alkenes, CO, or RNC, nitriles insert less easily into
metal–carbon bonds. Most of the known examples involve
nitriles RCN and early-transition or actinide metal organo-
complexes [M]�R’ to give azaalkenylidene complexes [M]�
N=CRR’ upon insertion.[4,5] In a few cases, the azaalkenyli-
dene ligand in [M]�N=C(R)CH2R’ rearranges by a 1,3-H shift
to the corresponding enamide [M]�NHC(R)=CHR’.[5] Some
special cases involve low-valent transition-metal organocom-
plexes [M]�CH2C(O)R’ that react at high temperature with a
nitrile RCN and PPh3 to give a k2-C,O-cyclometalated imino
complex [M]�NHC(R)CHC(O)R’.[6] Another unusual case is
the reaction between the extremely reactive Fe2Mes4 (Mes=
2,4,6-Me3C6H2) and PhCN to give the dimer [{(PhCN)-
(Mes)Fe}2(m-N=CPhMes)2].

[7] Herein, we report a new type
of nitrile insertion that also represents the first example of the
insertion of a nitrile into a C�M bond (in which M is a late-
transition element).

[Pd{2-(OH)C6H4}I(tmeda)] (tmeda=N,N,N’,N’-tetrame-
thylethylenediamine) reacts at room temperature with
excess RCN and 1 equivalent of TlOTf (OTf=CF3SO3) to
give [Pd{1-O-2-[C(R)=NH]C6H4-k

2-O,N}(tmeda)]OTf [R=

Me (1), C6F5 (2), CH2=CH (3)] (Scheme 1). As many known

stable alkyl– and aryl–palladium complexes contain a cis-
coordinated nitrile ligand,[8] we can assume that the ortho-
hydroxy group plays a crucial role in the process and that after
substitution of the iodo ligand by RCN (A in Scheme 2), the
following stepB is the protonation of the nitrogen atom of the
nitrile. Unexpectedly, however, the usual nucleophilic attack
at the nitrile carbon atom by the oxygen function[1,2] to give
the addition product C does not occur. In our opinion, the
resonance form B’ contributes significantly to the electronic
structure of the protonated intermediate because of the
electron-withdrawing character of the positively charged
metal center and the electron-releasing nature of the neg-
atively charged oxygen substituent. Both favor the location of
a partial negative charge on the ipso carbon atom of the aryl
ligand. Therefore, our results can be explained through the
nucleophilic attack at the nitrile carbon by the ipso carbon
atom, probably via the four-membered metallacycle D.
Consequently, this insertion process differs from those
reported previously with other unsaturated molecules in the
role played by the ortho-hydroxy group, first in the proto-

Scheme 1. Reaction of [Pd{2-(OH)C6H4}I(tmeda)], excess nitrile, and
TlOTf (1 equiv).
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nation of the nitrile ligand and then in the generation of a
partial negative charge on the ipso carbon atom of the aryl
ligand.

Recently, the reaction of acrylonitrile with [PdMe-
(NMe2Ph)L2]

+, [{PdMe(L2)}2(m-Cl)]
+ (L2= various bidentate

N-donor ligands),[9] and [Pd(O,N)Me(NCMe)] (O,N=

Grubbs salicylaldiminato and related diazene ligands)[10]

were reported to give a-cyanopropyl derivatives, that is, the
insertion products of the olefinic part of the nitrile into the
Pd�Me bond. In all cases, the first step was, as we propose in
our case, the N-coordination of the nitrile but the difference
from our result (complex 3) proves to be the crucial role
played by the hydroxy group in our reactions. We have
reported that CO and olefins insert into the C�Pd bond of
[Pd{2-(OH)C6H4}I(tmeda)] without intervention of the hy-
droxy group.[11]

The insertion of a nitrile group into an aryl–Pd bond has
been postulated as a step in the mechanism of the synthesis of
aryl ketones by the Pd-catalyzed reaction of arenes with
nitriles at 75–100 8C.[12] The proposed subsequent step is the
protonation of the resulting imido complex to give an imine.
Our results suggest that these two steps could occur in the
reverse order.

Complexes similar to 1–3were prepared by the reaction of
1) [Ru(L2)2(CO3)] (L2= bpy (2,2’-bipyridyl), phen (1,10-phe-
nanthroline)) with p-{CH2N=C(Me)(2-OHC6H4)}2C6H4,

[13]

2) [Ru(PPh3)3Cl2] with oximes of salicylaldehyde, 2-hydroxy-
acetophenone, or 2-hydroxynaphthylaldehyde,[14] and
3) aqueous ammonia, 2-hydroxo-4-methoxyacetophenone,
and copper(ii) salts.[15] Therefore, in the known complexes
the main skeleton of the ligand is preformed in the organic
reagent. Complexes 1–3 contain ligands of the same family as
that present in Grubbs nickel catalysts.[16]

The crystal structures of the three complexes were solved
by X-ray diffraction studies (Figures 1–3).[17] They show a
distorted square-planar geometry at the palladium center,
with normal bond lengths and angles. The chelate ring
involving N1 and O1 is essentially planar in 1 but becomes
less planar for 2 and 3 (mean deviations 0.03, 0.08, 0.11 @).

Cation/anion N�H···O(O2)SCF3 hydrogen bonds are
observed.

In conclusion, we have reported the first examples of the
insertion of nitriles into a late-transition-metal–carbon bond.
The process involves the insertion of an alkyl (Me), aryl
(C6F5), or vinyl nitrile into an aryl–palladium bond. The
insertion is assisted by the protonation of the nitrile nitrogen
atom by the ortho-hydroxy group present in the aryl ligand
and thus represents a new type of insertion reaction.

Scheme 2. Proposed mechanism for the reaction of
[Pd{2-(OH)C6H4}I(tmeda)] with nitriles.

Figure 1. Thermal ellipsoid plot (50% probability) of 1. Selected bond
lengths [N] and angles [8]: Pd–O1 1.9655(14), Pd–N1 1.9800(16), Pd–
N2 2.0685(16), Pd–N3 2.0710(16), N1–C7 1.297(3), O1–C1 1.313(2);
O1-Pd-N1 91.58(6), O1-Pd-N2 87.55(6), N1-Pd-N3 95.55(7), N2-Pd-N3
85.62(6), C7-N1-Pd 128.74(14), C1-O1-Pd 126.31(12), N1-C7-C2
123.24(17), N1-C7-C8 117.75(18), C2-C7-C8 118.95(17).

Figure 2. Thermal ellipsoid plot (30% probability) of 2. Selected bond
lengths [N] and angles [8]: Pd–N1 1.9769(13), Pd–O1 1.9804(12), Pd–
N2 2.0636(15), Pd–N3 2.0698(14), O1–C1 1.308(2), N1–C7 1.288(2);
N1-Pd-O1 90.91(5), N1-Pd-N2 94.21(6), O1-Pd-N3 89.00(5), N2-Pd-N3
85.88(6), C1-O1-Pd 125.59(10), C7-N1-Pd 127.26(11), N1-C7-C2
125.08(15), N1-C7-C11 115.63(14), C2-C7-C11 119.29(14).
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Preliminary results allow us to state that the process also
occurs with other alkyl and aryl nitriles.

Experimental Section
General procedure: The nitrile (1.15 mmol) and TlOTf (81 mg,
0.23 mmol) was added to a solution of [Pd{2-(OH)C6H4}I(tmeda)][11]

(100 mg, 0.23 mmol) in CH2Cl2 (15 mL). The resulting mixture was
stirred for 4 h at room temperature, the suspension was filtered over
celite, the yellow solution was concentrated (3 mL), and Et2O
(10 mL) was added, which resulted in the precipitation of a solid.
The precipitate was filtered, washed with Et2O (3E 5 mL), and dried
to give the corresponding complex as a yellow solid.

1: Yield: 90 mg, 78%; m.p. 164 8C; LM= 143W�1 cm2mol�1. IR:
ñ= 3275 n(NH), 1605 cm�1 n(C=N); 1H NMR (300 MHz, CDCl3): d=
8.71 (s, 1H; NH), 7.47 (dd, 1H, 3JHH= 8.3 Hz, 4JHH= 1.5 Hz; C6H4),
7.27 (ddd, 1H, 3JHH= 6.9 Hz, 3JHH= 8.4 Hz, 4JHH= 1.6 Hz; C6H4), 6.91
(dd, 1H, 3JHH= 8.4 Hz, 4JHH= 1 Hz; C6H4), 6.64 (ddd, 1H, 3JHH=
6.9 Hz, 3JHH= 8.1 Hz, 4JHH= 1.6 Hz; C6H4), 2.92 (s, 6H; Me
(tmeda)), 2.85 (s, 4H; CH2), 2.74 (s, 6H; Me (tmeda)), 2.68 ppm (s,
3H; Me (MeCN)); 13C{1H} NMR (100 MHz, CDCl3): d= 172.11 (C),
163.24 (C), 134.30 (CH), 130.93 (CH), 121.04 (CH), 120.92 (C), 115.93
(CH), 63.30 (CH2), 60.39 (CH2), 50.92 (Me (tmeda)), 48.99 (Me
(tmeda)), 24.53 ppm (Me (MeCN)); elemental analysis: calcd for
C15H24N3O4SF3Pd: C 35.62, H 4.78, N 8.31, S 6.34; found: C 35.31, H
4.67, N 8.21, S 6.09; single crystals were grown by slow diffusion of n-
hexane into a solution of 1 in CH2Cl2.

2 : Yield: 125 mg, 83%; m.p. 218 8C (decomp.); LM=
125W�1 cm2mol�1; IR: ñ= 3193 n(NH), 1601 cm�1 n(C=N);
1H NMR (400 MHz, [D6]acetone): d= 9.75 (s, 1H; NH), 7.39 (ddd,
1H, 3JHH= 6.9 Hz, 3JHH= 8.6 Hz, 4JHH= 1.7 Hz; C6H4), 7.11 (dd, 1H,
3JHH= 8.3 Hz, 4JHH= 1 Hz; C6H4), 7.04 (dd, 1H, 3JHH= 8.6 Hz, 4JHH=
1 Hz; C6H4), 6.58 (ddd, 1H, 3JHH= 7 Hz, 3JHH= 8.30 Hz, 4JHH=

1.1 Hz; C6H4), 3.14 (s, 4H; CH2), 2.96 (s, 6H; Me), 2.91 ppm (s, 6H;
Me); 13C{1H} NMR (100 MHz, [D6]acetone): d= 166.65 (C), 161.16
(C), 136.80 (CH), 133.27 (CH), 122.64 (CH), 120.70 (C), 117.15 (CH),
64.15 (CH2), 61.45 (CH2), 51.31 (Me), 49.67 ppm (Me); elemental
analysis: calcd for C20H21N3O4SF8Pd: C 36.52, H 3.22, N 6.39, S 4.87;
found: C 36.41, H 3.20, N 6.43, S 4.80; single crystals were grown by
slow diffusion of n-hexane into a solution of 2 in acetone.

3 : Yield: 100 mg, 84%; m.p. 169 8C (decomp.); LM=
100W�1 cm2mol�1; IR: ñ= 3293 n(NH), 1603 cm�1 n(C=N);

1H NMR (400 MHz, CDCl3): d= 8.38 (s, 1H; NH), 7.46 (dd, 1H,
3JHH= 8.2 Hz, 4JHH= 1.6 Hz; C6H4), 7.29 (ddd, 1H, 3JHH= 6.8 Hz,
3JHH= 8.5 Hz, 4JHH= 1.7 Hz; C6H4), 6.96–6.89 (m, 2H; C6H4, CH2=

CH), 6.64 (ddd, 1H, 3JHH= 7.0 Hz, 3JHH= 8.1 Hz, 4JHH= 1.1 Hz,
C6H4), 5.83 (m, 2H; CH2=CH, CH2=CH), 2.91 (s, 6H; Me), 2.89 (s,
4H; CH2 (tmeda)), 2.75 ppm (s, 6H; Me); 13C{1H} NMR (400 MHz,
CDCl3): d= 171.05 (C), 164.64 (C), 134.77 (CH (C6H4)), 133.32 (CH2=

CH), 132.34 (CH (C6H4)), 126.73 (CH2=CH), 121.10 (CH (C6H4)),
115.85 (CH (C6H4)), 120.58 (C), 115.85 (CH (C6H4)), 63.30 (CH2

(tmeda)), 60.46 (CH2 (tmeda)), 50.91 (Me), 49.36 ppm (Me);
elemental analysis: calcd for C16H24N3O4F3SPd: C 37.11, H 4.67, N
8.11, S 6.19; found: C 36.86, H 4.78, N 8.11, S 6.03; single crystals were
grown by slow diffusion of Et2O into a solution of 3 in CH2Cl2.
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Many organisms make use of calcium carbonate as a
construction material, and for this purpose are able to
selectively control the formation of the different polymorphs
of this material. This is not the case for technical processes.
Calcite is thermodynamically more stable at ambient pressure
and temperature[1] than the other anhydrous CaCO3 poly-
morphs (vaterite and aragonite), and thus is most easily
obtained with long reaction times. There are some technical
procedures which generate vaterite (usually the first poly-
morph formed as a result of the Ostwald rule of stages) by
performing the precipitation along the kinetic pathway and
yielding the kinetic metastable vaterite product or by trapping
and stabilizing the very early crystals[2] with appropriate
stabilizers. However, the mechanically very interesting ara-
gonite (usually a high-pressure modification) is virtually
inaccessible by chemical means, except by adding extreme
amounts of Mg2+ ions to the mother liquor.[3, 4] It should be
recalled that nacre, with its extraordinary mechanical perfor-
mance, is based on pure aragonite platelets[5] and shows clear
long-time stability even in the presence of water. In contrast,
aragonite usually starts to transform to calcite within a day or
faster depending on the pH value and temperature.[6, 7] Thus,
one of the main challenges in the crystallization of calcium
carbonate remains the synthesis of pure aragonite of uniform
size and morphology under ambient conditions.

It has previously been described that aragonite is formed
in a biomimetic pathway in the presence of several extracted
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macromolecules from different shells in the presence[8] or
absence[9] of an organic matrix, under compressed mono-
layers[10,11] or at the liquid–liquid interface in a radial Hele–
Shaw cell.[12] More recently, aragonite was obtained as a
metastable intermediate at the air–water interface by the use
of a basic polymer.[13] Other reported ways to obtain aragonite
include, for example, the transformation of amorphous calcium
carbonate nanoparticles in reverse surfactant microemul-
sions,[14] by heat-induced precipitation onto self-assembled
monolayers of anthracene-terminated thiol chains,[15] or by
high-power ultrasonic irradiation at certain sound amplitudes.[16]

Herein we report the simple synthesis of homogeneous
aragonite crystals with structural complexity by applying the
standard vapor diffusion method to particles of a hydrophilic
block copolymer.[17] These particles are composed of a
triblock copolymer, poly(diethylaminoethyl methacrylate)-
b-poly(N-isopropylacrylamide)-b-poly(methacrylic acid)
(PDEAEMA-b-PNIPAM-b-PMAA), in which the poly-
(methacrylic acid) core is cross-linked by 1,3-diisopropylene-
benzene.[18, 19] The current process, contrary to previously
reported syntheses, does not rely on an excess of inorganic
metal ions nor the presence of a whole assembly of macro-
molecules or surfactants; only cheap and commonly acces-
sible chemicals are required for the polymer preparation as
well as a small amount of polymer template particles under
bio-inspired crystallization conditions, that is, water at
ambient pressure and temperature. Furthermore, the experi-
ment is particularly easy to set up.

The beneficial and useful application of block copolymers
with more than one hydrophilic block in crystallization has
been known for several years.[20,21] So-called “double hydro-
philic block copolymers” are currently used to mimic the
processes occurring in natural biological materials. They
consist of two hydrophilic blocks: one is a polyelectrolyte, and
thus strongly interacts with crystal surfaces, and the other one
is a non-ionic block, which provides the water solubility
without interacting with the crystal.

The current system is such that it contains both an outer
positive and an inner negative polymer block, the poly(di-
ethylaminoethyl methacrylate) and poly(methacrylic acid)
PDEAEMA and PMAA blocks, respectively, which can
interact with both ions and different crystal moieties and
faces. In this way, its role is expected to act as an ion sponge
and to nucleate and stabilize nanocrystals which will con-
stitute the building units of a crystalline superstructure. The
PNIPAM part is expected to mediate sufficient steric stability
to the particles throughout all steps of the process at room
temperature where PNIPAM is hydrophilic. PDEAEMA-
PNIPAM-b-PtBMA/MAA (cross-linked) also exhibits some
hydrophilic microgel properties, which are provided mostly
by the third block (PMAA). The hydrodynamic diameter of
the microgel particles dispersed in water is about 1 mm, but
after drying, TEM images show an average particle size of
about 200 nm with a narrow size distribution between 170 and
220 nm.[19] Thus, the size of these spherical microgels can vary
by swelling according to the medium (dried or in water) in
which they are placed.

Precipitation experiments were performed using the so-
called vapor diffusion method, with calcium carbonate

synthesized by the diffusion of carbon dioxide vapor
(obtained from the thermal decomposition of ammonium
carbonate) into a calcium chloride solution (0.01m) mixed
with very small amounts of PDEAEMA-PNIPAM-b-PtMA/
MAA (10�4 mgmL�1, 0.1 ppm). It is emphasized that the
relative ratio of these compounds is so high that the polymer
practically does not contribute by weight to the final crystals
(ratio CaCO3/block copolymer� 104:1), that is, it is essentially
its influence on nucleation which is relevant.

Scanning electron microscopy (SEM) studies of a sample
collected after 12 days from the bottom of the reaction flasks
shows “sheaf bundle” crystals[10–12] as the predominant
morphology, slightly contaminated with a few calcite rhom-
bohedra from the free growth of CaCO3 (Figure 1a). A higher

magnification (Figure 1b) reveals the high uniformity of this
superstructure morphology and the quite narrow size distri-
bution with a diameter of about 60 mm. It will be shown below
that all the superstructures have been heterogeneously
nucleated at interfaces. We therefore assume that the calcite
contamination arises from the co-occurrence of free calcite
nucleation in homogeneous solution, which cannot be com-
pletely suppressed by the very low concentrations of polymer
modifier employed (0.1 ppm).

Figure 1. Lower (a) and higher (b) magnification SEM images showing
a rather narrow distribution of “sheaf bundle” crystals at the bottom of
the precipitation flask.
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The identification of the phase of the synthesized CaCO3

was carried out by X-ray powder diffraction (XRD) analysis.
The XRD pattern of the sample displays the following
diffraction peaks (2q [8]): 26.12, 27.10, 32.74, 33.06, 36.12,
37.29, 37.89, 38.48, 39.42, 41.27, 43.01, 45.96, 48.44, 50.25,
52.44, and 52.92, which can be correlated to the (hkl) indices
(111), (021), (121), (012), (200), (031), (112), (130), (211),
(220), (221), (202), (132), (113), (321), respectively, of pure
aragonite. For the sample collected from the bottom of the
flask, peaks of rhombohedral calcite are also observed
(diffraction peaks 2q [8] (hkl): 29.27 (104), 39.42 (202), 47.36
(018)). These results are in agreement with the SEM
observations. The identification of the phase of these crystals
was also confirmed by Fourier transform infrared (FTIR)
spectroscopy, which showed characteristic vibrational bands
at 699, 711, 852, and 1082 cm�1. The characteristic vibrational
band corresponding to the asymmetric C�O stretch is
1469 cm�1 for aragonite and 1422 cm�1 for calcite. However,
the broadness in this wavenumber region means that it is not
possible to assign the band at 1445 cm�1.

Nucleation at interfaces is also proven by analyzing finer
details of the “sheaf bundles”. Analysis of the trunk attach-
ment on the glass surface (Figure 2a) and the fine structure of
fallen-off crystal trunks (Figure 2b) leads us to suggest that
nucleation of these crystals indeed occurs from the two-

dimensional structure already present at the flat end of the
trunk. The central hole in the trunk even has the correct size
(of about 1 mm) to formerly have hosted one of the microgel
particles of the polymer, that is, one polymer particle
promotes the heterogeneous nucleation of one crystal super-
structure. This view is supported by attachment of the
externally positively charged particles (outer PDEAEMA
layer) to the negatively charged glass surface at the starting
pH value of 5.8 for crystallization, as shown by the adsorption
of positive dyes or positively charged latexes onto the glass
slide (see also the Supporting Information for the adsorption
of the triblock copolymer particle).

Other experiments were performed to understand how
such stable aragonite crystallization can occur under ambient
conditions. Figure 3 presents TEM measurements performed

on the primary building blocks seen clearly in Figure 2b.
These subunits are quite homogeneous and have a rodlike
shape with lengths ranging from 500 nm to a few micrometers
(Figure 3a and 3c). Their diffraction patterns are in some
cases typical of mesocrystals such as the particle presented in
Figure 3a (Figure 3b; in this case the crystal is oriented along
the [110] direction) or typical of a single crystal such as the
one presented in Figure 3d which is characteristic of the [010]
zone axis. In both cases the long axis of the crystal is [001].

Figure 2. SEM images showing the trunk attachment to the glass wall
(a) and the root (b) of a fallen-off “sheaf bundle” crystal.

Figure 3. TEM overview images of two building blocks (a, c) and their
respective electron diffractions (b, d). HRTEM image of parts of differ-
ent building blocks (e, f) and their respective power spectra (g, h). The
arrows indicate the [001] direction.
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High-resolution TEM (HRTEM) was used to study the
crystallinity and the surface of the particles (Figure 3e and f).
The particles show a well-defined crystalline core as demon-
strated by their power spectra (PS, Figure 3g and 3h), which
are characteristic of single crystals viewed along the [110] and
[010] directions, respectively. Surprisingly, they also show a
clearly developed amorphous layer of around 5-nm thickness
on their surface. This layer can not be formed by organic
compounds such as the 1-mm polymer template used to induce
the nucleation, and in fact this thin layer starts to crystallize
slowly under the intense electron beam of the microscope.
This observation suggests that this layer is composed of
amorphous calcium carbonate (ACC), as was found recently
on the aragonite platelets of nacre.[22] Thus, the above
observations show the possibility to retrosynthesize the
amorphous-layer-coated aragonite platelets in nacre by
using the current synthetic polymers and crystallization
conditions. The exact reason for the stabilization of the
aragonite polymorph by a protective ACC layer is as yet
unknown and the subject of ongoing work. Nevertheless, this
amorphous “coating” could protect the aragonite against
recrystallization when in contact for longer times with water.

Finally, experiments were also performed with higher
polymer concentrations (10�3 to 1 mgmL�1), while keeping
the CaCl2 concentration (0.01m) constant. The increase leads
first to a higher heterogeneity of the crystals until the specific
crystal shape disappears. Only the mineralization of the
microgel particles towards amorphous composite structures
could be observed at the highest polymer concentrations
(Figure 4), because of the lower available mineral concen-

tration for each polymer particle. Dynamic light scattering
(DLS) investigations confirmed the interactions between the
core of the particle, which is mainly composed of acidic
groups (PMAA), and the calcium ions of the solution. Indeed,
DLS studies have shown that an increase in the ionic strength
of the solution leads to a decrease in the average particle
diameter of the stabilizing microgel particles (the average
diameter of the triblock particles is ca. 1000 nm in water[19]

whereas it decreases to ca. 800 nm in 0.01m CaCl2 solution).

The increase in the pH value in the experimentally important
range from the starting value of 5.8 to the end value of 9.5
slightly increases the size of the particles to 1200 nm as a
consequence of PMAA charge repulsion in the core.

Presumably the higher polymer concentrations model the
very early stages of the formation of the “sheaf bundles”. The
amphoteric microgels are strong enough to bind all counter-
ions and amorphous intermediates up to a critical concen-
tration. When the binding concentration is exhausted (which
is the case for concentration/weight ratios of CaCl2/polymer
greater than 1:1), this highly concentrated salt phase can
specifically nucleate the aragonite phase, presumably as a
result of the stabilization effects specific for the precursor-
loaded polymer. The hydrogen exchange between the amine
and the acid blocks could be expected to contribute to this
effect. Indeed, such an interaction has been observed in the
diblock copolymer poly(diethylaminoethyl methacrylate)-b-
poly(methacrylic acid) and led to insolubility in water even at
high pH values.[23] However, in the case of the triblock
microgel particles here, their solubility and their size in
water (ca. 1000 nm) prove that the interaction between the
outer poly(diethylaminoethyl methacrylate) block and the
inner poly(methacrylic acid) block is only of minor impor-
tance. Apparently, both the reduced mobility of the poly-
(methacrylic acid) acid groups, because of cross-linking, and a
shielding action of the poly(N-isopropylacrylamide) middle
block efficiently prevent this interaction. On the basis of
Figure 4 it can be suggested that the amphoteric polymer
microgel increases the salt concentration in its interior/
proximity as a consequence of some zwitterionic moieties
(this proposal is supported by the decrease in the particle size
upon the addition of salt, as evident from DLS studies),
whereas the excess of the outer PDEAEMA block nucleates a
ring of radially aligned primary aragonite nanocrystals (see
Supporting Information). Other molecules containing tertiary
amine functions also induced aragonite formation.[24] This
observation is in line with a recent finding that many
molluscan shell proteins found in nacre could be less acidic
than previously thought.[25] However, the controlled crystal-
lization experiment with the PDEAEMA homopolymer
additive indicated the beginning of the formation of elon-
gated aragonite particles as well as the typical calcite
rhombohedra found in the experiment with polymer concen-
trations greater than 1 mgmL�1. At lower concentrations, the
morphology of the formed calcite was still modified and
resulted in roughly spherical particle superstructures up to
polymer concentrations of 0.01 mgmL�1, when the default
calcite rhombohedra are almost exclusively obtained. This
observation indicates that a high local polycation concen-
tration should be present for the aragonite nucleation (see
Supporting Information). Regardless, this ring of nanocrys-
tals, once nucleated, propagates by growth to a distance of
about 20 mm from the glass wall until the single components
lose vectorial alignment and fold up to the head of the
aragonite superstructure.

The lower the polymer concentration, the fewer the
nucleation sites, so that the most developed and diversified
structures are indeed formed at the extremely low concen-
tration of 0.1 mgL�1 (0.1 ppm), a reactant concentration well

Figure 4. SEM images at lower and higher (inset) magnification of the
mineralized polymer microgels (1 mgmL�1).
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below usual values chosen to modify a physicochemical
process. The fact that the aragonite superstructures nucleate
on the glass walls indicates that the amphoteric microgels with
a cationic outer layer indeed interact with the negatively
charged glass wall. This interaction was confirmed by SEM
investigations (see Supporting Information). Indeed, the
triblock particles were still found to be attached to the glass
surface after immersion of the glass slide in the 0.01m CaCl2
solution and extensive washing.

In conclusion, it has been shown that it is possible to
generate aragonite crystals by the gas-diffusion technique
under ambient pressure and temperature. As the employed
amphoteric polymer microgels only act as a highly selective
nucleation and polymorph control agent, and are already
active at the lowest concentrations (0.1 mgL�1, 0.1 ppm), the
resulting aragonite particles are practically free from organic
contaminants and can potentially be used as they are.

Furthermore, all the structures are found to adopt a
structurally well-defined, highly reproducible, “sheaf bundle”
morphology. This shows that propagation of a structurally
confined nucleation on the micrometer scale (a ring of
radially aligned aragonite nanocrystals) can lead to control of
crystals with high structural complexity, even without the
action of geometric confinements, templates, and outer force
fields. The formed superstructures are stable against recrys-
tallization for at least two weeks even in contact with water,
thus indicating the stability of the formed aragonite in this
special morphology, which is in contrast to literature reports
on aragonite stability in water.[6, 7] This stability could arise
from the observed outer ACC layer (Figure 3) preventing the
aragonite–water contact. The unexpected stability of the ACC
layer in water is the subject of ongoing investigations.
However, this ACC layer does not seem to perfectly protect
the aragonite crystals as deduced from the observation that a
single microgel particle is able to nucleate a whole trunk of
apparently unconnected aragonite crystals (Figure 2). As
calcite is observed as the default solution-nucleated product
(Figure 1a) and there is no additional polymer available
beside the microgel templates, the exclusive formation of
aragonite in the complex superstructures (Figure 2) could not
be explained unless a crystallographic bridge is present
between the individual particles. Such a bridge extending
throughout the ACC layer could then act as a nucleation site
for the formation of another aragonite particle by mesoscopic
transformation of ACC precursors.[26] This result means that
the whole particle superstructure is crystallographically con-
nected, thus giving a possible explanation for the finding in
biomineralization that very minute amounts of additive can
influence a much larger amount of inorganic crystals. The
present synthetic block copolymer microgels are indeed able
to selectively nucleate aragonite at 0.1 ppm at ambient
conditions in water. In summary, our study reveals three
important and novel points: an easy biomimetic set-up to
obtain aragonite with only a negligible concentration of
polymer, the presence of an ACC layer never observed before
around each single crystal block of the bundle, and the
probable influence of the tertiary amine in this example as
opposed to acidic molecules which are normally discussed as
effective crystallization additives.

Experimental Section
CaCO3 synthesis: Calcium carbonate polycrystals were grown by
diffusion of carbon dioxide into calcium chloride solutions according
to the gas diffusion method by thermal decomposition of ammonium
carbonate. Experiments were performed at room temperature (22�
1 8C). Two flasks containing 0.01m calcium chloride solutions (20 mL)
mixed with different concentrations of DHBC particles (10�4, 10�3,
10�2, 0.1, and 1 mgmL�1) and fresh ammonium carbonate (2 g) were
placed into a closed chamber (1000 cm3). The aqueous solutions of
CaCl2 were prepared in doubly distilled water and bubbled with N2

overnight before use. The decomposition of ammonium carbonate
produced ammonia and carbon dioxide diffusing through 5 needle-
holes pierced into the parafilm cover of the flasks. The initial solution
was slightly acidic (pH 5.8) but the pH value rose to 9.5 because of the
dissolved NH3. After completion of mineral deposition (12 days), the
sample was removed from solution, rinsed with filtered water and
ethanol, then air-dried.

Polymer synthesis: After preparation by aqueous heterophase
polymerization, cleaning by ultrafiltration, and isolating by freeze
drying, the solid could easily be dispersed into water.[19]

Crystal characterizations: The crystals were washed with distilled
water then ethanol and dried in air for further characterization.
Powder X-ray diffraction (XRD) patterns were recorded on a
PDS 120 diffractometer (Nonius GmbH, Solingen) with CuKa radia-
tion. The SEM measurements were performed on a LEO 1550–
GEMINI with gold-coated samples. FT-IR spectra were recorded
either on a Nicolet Impact 400 or a BioRad FTS6000 spectrometer.
For TEM studies one or more drops of the solution of the nano-
particles dispersed in ethanol were deposited on an amorphous
carbon film. A Phillips CM200 FEG microscope, 200 kV, equipped
with a field emission gun was used. The coefficient of spherical
aberration was Cs= 1.35 nm. The average particle diameter was
determined by dynamic light scattering methods with a NICOMP
particle sizer (model 370, NICOMP particle sizing systems, Santa
Barbara, California, USA) as well as with a commercial goniometer
with a digital correlator (both ALV, Langen, Germany) and a helium–
neon laser (Polytec, Waldbronn, Germany) with wavelength l=
633 nm. The data evaluation of the correlation functions was based
on the computer program CONTIN (Provencher, 1982), which
performs an inverse Laplace transformation.
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Controlling the wettability of a solid surface is important for
myriad applications, ranging from self-cleaning surfaces to
microfluidics to biomedicine.[1–3] Recently, a variety of smart
surfaces with reversibly switchable wettability have been
developed. The reversible switching is realized through the
adjustment of electrical potential,[4–6] temperature,[7, 8] and
light illumination,[9–13] adsorption of biopolymer,[14] and treat-
ment of selective solvents.[15,16] Among these approaches, the

switch of the electrical potential receives special attention
because it is simple and conveniently controlled by electricity.
Moreover, the switching is readily individually addressable
when an array of small surfaces is involved. Lahann et al.[4]

constructed a reversibly switching surface by depositing a
low-density carboxylate-terminated self-assembled mono-
layer on a gold surface. Electrical potential was used to
trigger the conformational transition of the monolayer,
resulting in switching of the surface wettability. However,
the change in surface wettability is small (20 to 308 water
contact angle), which is likely to limit its practical applica-
tions. It is reported that ZnO films[11,12] and poly(N-isopro-
pylacrylamide)-modified patterned surfaces[7] can undergo
reversible wettability switching between two extremes, super-
hydrophobicity (water contact angle> 1508) and superhydro-
philicity (water contact angle< 58) through the use of ultra-
violet light and a temperature change, respectively. The
photoswitching requires several days to achieve the hydro-
philic-to-hydrophobic conversion, and both the photoswitch-
ing and thermal switching are difficult to implement to
individually address an array of small surfaces. Herein we
report a simple electrochemical process to fabricate super-
hydrophobic conducting polypyrrole (PPy) films and demon-
strate that their properties can be switched conveniently from
superhydrophobic to superhydrophilic by changing the elec-
trical potential.

Conducting polymers (also called conjugated polymers or
synthetic metals) such as polypyrrole (PPy) have been studied
in great detail because their unique optical, electrical, and
mechanical properties offer many new possibilities for device
fabrication.[17,18] Interest has recently developed in their
surface properties such as wettability because of potential
applications in corrosion protection,[19] conductive textiles,[20]

and antistatic coatings,[21] and in the immobilization of
biopolymers[22] and growth control of living cells.[23] Usually
the conducting polymers contain a positively charged con-
jugated backbone and negatively charged counterions (dop-
ants). The wettability of conducting polymers depends greatly
on the types of dopants used.[22] For example, a PPy film
containing a perfluorinated dopant exhibited hydrophobicity
(water contact angle> 908), while ClO4

�-doped PPy was
hydrophilic.[21] Furthermore, the doping level can be con-
trolled by changing the electrical potential, resulting in
reversibly switchable surface wettability.[23,24] Scheme 1

shows the reversible switching process between the doped
(oxidized) state and dedoped (neutral) state of PPy. To
achieve a large variation in wettability (water contact angle
difference� 808) between the doped and neutral states of
conjugated polymers, researchers have focused on fabricating
hydrophilic conducting polythiophene and then converting it
into hydrophobic neutral polythiophene.[25, 26] This study
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describes the first synthesis of superhydrophobic conducting
polymers and the reversible control of the wettability of
conducting polymer films between superhydrophobicity and
superhydrophilicity.

Superhydrophobic PPy films were synthesized on a
conducting surface such as Au-coated glass by electrochem-
ical polymerization. The electroplating solution contained
0.1m pyrrole, 0.05m tetraethylammonium perfluorooctane-
sulfonate (TEAPFOS, Et4N

+CF3(CF2)7SO3
�), and 2.0 = 10�4m

FeCl3 in acetonitrile. The electropolymerization was carried
out galvanostatically. Figure 1a is a typical top view obtained

by scanning electron microscopy (SEM) of the as-deposited
perfluorooctanesulfonate (PFOS)-doped PPy film. The image
reveals an extended porous structure of the PPy film. The
pore size ranges from 10 to 50 mm. A magnified image of a
single pore shows that the pore wall is also highly porous
(Figure 1b). Figure 1c reveals the structure of the pore wall.
The smaller pores (compared with the pores in Figure 1a) are
on the order of 1–4 mm. The particle assemblies surrounding
the smaller pores are composed of submicron PPy particles
with diameters of 0.5–1 mm. As will be discussed later, this
porous structure with roughness on both coarse and fine
scales is most effective in achieving superhydrophobicity and
superhydrophilicity.

The tiny amount of Fe in the plating solution plays a key
role in the formation of this highly porous structure. When no
Fe was in the solution, a compact structure (Figure 1d) was
obtained. Fe3+ and Fe2+ salts have been used as catalysts for
the chemical polymerization of conducting polymers such as
PPy and polyaniline (PAni), while oxygen, ozone, or H2O2

were used as the oxidizing reagent.[27–29] In our system, the
formation of the porous PPy film may be attributed to the
coexistence of electropolymerization and chemical polymer-
ization processes. Without Fe in the plating solution, the PPy
was produced by only electropolymerization and had a
compact structure. When Fe3+ was included in the solution,

besides the electropolymerization, Fe3+-catalyzed bulk chem-
ical polymerization may also occur (Scheme 2). For the
Fe3+-catalyzed polymerization, the tiny amount of Fe3+ first
oxidizes the pyrrole monomer to give PPy and the Fe3+ ions
are reduced to Fe2+ ions. Then the Fe2+ ions are oxidized into

Fe3+ by the positive potential and used again to chemically
synthesize PPy. Thus, Fe3+ acts as a catalyst in the synthesis of
PPy. The need to regenerate Fe3+ by the electrode is believed
to confine the chemical polymerization to the vicinity of the
electrode surface, leading to closely coupled electropolyme-
rization and chemical polymerization. And this combined
polymerization process promotes the growth of porous and
rough PPy film.

Other types of iron salts, such as FeCl2, Fe(ClO4)3,
Fe(ClO4)2, and FeSO4, can also be used to produce similar
PPy structures. To control the rate of chemical polymerization
and the import of excess amounts of codopants such as Cl� ,
ClO4

� , and SO4
2�, the concentration of the iron salts is usually

kept very low (< 10�3m).
As-prepared highly porous PPy films have interesting

surface properties. As can be seen from the SEM images
(Figure 1a–c), the porous PPy films exhibit both coarse-scale
and fine-scale roughness (so-called double-roughness struc-
ture), which is a favorable structure for mimicking the lotus-
leaf effect for repelling water.[30] When low-surface-energy
perfluorooctanesulfonate (PFOS) was used as a dopant in the
polymerization, the PPy films showed superhydrophobicity
with a static water contact angle as high as 152� 28 (Figure 2a
left), while the water contact angle of the compact smooth
PPy film was about 105� 28 (Figure 2b left). It is well-known
that surface roughness amplifies hydrophobicity.[31–33] The
common way to obtain superhydrophobicity is to modify a
rough surface with low-surface-energy materials such as
perfluorinated materials, or to produce a rough structure on
a hydrophobic surface. The advancing (qA) and receding (qR)
contact angles of the superhydrophobic surface were mea-
sured to be 155� 28 and 147� 28, respectively. The low
contact angle hysteresis (~ 88) of water on the PPy surface
confirms the lotus effect which results from the double-
roughness structure of the porous PPy films. Our method
offers a simple, one-step process to fabricate conducting

Figure 1. SEM images of PPy films. a) Top view of a large area of the
porous film. The pore size ranges from 10–50 mm. b) Top view of a
single pore and the surrounding PPy particle assemblies. c) Structure
of the pore wall of the porous PPy. The small pores are on the order of
1–4 mm; the diameters of the PPy particles range from 0.5–1 mm.
d) Top view of the compact PPy film.

Scheme 2.
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polymers with superhydrophobicity. The superhydrophobic
PPy films can be deposited on common conducting substrates
such as metals and indium tin oxide (ITO)-coated glasses. Our
experiments revealed that the superhydrophobic PPy films
adhered well to the Au-coated glass surface, and they can be
easily peeled off for convenient transfer to other substrates.

Conducting polymers like PPy can be reduced and
oxidized reversibly by controlling the electrochemical poten-
tial. It is expected that the oxidized (doped) PPy and neutral
(dedoped) PPy show different wettability. Neutral PPy, which
contains pyrrole moieties, is usually slightly hydrophilic.
Surface roughness enhances both the hydrophilicity of hydro-
philic surfaces and the hydrophobicity of hydrophobic ones.
When we held the PFOS-doped PPy in a 0.05m solution of
TEAPFOS in acetonitrile at a negative potential (�0.6 V vs.
Ag/AgCl reference electrode) for 20 minutes, the superhy-
drophobic PPy film was converted to neutral PPy film, which
exhibits a water contact angle of about 08, indicating that a
superhydrophilic PPy surface was achieved (Figure 2a). The
superhydrophilicity results from the imbibition of water into
the texture of neutral PPy films with high roughness and a
hydrophilic nature (see Supporting Information). Under
similar switching conditions, the compact PPy film changed
to a neutral one having a contact angle of 48� 28 (Figure 2b).
When we held the superhydrophilic (neutral PPy) film in a
0.05m solution of TEAPFOS in acetonitrile at a positive
potential (1.0 V vs. Ag/AgCl reference electrode) for
20 minutes, the superhydrophobic (oxidized PPy) surface
was regenerated. Through controlling the electrochemical
potential, PPy films were changed between the oxidized state
and neutral state repeatedly, resulting in a reversibly switch-
able superhydrophobic and superhydrophilic surface
(Figure 3).

The neutral and oxidized PPy films are different not only
in their surface properties but also in their chemical compo-
sition, electronic structure, color, conductivity, and volume.
Energy dispersive X-ray (EDX) spectra reveal that little
PFOS dopant exists in the neutral PPy films but significant
amounts are found in the oxidized ones. Neutral PPy films are

brown, while the PFOS-doped PPy films are black. The major
UV/Vis absorption band of the PPy film is blue-shifted from
460 nm (2.7 eV in energy) for the PFOS-doped PPy film to
395 nm (3.1 eV in energy) for the neutral one. The conduc-
tivities of the PFOS-doped PPy film and the neutral film are
around 50 Scm�1 and 0.02 Scm�1, respectively. (A trace
amount of the PFOS dopant still exists in the neutral film.)
The volume (the pores and submicron PPy particles) of the
PPy film retracted after the oxidized PPy was reduced to
neutral PPy.

In summary, we have demonstrated a simple facile
electropolymerization of superhydrophobic PPy films and
the reversible switching of the PPy films between super-
hydrophobicity and superhydrophilicity. The PPy films
exhibit an extended porous structure. These highly porous
conducting polymers may have unique surface properties.
Though we used pyrrole monomer and PFOS dopant in our
synthesis, it is expected that our method can be extended to
prepare other types of conducting polymers such as polythio-
phene, polyaniline, and poly(N-methyl pyrrole), and polypyr-
role with other types of dopants. The reversible superhydro-
phobic-to-superhydrophilic switching of the PPy films is
achieved by simply adjusting the electrical potential. These
smart films may find numerous applications, for example, in
drug delivery, biochips, microfluidics (e.g., switches and
pumps), and biosensors. In addition to the wettability switch-
ing, the volume, conductivity, and color of the PPy films also
undergo reversible conversion, making it possible to construct
multifunctional conducting polymer devices combining spe-
cial mechanical, electrical, optical, and interfacial properties.

Experimental Section
Synthesis of superhydrophobic polypyrrole films: The electrochem-
ical cell, which consisted of a glass tube 3 cm in diameter that
terminated in a 1.6-cm2 “O” ring seal, was placed on top of the
conducting substrate (such as Au-coated glass slides, steel foils, and
ITO-coated glass slides) and held in place with a clamp. The
electroplating solution, which contained 0.1m pyrrole, 0.05m tetra-
ethylammonium perfluorooctanesulfonate (TEAPFOS), and 2.0 =
10�4m FeCl3 in acetonitrile, was then added to the cell, and conducting
polypyrrole (PPy) was plated at a constant current of � 0.25 mAcm�2

Figure 2. Electrical-potential-induced wettability conversion between
PFOS-doped (oxidized) PPy films and dedoped (neutral) PPy films.
Under negative potential (�0.6 V vs. Ag/AgCl), the oxidized PPy films
were reduced to neutral PPy films, and under positive potential (1.0 V
vs. Ag/AgCl), the neutral PPy films were again oxidized to oxidized PPy
films. The conversion is reversible. a) The profile of a water drop on a
highly porous PPy film. Oxidized PPy film shows superhydrophobicity
with a water contact angle of 152�28 (left); neutral PPy film shows
superhydrophilicity with a water contact angle of �08 (right). b) The
profile of a water drop on a compact PPy film. Oxidized PPy film is
hydrophobic with a water contact angle of 105�28 (left); neutral PPy
film is hydrophilic with a water contact angle of 48�28 (right).

Figure 3. Reversible superhydrophobic-to-superhydrophilic conversion
of the porous PPy films through applying alternative negative potential
(�0.6 V vs. Ag/AgCl) and positive potential (1.0 V vs. Ag/AgCl).
q=contact angle.
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in an argon atmosphere using a Solartron 1287 A potentiostat/
galvanostat. Pt wire and Ag/AgCl electrode (sat. KCl) were used as
the counter electrode and reference electrode, respectively. The time
for the polymerization was usually 1 h. After polymerization, the PPy
films were washed in acetonitrile and then dried under a flow of
argon.

Switching experiments: The device for the switching experiments
was the same as that used for the synthesis of the PPy films. The
solution for switching contained 0.05m TEAPFOS in acetonitrile. By
holding the PFOS-doped (oxidized) PPy films in the solution at a
negative potential (�0.6 V vs. Ag/AgCl reference electrode) for
20 min, the oxidized PPy was converted to neutral PPy. Neutral PPy
films were then washed in acetonitrile and dried under a flow of
argon. By holding the neutral PPy films in the solution at a positive
potential (1.0 V vs. Ag/AgCl reference electrode) for 20 min, the
neutral PPy was converted to oxidized (PFOS-doped) PPy. Oxidized
PPy films were then washed in acetonitrile and dried under a flow of
argon. The switching experiments can be conducted repeatedly on the
same sample.

Characterization: SEM images and EDX spectra were obtained
on an XL30 FEG scanning electron microscope. Contact angle
measurements were performed using a VCA Optima contact angle
instrument at ambient temperature (AST Products, Inc.). The water
droplets used for measurements had a volume of 3.0 mL. Dynamic
advancing (qA) and receding (qR) contact angles were recorded as
water was added to and withdrawn from the water droplet,
respectively. The conductivity of the samples in the plane direction
was determined by a standard four-probe method. UV/Vis absorption
spectra of PPy films were recorded on Varian Cary 50 UV/Vis
spectrophotometers (190–1000 nm).
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Microarray technology has led to significant advances in
many areas of medical and biological research,[1] opening up
avenues for the combinatorial screening and identification of
single-nucleotide polymorphisms (SNPs),[2] high-sensitivity
expression profiling of proteins,[3,4] and high-throughput
analysis of protein function.[5] With the advent of high-
resolution direct-write lithographic methods such as dip-pen
nanolithography (DPN),[6] it is possible to conceive of
methods for miniaturizing such structures to the nanometer-
length scale.[7–9] Such massive miniaturization provides the
clear potential advantages of larger, denser libraries for
screening complex chemical and biological systems. However,
miniaturization on this size scale also provides the potential to
site-isolate nano- and microscale biological entities (proteins,
viruses, and cells) at the single-particle level. Once this can be
done routinely for many different systems, new opportunities
will be available to the biochemical and biomedical research
communities to study such entities individually rather than
collectively. Herein, we describe a novel strategy that uses
DPN in combination with coordination chemistry to precisely
immobilize and position many individual virus particles in the
context of large arrays. Tobacco mosaic virus (TMV) was
chosen as the test case scenario because of its anisotropic
tubular structure (length� 300 nm, diameter= 18 nm), size,
stability, and well-characterized carboxylate-rich surface.[10] It
serves as an excellent model system to evaluate how DPN can
be used to control the positioning and orientation of nano-
scale virus particles within an extended array.

Prior to this study, advances were made in immobilizing
virus particles on templates created by DPN and m-contact
printing.[11, 12] Thus far, there has been no demonstration of the
ability to chemically control the position of the immobilized
virus structures at the single-particle level. This is partially the
result of limited resolution, the size of the particles inter-
rogated, and the chemistry used to immobilize them. Indeed,
previous efforts focused on the genetic modification of a virus
particle to present unnatural surface binding functionality to

the patterned interface.[11,12] This strategy has allowed
researchers to prepare arrays of collections of virus particles
at individual feature sites, but not to site-isolate individual
particles. The approach used herein relies on the ability of
metal ions (Zn2+) to bridge a surface patterned with features
made of 16-thiohexadecanoic acid (MHA) and the TMV with
its carboxylate-rich surface.

Virus nanoarrays were fabricated by initially generating
chemical templates of MHA on a gold thin film by using DPN
(Scheme 1). The regions surrounding these features were

passivated with a monolayer of 11-thioundecyl-penta(ethy-
lene glycol) (PEG-SH) by immersing the substrate in an
alkanethiol solution (5 mm in ethanol) for 30 min followed by
copious rinsing with ethanol. The passivation layer minimizes
nonspecific binding of the virus particles to the unpatterned
areas. The carboxylic acid groups of MHA were coordinated
to Zn2+ ions (represented as spheres) by exposing the
substrate to a solution of Zn(NO3)2·6H2O (5 mm in ethanol)
for one hour followed by rinsing with ethanol to remove any
unbound metal ions from the surface. The metallated
substrate was then exposed to TMV (100 mgmL�1, American
Type Culture Collections) in phosphate-buffered saline (PBS,
10 mm with NaCl (0.15m), pH 7) for 24 h at room temperature
in an air-tight humidity chamber. Excess virus particles were
removed by washing the substrates with highly purified
(NANOpure) water. The cleaned substrates were then dried
under a stream of N2. All virus arrays were characterized by
tapping mode AFM (TMAFM), and the chemical identity of
the surface-immobilized virus particles was confirmed by
treatment with a highly specific antiserum (American Type
Culture Collections) against TMV, which upon binding
increases the height of each virus particle (see below).

A series of DPN-patterned linear nanostructures of MHA
with varied dimensions (length ?width: 600 ? 200 nm2, 500?
180 nm2, 400 ? 50 nm2, and 350? 110 nm2) were systematically
studied to determine the optimal feature size for single virus
particle attachment. Under the conditions studied, MHA
templates with feature dimensions of 350? 110 nm2 spaced
one micrometer apart were ideal for individual particle
assembly. The tendency of each virus to occupy the largest
number of coordination sites results in near-perfect alignment

Scheme 1. Selective immobilization of single virus particles on DPN-
generated MHA nanotemplates treated with Zn(NO3)2·6H2O.
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of all the virus particles along the long axis of each rectangular
template (Figure 1a,b). The average height of each feature on
the template is 16� 1 nm. Furthermore, each virus particle on
the lines is 45� 2 nm wide and 320� 40 nm long (measured at
the base, disregarding tip convolution), parameters consistent

with the presence of only one TMV particle on each MHA
feature.[13] The dimensions of the features within the array are
critical for virus particle site-isolation. For example, rectan-
gular templates greater than 500 nm long or 200 nm wide
yield multiple yet oriented viruses at each site, thus prevent-
ing the formation of a single virus particle array (see
Supporting Information). Features significantly smaller (less
than 300? 100 nm2) do not result in uniform assembly of the
virus particles; numerous sites remain unoccupied.

The chemical templates can also be used to control the
assembly of the flexible virus into unnatural conformations
such as circles and other curved architectures. For example,
dot templates 350 nm in diameter can capture multiple virus
particles, many of which adhere to the rim of the dot and
adopt a curved shape (Figure 1c). Curved TMV structures
have been made previously, but through mechanical manip-
ulation of the virus.[14] This approach to virus bending is
different from the templated chemical approach described
herein.

To demonstrate that the virus orientation is not the result
of external variables such as washing, drying with N2, or
capillary effects, the independent organization of each virus

particle was tested by immobilization along two different
directions within one array. Indeed, the use of an MHA
template consisting of 350 ? 110 nm2 features perpendicular
to each other produced an array of site-isolated single TMV
virus particles perpendicular to each other (Figure 1b).

Polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) was used to
characterize bulk gold thin-film substrates modified
with TMV by using the same coordination chemis-
try approach used to generate the TMV arrays
(Figure 2a). The MHA monolayer exhibits two
main bands in the high-frequency CH2 stretch
region at 2856 and 2930 cm�1 and two in the C=O
stretch region at 1741 and 1718 cm�1, which are
attributed to the presence of free and hydrogen-
bonded carboxylic groups,[15] respectively. After the
substrate was immersed in an ethanolic solution of
Zn(NO3)2·6H2O (5 mm) for 1 h, the coordination of
MHA carboxylic groups to Zn2+ metal ions was
confirmed by LCO band shifts to lower energy (ñ=
1602/1556 and 1453 cm�1). The C=O stretch region
changes again after exposing the MHA–Zn2+ sur-
face to the TMV solution. Three main bands are
detected in this spectral region that can be identified
as the amide I band centered at 1661 cm�1 (which is
characteristic of proteins in TMV[16]), the amide II
and asymmetric COO� bands centered at
1546 cm�1, and a symmetric COO� band at
1458 cm�1. Also, the presence of CH3 features,Figure 1. AFM tapping mode (silicon cantilever, spring constant�40 Nm�1) images and

height profiles of TMV nanoarrays: a) 3D topographical images of pairs of virus
particles within larger arrays: a parallel array (left), a perpendicular array (middle),
and dot arrays (right); b) topography images and height profiles of a perpendicu-
lar array of single virus particles (40E40 mm2); c) topography image and height
profiles of a TMV nanoarray (20E20 mm2) formed on an array of MHA dot fea-
tures (1=350 nm) pretreated with Zn(NO3)2·6H2O. All images were collected at
a scan rate of 0.5 Hz.

Figure 2. a) PM-IRRAS spectra of a monolayer of MHA on Au (bottom
spectrum), after treatment with Zn(NO3)2·6H2O (middle spectrum),
and subsequent incubation with TMV (top spectrum). b) Topography
image and height profile of an MHA array treated with the antiserum
against TMV. The antibodies are electrostatically attached to the MHA
features. Topography images and height profiles of a pair of parallel
single virus particles c) before and d) after treatment with a PBS solu-
tion containing the antiserum against TMV. All AFM images were
taken at a scan rate of 0.5 Hz in tapping mode.
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attributed to proteins with methyl groups, is confirmed by the
emergence of a new band at 2967 cm�1 after incubation with
TMV.

The coordination chemistry of Zn2+ is essential for the
virus particle assembly process. The results of control experi-
ments support this conclusion, as TMV does not assemble on
MHA coated or patterned substrates (dot diameter= 1 mm),
even after exposure of the template to the virus in a PBS
solution for 48 h.

To provide further evidence for the chemical identity of
the tubular virus structures imaged by AFM, the single virus
arrays were treated with a PBS solution containing an
antiserum against TMV (200 mgmL�1, pH 7) at 37 8C for
30 minutes. The substrates were rinsed with PBS and then
dried under a stream of N2. A comparison of the AFM images
of the substrate before and after incubation with antibody
shows a height increase of approximately 9 nm (Figure 2c,d).
This increase is consistent with the height of the antibody
(Figure 2b) and therefore, the presence of TMV particles on
the arrays.[17] Note that the expected height increase upon
antibody binding was independently modeled and measured
by using direct adsorption of the antibody onto an MHA
array (Figure 2b). This approach has been used to study
protein binding events in the context of other protein
immobilization experiments.[8]

In conclusion, we report a versatile coordination-chemis-
try-based approach for the immobilization of TMV virus
particles on surfaces and show that through the use of DPN
and small features, it is possible to isolate and control the
orientation of these virus particles. Many virus particles have
metal-binding groups for Zn2+ and other ions in their protein
coats.[18] Therefore, it is likely that this approach can be
generalized for manipulating many virus structure classes at
the single-particle level. Such capabilities will expand the
scope of application for virus structures in fields ranging from
biology to molecular electronics,[19] in which such control
opens new opportunities for research that cannot be
addressed with microarrays or bulk systems.

Experimental Section
All DPN patterning was done with a CPAFM (ThermoMicroscopes)
interfaced with commercialized lithographic software (DPNwrite,
NanoInk Inc., Chicago, IL) and conventional Si3N4 cantilevers
(ThermoMicroscopes-sharpened Microcantilever A, force con-
stant= 0.05 Nm�1). Tapping mode images were taken with a Nano-
scope IIIa and MultiMode microscope (Digital Instruments). Unless
noted otherwise, all DPN patterning experiments were conducted at
35% relative humidity and 24 8C with a tip–substrate contact force of
0.5 nN. DPN was used to pattern MHA on gold substrate (50 nm Au
and 10 nm Cr on a silicon wafer, Silicon Sense, Inc.). PM-IRRAS
spectra of 2048 scans at a resolution of 4 cm�1 were obtained with a
Thermo Nicolet Nexus 870 with tabletop optics module (TOM)
(courtesy of the Keck II Center at Northwestern University). The
PM-IRRAS differential reflectance (%DR/R) values were converted
into absorbance units for comparison with conventional IRRAS data.
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Recently we reported the preparation of heterobimetallic
sulfides that contained aluminum atoms [LAl(m-S)2MCp2]
(M=Ti, 1; M=Zr, 2 ; L=HC[C(Me)N(2,6-iPr2C6H3)]2; Cp=
C5H5).

[1] The X-ray crystal structural analysis of the titanium
compound 1 confirmed the presence of a highly strained
{Al(m-S)2Ti} four-membered ring (S-Al-S 102.5(1), Al-S-Ti
84.7(1) and 83.6(1), S-Ti-S 89.3(1)8). The ring strain and the
short Al···Ti separation (3.118 6) prompted us to examine the
reactivity of 1 and 2 with water in expectation of a
nucleophilic attack that would lead to the opening of the
ring and to the isolation of compounds containing the
{LAl(EH)(m-E)M(EH)Cp2} framework (E=O or S depend-
ing on the degree of hydrolysis). Such species could serve as
unique precursors for the preparation of trimetallic systems
comparable with the alumoxane [(m-O)[LAl(m-O)]2AlMe],
which is prepared from [(m-O)[LAl(OH)]2] and AlMe2H.

[2]

Although a few dinuclear systems that contain the {M’(EH)-
(m-E)M(EH)} arrangement have been described (M’=Al,[2]

Fe,[3a] Ge,[3b,c] In,[3d] Re,[3e] Ru,[3f] Sn,[3g] V,[3h] Zr[3i]) none has
been structurally characterized that contains two different
metal atoms stabilized by organic ligands.

The addition of two equivalents of water to a solution of 1
or 2 in THF at room temperature led, after overnight stirring,
to the precipitation of a crystalline material. H2S was
identified as a by-product. The solid product was filtered
off, dried in vacuo, and isolated as pale brown (Ti) or pale
yellow (Zr) microcrystals. The 1H NMR spectroscopic, EI
mass spectrometric, and X-ray crystal structural analysis of
these products confirmed that the ring-opening reaction had
occurred, but revealed the presence of two derivatives in the
samples. The major component (about 85%) was identified as
[LAl(OH)(m-O)MCp2(SH)] (M=Ti, 3 ; M=Zr, 4) whereas
the minor component (about 15%) was the intermediate of
the hydrolysis, [LAl(SH)(m-O)MCp2(SH)]. One of the first
steps of the hydrolytic ring opening is the formation of an
unobserved intermediate [LAl(OH)(m-S)MCp2(SH)], which
subsequently rearranges into [LAl(SH)(m-O)MCp2(SH)].

The driving force for this intramolecular rearrangement is
the high oxophilicity of the metal centers and the higher
stability of the {Al-O-Ti} frame compared to {Al-S-Ti}.[4]

Compound [LAl(SH)(m-O)MCp2(SH)] reacts with a second
equivalent of water with elimination of H2S to form 3 or 4
(Scheme 1).

After elucidating the course of the hydrolysis, we focused
on the optimization of the hydrolysis conditions. The presence
of the intermediates in the final product can be explained by
the low solubility of the bridged species in THF and their
crystallization from the mother liquor before the reaction was
complete. Thus, the use of THF/CH2Cl2 (1:1) in the reaction
mixture led to the formation of pure 3 or 4. It is surprising that
in these reactions, the Al�S bond is more reactive than the
M�S bond. [LAl(SH)2] reacts smoothly with two equivalents
of water to give [LAl(OH)2] with elimination of H2S,

[5] but the
reaction is relatively slow and needs at least 20 minutes to
reach completion at room temperature. It was reported that
even traces of moisture in systems that contain Ti�S or Zr�S
bonds lead to fast hydrolysis of these bonds.[6] As reported
earlier, the alumoxane [{LAl(OH)}2O]

[2] is stable, whereas
[LAl(OH)2] decomposes even under an inert atmosphere.

[7] It
seems that the presence of at least one bridging oxygen atom
is necessary for the stabilization of the species containing the
{AlO2} unit.

The isomorphous compounds 3 and 4 crystallize in the
monoclinic space group P21/n, with one molecule in the
asymmetric unit (Figure 1).[8] We were not able to crystallize
pure 4, thus data for 4 contaminated with about 15% of the
intermediate [LAl(SH)(m-O)Zr(SH)Cp2] were used. The OH
moiety on the Al atom and the SH groups on the Ti (3) and Zr
(4) atoms adopt a cis conformation and are involved in an
intramolecular hydrogen bond O�H···S (3 2.66 6; 4 2.80 6).
The Al�O(H) (3 1.726 6; 4 1.720 6) and Al�O(M) (3
1.717 6; 4 1.713 6) bond lengths are similar to those in
[LAl(OH)2] (1.711 and 1.695 6),[9] [{LAl(OH)}2O] (1.694–
1.741 6),[2] and in the trimeric alumoxane [(m-O)[LAl(m-
O)]2(MeAl)] (1.726–1.708 6),

[2] but considerably shorter than
those in the m-OH derivatives (1.787–1.928 6).[10] The O-Al-
O angles (3 114.08 ; 4 114.78) are similar to those of

Scheme 1. Preparation of compounds 3 and 4.
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[LAl(OH)2], [{LAl(OH)}2O], and [(m-O)[LAl(m-O)]2-
(MeAl)] (108.3–115.38);[2, 9] the Al-O-M angles are 148.98
for 3 and 147.28 for 4. The Ti�O (1.820 6) and Ti�S (2.482 6)
bond lengths and the O-Ti-S angle (97.38) are similar to those
reported for other [Cp2TiOS] fragments: Ti�O 1.845–1.872 6;
Ti�S 2.314–2.467 6; O-Ti-S 87.7–97.98.[11] Furthermore, in the
zirconium derivative the Zr�O (1.939 6) and Zr�S (2.573 6)
bond lengths and the O-Zr-S angle (98.7 6) are similar to
those reported previously for species that contain the
{Cp2ZrOS} moiety: Zr�S 2.459–2.554 6; Zr�O 1.941–
2.199 6; O-Zr-S 92.6–103.38.[6b,12]

In summary, the heterobimetallic sulfides [LAl(m-S)2-
MCp2] are ideal precursors for the preparation of the
heterobimetallic oxide–hydroxide–hydrogensulfides 3 and 4
by hydrolysis. The presence of two free reactive function-
alities in a cis arrangement makes them potential starting
materials for the heterotrimetallic oxide–sulfides. Such reac-
tions are the subject of our ongoing research.

Experimental Section
All manipulations were performed under a dry and oxygen-free
atmosphere (N2 or Ar) by using Schlenk-line and glovebox techni-
ques.

3 : H2O (26 mL, 1.46 mmol) was added quickly to a solution of 1
(0.50 g, 0.73 mmol) in THF/CH2Cl2 (45 mL, 1:1) at room temperature.
The suspension was stirred for 10 h and filtered. All the volatile
species were removed under vacuum to leave a brown solid residue,
which was treated twice with cold toluene (5 mL). After filtration and
drying in vacuo, 3 was obtained as a light brown powder. Yield 0.31 g
(60%); m.p.: 227 8C (decomp); 1H NMR (500.13 MHz, CDCl3, 25 8C,
TMS): d= 1.07 (s, 1H, OH), 1.10 (d, 3JH-H= 6.9 Hz, 6H, CH(CH3)2),

1.20 (d, 3JH-H= 6.7 Hz, 6H, CH(CH3)2), 1.37 (d,
3JH-H= 6.9 Hz, 6H,

CH(CH3)2), 1.44 (d,
3JH-H= 6.7 Hz, 6H, CH(CH3)2), 1.77 (s, 6H, CH3),

2.08 (s, 1H, SH), 3.03 (sept, 3JH-H= 6.9 Hz, 2H, CH(CH3)2), 3.49 (sept,
3JH-H= 6.7 Hz, 2H, CH(CH3)2), 5.20 (s, 1H, g-CH), 5.36 (s, 10H, Cp�
H), 7.04–7.20 ppm (m, 6H, m-, p-Ar�H); 13C NMR (125.77 MHz,
CDCl3, 25 8C, TMS): d= 23.6, 24.2, 24.4, 24.7 (CH(CH3)2), 26.1, 27.5
(CH(CH3)2), 28.7 (CH3), 97.5 (g-CH), 113.9 (C of Cp) 124.0, 125.2,
127.3, 140.9, 142.9, 145.6 (i-, o-, m-, p-C of Ar), 170.6 ppm (C=N); IR
(KBr pellet): ñ= 3551 br (OH), 2574 vw (SH) cm�1; EI MS (70 eV):
m/z (%): 623 (10, [M�Cp]+), 605 (50, [M�Cp�H2O]

+); elemental
analysis calcd for C39H53AlN2O2STi (688.78 gmol

�1): C 68.0, H 7.8, N
4.1; found: C 67.5, H 8.0, N 4.2%.

4 : The synthesis of 4 was similar to that of 3. Compound 4 was
obtained from the reaction of H2O (25 mL, 1.37 mmol) with 2 (0.50 g,
0.69 mmol) as a pale yellow powder. Yield 0.31 g (62%); m.p.: 235 8C
(decomp); 1H NMR (500.13 MHz, CDCl3, 25 8C, TMS): d= 0.36 (s,
1H, OH), 1.11 (d, 3JH-H= 6.8 Hz, 6H, CH(CH3)2), 1.21 (d,

3JH-H=
6.8 Hz, 6H, CH(CH3)2), 1.38 (d,

3JH-H= 6.8 Hz, 6H, CH(CH3)2), 1.39
(d, 3JH-H= 6.8 Hz, 6H, CH(CH3)2), 1.65 (s, 1H, SH), 1.77 (s, 6H, CH3),
3.04 (sept, 3JH-H= 6.8 Hz, 2H, CH(CH3)2), 3.50 (sept,

3JH-H= 6.8 Hz,
2H, CH(CH3)2), 5.20 (s, 1H, g-CH), 5.46 (s, 10H, Cp-H), 7.04–
7.20 ppm (m, 6H,m-, p- Ar-H); 13C NMR (125.77 MHz, CDCl3, 25 8C,
TMS): d= 23.5, 24.4, 24.5, 24.6 (CH(CH3)2), 27.5, 28.6 (CH(CH3)2),
28.7 (CH3), 97.4 (g-CH), 111.8 (C of Cp) 124.0, 125.1, 127.3, 140.6,
143.2, 145.5 (i-, o-,m-, p-C of Ar), 170.6 ppm (C=N); IR (KBr pellet):
ñ= 3560 br (OH), 2562 vw (SH) cm�1; EI-MS (70 eV): m/z (%): 665
(5, [M�Cp]+), 647 (50, [M�Cp�H2O]

+); elemental analysis calcd for
C39H53AlN2O2SZr (732.12 g·mol

�1): C 64.0, H 7.3, N 3.8; found: C
63.5, H 7.4, N 3.9%.
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Alkali-Metal-Mediated Zincation of Ferrocene:
Synthesis, Structure, and Reactivity of a
Lithium Tmp/Zincate Reagent**
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Lithium dialkyl tetramethylpiperidino zincates of the general
formula “[LiR2Zn(tmp)]” (tmp= 2,2,6,6-tetramethylpiperi-
dine) represent an important subfamily of organozincate
reagent. Established only in 1999 through the pioneering
work on “[LitBu2Zn(tmp)]” by Kondo et al.,[1] “tmp zincates”
have found application as highly chemo- and/or regioselective
bases for the metalation of alkyl benzoates and related aza
aromatic compounds, bromopyridines, and various haloben-
zenes.[2,3] Recent reports[4] have highlighted the poverty of
structural information available on lithium zincates in gen-
eral. Tmp zincates are no exception in this regard, with a
13C NMR spectroscopic study of “[LitBu2Zn(tmp)]” in solu-
tion[1] providing the only morsel of structural evidence
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gathered hitherto. Elucidation of the structures of zincate
reagents and the intermediates formed in deprotonative
zincation processes would enhance our understanding of
zincate chemistry; not least in the case of tmp zincates, which
because of their heteroleptic formulation can act as alkyl,
amido, or dual alkyl/amido bases. Previously, we reported a
series of mixed alkali-metal/magnesium amides, a number of
which are tmp magnesiates.[5] This magnesium-based research
uncovered several remarkable mixed-metal-induced synergic
effects, which most notably lead to “inverse-crown” ring
compounds.[6] The likelihood that mixed alkali-metal/zinc
amides would exhibit similar synergic behavior provided a
further incentive to extend our studies to the tmp zincates.
Thus, we introduce herein the lithium tmp/zincate reagent
[(tmeda)Li(m-nBu)(m-tmp)Zn(nBu)] (1; tmeda=N,N,N’,N’-
tetramethylethylenediamine) and break new ground with a
report of its structure and the structure of two zincated
intermediates generated when 1 is used to selectively
(mono)deprotonate ferrocene (Fc) in the first example of
direct zincation of a metallocene.

It is surprising that prior to this investigation nBu2Zn had
not been subjected to a transformation to prepare a tmp
zincate system given that both the parent organozinc
reagent[7] and its homoleptic zincate derivative
“[LinBu3Zn]”

[8] have reasonably well developed chemistries.
In the event, the transformation proved straightforward by
applying the same method of addition as that used previously
to prepare “[LitBu2Zn(tmp)]”;[1] however, the bulk solvent
was changed from polar THF to nonpolar hexane and then
the reaction was completed with the introduction of a
stoichiometric amount of the donor solvent, TMEDA, in a
deliberate attempt to afford a crystalline zincate [Eq. (1)].[9]

LiðtmpÞ þ nBu2Znþ TMEDAhexane
���!½LinBu2ZnðtmpÞðtmedaÞ� ð1Þ

The new zincate 1 was produced as colorless crystals (65%
yield of the isolated product). NMR (1H, 7Li, and 13C)
spectroscopic characterization of these crystals in a solution
of deuterated benzene established the co-complexed nature
of 1, as revealed most diagnostically in the chemical shift of
the M�CH2 resonance of the M�nBu linkage. This signal
appears at d= 0.24 ppm in 1 relative to d= 0.27, �0.23, and
�0.83 ppm in nBu2Zn, “[LinBu3Zn]”, and nBuLi, respec-
tively, thus suggesting that the nBu group in the new mixed-
metal co-complex retains much of its original “zinc charac-
ter”.

This last point was confirmed when the complete molec-
ular structure of 1 was revealed through an X-ray crystallo-
graphic study (Figure 1).[10] Both nBu ligands remain attached
to the Zn center, one at a modestly shorter distance than the
other (namely, C(5)�Zn: 2.011(2) C; compare with C(1)�Zn:
2.041(2) C). The nBu attachment is terminal for the shorter
bond; however, the other nBu ligand bridges to the Li center,
which explains the slight bond elongation. The Li�C(1)
connection is relatively long (2.551(5) C) relative to corre-
sponding bonds in, for example, [{(LinBu)4(tmeda)}1]
(2.131(8)–2.326(8) C)[11] but markedly shorter than the
Li···C separation ( 2.736 C) in the hexamethyldisilazido
zincate [Li{m-N(SiMe3)2}Zn(CH2SiMe3)2(tmta)] (tmta= tri-
methylenediamine-N,N,N’,N’-tetraacetic acid),[12] which is

considered to have an open rather than a closed cyclic
arrangement, such as the {LiNZnC} unit. This weak, but
significant, attraction of the Li center to the C(1) center
results in a slight pyramidalization of the {LiNNN} coordina-
tion sphere (sum of the N-Li-N bond angles: 350.988) that is
made up of m-tmp and bidentate tmeda ligands. In contrast,
the {Zn-N(1)-C(1)-C(5)} coordination is nearly perfectly
planar (sum of the bond angles around Zn: 359.988).
Completing the four-membered {LiNZnC} ring, the tmp
nitrogen bridge, unlike its nBu carbon bridge counterpart, is
much more symmetrical (span lengths: 2.047(4) and
2.0612(18) C to the Li and Zn centers, respectively).

We explored the reactivity of 1 toward ferrocene under a
range of conditions to probe its deprotonative metalation
ability in solution. This investigation revealed a complicated
sequence of stoichiometry- and time-dependent reactions
(Scheme 1). The first detectable (and isolable) metalated
product was the lithium-free neutral bis(ferrocenyl) zinc
complex [(Fc)2Zn(tmeda)] (2). This orange solid, which
precipitated from the reaction mixture within minutes, was
characterized by NMR spectroscopy and X-ray crystallogra-
phy (see below). Its formation is both surprising and
significant, as it establishes for the first time that intermediate
metalo products from the deprotonative metalation of a
substrate by a lithium zincate (prior to any electrophilic
workup) are not necessarily zincates themselves (in contrast
to what appears to be the case with “[LitBu2Zn(tmp)]” and
related reagents)[1–3] but could possibly be, depending on the
conditions, distinct Li and Zn compounds. No lithium-con-
taining products could be isolated from solution at this stage,
though investigation of the filtrate following removal of 2
suggested the presence of [Li2nBu2Zn(tmp)2(tmeda)], which
exists as an oil when prepared independently from a Li(tmp)/
nBu2Zn/tmeda (2:1:1) mixture. When the reaction is repeated
over a longer time (24 h), a small amount of tris(ferrocenyl)
zincate separated from the solvent. This product was charac-
terized as the THF adduct [Li(thf)4][(Fc)3Zn] (3) and is
formed in addition to 2. On repeating the reaction with two
equivalents of ferrocene, precipitation of 2 still occurred but
the yield of 3 was significantly increased. In support of the

Figure 1. Molecular structure of 1. The hydrogen atoms are omitted for
clarity. Only one component is shown for each disordered group. Dis-
placement ellipsoids are shown at the 30% probability level.
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reaction pathway shown in Scheme 1, it was found that pure
“[Li2nBu2Zn(tmp)2(tmeda)]” also metalates ferrocene to
yield 3. The first step in the pathway remains an open
question as no intermediate could be detected/isolated at this
juncture, though logically it is likely to be the hypothetical
“[LinBu(Fc)Zn(tmp)]”, which must undergo a fast dispro-
portionation reaction to the neutral zinc and the zincate
species [(Fc)2Zn(tmeda)] and “[Li2nBu2Zn(tmp)2(tmeda)]”,
respectively.

Two polymorphs of 2 crystallize from hexane/toluene and
hexane/THF solutions to form monoclinic and orthorhombic
systems, respectively. Because of the general similarity of
these systems, only the former is discussed herein. A simple
mononuclear arrangement is revealed,[13] with Zn at the
center of a distorted (2 KC; 2 KN) tetrahedron, which is made
up of two monodeprotonated ferrocene units and one
bidentate tmeda ligand (Figure 2). The Zn center, on a
twofold rotation axis, is almost coplanar (0.064 C deviation)
with each of the C5H4 rings to which it is bonded. This
structure bears some similarity to [Zn
{2-(CH2NMe2)2C5H3FeC5H5}2],

[14] though the ligating nitro-
gen atoms belong to N,N-dimethylaminomethyl side arms on
the ferrocenyl framework. However, there is a major
synthetic distinction, as the latter compound is not prepared
through direct zincation but by a common metathetical
approach from ZnCl2 and the analogous ferrocenyllithium.
Three crystallographically independent ion pairs that have
essentially the same structure make up the asymmetric unit of
3, together with three uncoordinated THF molecules.[15] The
anion is unprecedented, with the Zn center in a distorted
trigonal planar (3 KC) arrangement comprising three mono-
deprotonated ferrocenyl ligands (Figure 3). The counterca-
tion, pseudotetrahedral [Li(thf)4]

+ ion, is known. The crystal
structure shows extensive disorder, thus requiring the use of

synchrotron radiation for data collection and a combination
of constraints and restraints in the refinement.

Control reactions have established that the monometallic
reagents Li(tmp) and nBu2Zn are both inert towards ferro-
cene, even in the presence of TMEDA. Therefore the success
of the solution of 1 formed in situ in the production of 2 and 3
can be attributed to a mixed-metal synergic effect or, more
specifically, to alkali-metal-mediated zincation. Future work
will now be directed towards pinpointing the active base
species in solution that produce such an alkali-metal-medi-
ated zincation of organic substrates.[16,17]

Experimental Section
All reactions were carried out in a protective argon atmosphere.

1: Bu2Zn (5 mL, 1m solution in hexane, 5 mmol) was added to a
suspension of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(3.1 mL, 1.6m solution in hexane, 5 mmol) with TMP(H) (0.85 mL,
5 mmol)). The reaction mixture was stirred for 30 min, thus affording
a pale yellow solution. At this stage, TMEDA (0.75 mL, 5 mmol) was
introduced. After the solution was stirred for 15 min, it was

Scheme 1. Reaction of 1 (formed in situ) with ferrocene in hexane to
yield both neutral zinc and anionic zincate products.

Figure 2. Molecular structure of 2. The hydrogen atoms, except those
belonging to the ferrocene rings, are omitted for clarity. Displacement
ellipsoids are shown at the 30% probability level.

Figure 3. Molecular structure of one anion of 3. Displacement ellip-
soids are shown at the 10% probability level. Only one component of
the disorder is shown.
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concentrated by removal of some solvent in vacuo. Placed in the
refrigerator at 0 8C, the resulting pale yellow solution deposited a crop
of colorless crystals (1.42 g, 64%). 1H NMR (400 MHz, 25 8C, C6D6):
d= 2.08 (m, 4H; CH2 Bu), 1.84 (m, 14H; CH3 tmeda and Hg tmp),
1.79 (s 4H; CH2 tmeda), 1.69 (m, 4H; CH2 Bu), 1.51 (m, 4H;Hb tmp),
1.21 (m, 18H; 12H of CH3 tmp and 6H of CH3 Bu), 0.28 ppm (m, 4H;
Zn�CH2 Bu); 13C{1H} NMR (100.63 MHz, 25 8C, C6D6): d= 57.70
(CH2 tmeda), 53.47(Ca tmp), 47.30 (CH3 tmeda), 39.04 (Cb tmp),
36.24, 34.28 (CH3 tmp), 33.53 (CH2 Bu), 31.44 (CH2 Bu), 20.41 (Cg

tmp), 16.42 (Zn�CH2 Bu), 15.15 ppm (CH3 Bu); 7Li NMR
(155.50 MHz, 25 8C, C6D6, reference LiCl in D2O at 0.00 ppm): d=
0.561 ppm.

2 : Bu2Zn (1 mL, 1m solution in hexane, 1 mmol) was added to a
solution of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(0.62 mL, 1.6m solution in hexane, 1 mmol) with TMP(H) (0.17 mL,
1 mmol)), and TMEDA (0.15 mL, 1 mmol) was introduced, thus
affording a pale yellow solution. Ferrocene was added (0.18 g,
1 mmol), and the reaction mixture was stirred for 12 h. An orange
solid started to precipitate after 0.5 h. THF (2 mL) was added to this
suspension to afford an orange solution that was placed in the freezer
at �20 8C. A crop of orange crystals was obtained after 24 h (0.20 g,
35%; note: maximum yield possible is only 50%). 1H NMR
(400 MHz, 25 8C, C6D6): d= 4.55 (m, 4H; CHb C5H4 Fc), 4.30 (s,
10H; C5H5 Fc), 4.17 (m, 4H; CHg C5H4 Fc), 1.97 (s, 12H; CH3 tmeda),
1.60 ppm (s, 4H; CH2 tmeda); 13C{1H} NMR (100.63 MHz, 25 8C,
C6D6): d= 79.39 (Zn�Ca Fc), 77.94 (Cb Fc), 70.60 (Cg Fc), 68.04 (C5H5

Fc), 57.45 (CH2 tmeda), 48.10 ppm (CH3 tmeda).
3 : A solution of 1 in hexane was prepared in situ as described

above for 2 by reaction of Bu2Zn (1 mmol), Li(tmp) (1 mmol), and
TMEDA (1 mmol). Two equivalents of ferrocene (0.37 g, 2 mmol)
were then introduced, and the reaction mixture was stirred for 24 h,
thus producing an orange solid. THF (2 mL) was added to the
reaction mixture to afford an orange solution. Placed in the
refrigerator at 0 8C, this solution deposited a crop of orange crystals
(0.34 g, 34%). 1H NMR (400 MHz, 25 8C, C6D6): d= 4.57 (m, 6H;
CHb C5H4 Fc), 4.49 (m, broad, 21H; 6H of CHgC5H4 and 15H of C5H5

Fc), 3.41 (m, 16H; CH2O thf), 1.36 ppm (m, 16H; CH2 thf);
13C{1H} NMR (100.63 MHz, 25 8C, C6D6): d= 86.70 (Zn�Ca Fc),
79.38 (Cb Fc), 70.33 (Cg Fc), 68.37 (CH2O thf), 67.67 (C5H5 Fc),
26.11 ppm (CH2 thf);

7Li NMR (155.50 MHz, 25 8C, C6D6, reference
LiCl in D2O at 0.00 ppm): d=�1.05 ppm.
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Intramolecular Rotation through
Proton Transfer: [Fe(h5-C5H4CO2

�)2] versus
[(h5-C5H4CO2

�)Fe(h5-C5H4CO2H)]**

Xue-Bin Wang, Bing Dai, Hin-Koon Woo, and
Lai-Sheng Wang*

Intramolecular rotation is important in molecular dynamics;
it is a fundamental molecular property and can be used to
understand the concept of molecular motors. Inspired by
elegant biological and macroscopic analogues,[1–3] the fabri-
cation of molecular machines has been
very actively pursued recently,[4] resulting
in a variety of molecular devices, such as
rotors,[5–8] shuttles,[9–11] and ratchets.[12]

The central theme of molecular devices
is to control molecular motions and bind-
ings upon external stimuli. The smallest
molecular machine can downscale to a
single molecule, and such a single molec-
ular rotor has been observed.[13] Herein,
we report the observation of intramolec-
ular rotations of a single ferrocene derivative through proton
transfer.

Ferrocene is a prototypical sandwich complex with an iron
atom symmetrically situated between two C5H5 (cyclopenta-
dienyl, Cp) rings and has been the subject of many exper-
imental and theoretical studies since its discovery.[14–19] It has
many applications in both fundamental research and materi-
als science. In the solid phase the two Cp rings are in a
staggered confirmation (D5d),

[14] whereas in the gas phase they
are eclipsed (D5h).

[20] The rotational barrier of the two rings
along the C5 axis is very small in the gas phase (E� 1.1 kcal
mol�1).[20] Therefore, ferrocene would be an ideal candidate

for a molecular rotor if the rotational freedom can be
controlled. Proton transfer, that is, acid–base chemical
reaction, is one of the most commonly used external stimuli
along with photoinduced processes and electrochemical
reactions in realizing molecular devices.[4, 21] Proton transfer
is also ubiquitous and plays a vital role in biological motors.[22]

It changes the charge state of a molecule to result in
alternation of electrostatic interactions. Such effects may
influence molecular binding, particularly in the gas phase or
hydrophobic environments. Here, we study the energetics and
conformations of two ferrocene derivatives, the doubly
charged [Fe(h5-C5H4CO2

�)2] ([FeCp’2], 1) and the singly
charged [(h5-C5H4CO2

�)Fe(h5-C5H4CO2H)] (2 ; see
Scheme 1), and demonstrate that they can be viewed to
form a model molecular rotor system controlled by proton
transfer.

Complexes 1 and 2 were produced using electrospray
ionization, and their geometric and electronic structures were
probed by photoelectron spectroscopy (PES) and theoretical
calculations. The experiments were carried out on a newly
developed low-temperature PES apparatus coupled with an
electrospray source.[23] We detected abundant 1 and 2 by
electrospray of a 1 mm solution of 1,1’-ferrocenedicarboxylic
acid in a water/methanol mixed solvent system. The 193-nm
(6.424 eV) PES spectrum of 1 (Figure 1a) reveals two broad
spectral bands, which likely contain many overlapping
detachment transitions. No transitions were observed
beyond binding energies of 3 eV owing to the cut-off by the
repulsive coulomb barrier, unique to photodetachment of
multiply charged anions.[24–26] We also measured the photo-
electron spectrum of 1 at 266 nm (4.661 eV) with slightly
better resolution. Molecular orbital analysis based on the
optimized structure (see below) indicates that the lower-
binding-energy features (0.2–1 eV) are due to detachments
from primarily lone-pair electrons of the carboxylate groups,
whereas the higher-binding-energy features (1.5–2.5 eV) are
due to detachments from the ferrocene framework, which
contains closely spaced molecular orbitals from both the Fe
3d orbitals and the Cp’ rings. The surprising observation is the
extremely low electron-binding energy for 1. We measured an
adiabatic detachment energy (ADE) of 0.25� 0.05 eV for 1
(Figure 1a). This low electron-binding energy is a result of the
strong intramolecular coulomb repulsion due to the two
negative charges in 1. To assess the influence of the coulomb
repulsion, we performed a control experiment on a mono-
carboxylated ferrocene anion, [(h5-C5H5)Fe(h

5-C5H4CO2
�)]

(3, Scheme 1), as shown in Figure 1c. Three spectral bands
were observed, all with very high electron-binding energies, in

Scheme 1. Structures of the ferrocene derivatives 1–3.
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contrast to 1. The ADE of 3 was measured to be 3.31�
0.03 eV, which is almost identical to that of acetate and
other long-chain aliphatic carboxylate groups.[27] Thus, the
extremely low ADE of 1 is purely due to the intramolecular
coulomb repulsion, which can be approximately estimated as
the difference in ADE between 3 and 1; a very large value of
approximately 3 eV is obtained.

Figure 1b displays the 193-nm spectrum of 2, which
reveals spectral patterns that are similar to those for 1 but
at much higher binding energies. We expected that 2 would
have binding energies similar to 3 because the first electron
detachment in both systems should be from the CO2

� group.
However, the ADE of 2 was measured to be 3.80� 0.03 eV,
about 0.5 eV higher than that of 3. This observation suggests
that the CO2

� group in 2 is stabilized relative to that in 3. The
only mechanism for this stabilization is through an intra-
molecular hydrogen-bonding interaction between the CO2

�

group and the COOH group on the second Cp’ ligand. This is
possible if the two Cp’ ligands in 2 would adopt a staggered
conformation, that is, if the two Cp’ ligands would be rotated
1808 relative to each other, as shown in Scheme 1.

To obtain more definitive information about the struc-
tures and energetics, we performed theoretical calculations on
the three species.[28] The optimized structure of 1 indeed
shows C2h symmetry (Figure 2), in which the two CO2

� groups
are opposite each other in a trans conformation. For 2, an
intramolecular hydrogen bond is observed between the
-COOH and -COO� groups, as expected, that lock the two
Cp’ ligands in a cis conformation. The two Cp’ ligands are not

precisely staggered. Instead, there is a 688 angle between
them to optimize the intramolecular hydrogen-bond forma-
tion. The trans conformation of 2 lies 0.62 eV higher in energy
relative to the cis form (also see Figure 3a). The calculated

ADEs for 1, 2, and 3 are compared with the experimental
values in Table 1. Although the theoretical values are
consistently lower than the experimental values by approx-
imately 0.2 eV, they reproduce the experimental trend very
well. In particular, a significantly smaller ADE is predicted
for the trans confirmation of 2. In fact, the predicted ADE for
the trans form of 2 is in remarkable agreement with the ADE
of 3, and confirms unequivocally that the hydrogen-bonded
cis form is more stable and is the structure that was observed
experimentally.

Therefore, we see that the different electrostatic inter-
actions lock 1 and 2 in two different conformations. The

Figure 1. Photoelectron spectra at 193 nm (6.426 eV) of a) the [Fe(h5-
C5H4CO2

�)2] dianion (1), b) its protonated singly charged anion 2, and
c) the monocarboxylated ferrocene anion, [(h5-C5H5)Fe(h

5-C5H4CO2
�)]

(3).

Figure 2. Optimized structures of the [Fe(h5-C5H4CO2
�)2] dianion (1)

and its protonated singly charged anion 2 (O dark gray, C pale gray,
H white). Note that the two Cp’ ligands in 2 are staggered by 688.

Figure 3. Calculated energies as a function of rotational angle defined
by the two carboxylate groups for a) 2 and b) 1. The two minima
located at 688 and �688 for 2 are identical. At these angles, the intra-
molecular hydrogen bond is optimized. Deviation from these angles
disrupts the hydrogen bond to result in a non-hydrogen-bonded form
of 2. The sharp minima in (a) reflect the narrow angles for the hydro-
gen bonding, outside which the rotational potential is relatively flat.
The potential for 1 is primarily coulombic and is simpler: the mini-
mum at 1808 corresponds to the trans structure, whereas the maxima
at 08 and 3608 correspond to the cis form.
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intramolecular coulomb repulsion dictates that the two
negative charges in 1 lie as far apart as possible, locking it
in the trans conformation, whereas intramolecular hydrogen
bonding locks 2 in the cis conformation. Deviation from the
optimal angle of 688 disrupts the hydrogen bond and results in
non-hydrogen-bonded forms of 2. The rotational barriers for
1 and 2 are 1.4 and 0.6 eV, respectively (see Figure 3), in the
gas phase, which are much higher than thermal energies at
ambient temperatures. As shown in the Figure 2, structures 1
and 2 are controlled by a proton-transfer process. Protonation
of 1 induces a 1128 rotation that leads to 2, while deproto-
nation of 2 results in 1 by also involving a 1128 intramolecular
rotation.

Received: May 8, 2005
Revised: June 21, 2005
Published online: August 12, 2005

.Keywords: anions · cyclopentadienyl ligands · iron ·
photoelectron spectroscopy · protonation

[1] R. D. Vale, R. A. Milligan, Science 2000, 288, 88.
[2] H. Noji, R. Yasuda, M. Yoshida, K. Kinosita, Nature 1997, 386,

299.
[3] I. Rayment, H. M. Holden, M. Whittaker, C. B. Yohn, M.

Lorenz, K. C. Holmes, R. A. Milligan, Science 1993, 261, 58.
[4] V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem.

2000, 112, 3484 – 3530; Angew. Chem. Int. Ed. 2000, 39, 3348 –
3391.

[5] T. R. Kelly, H. De Silva, R. A. Silva, Nature 1999, 401, 150.
[6] N. Koumura, R. W. J. Zijlstra„ R. A. van Delden, N. Harada,

B. L. Feringa, Nature 1999, 401, 152.
[7] V. Bermudez, N. Capron, T. Gase, F. G. Gatti, F. Kajzar, D. A.

Leigh, F. Zerbetto, S. Zhang, Nature 2000, 406, 608.
[8] D. A. Leigh, J. K. Y. Wong, F. Dehez, F. Zerbetto, Nature 2003,

424, 174.
[9] R. A. Bissell, E. Cordova, A. E. Kaifer, J. F. Stoddart, Nature

1994, 369, 133.
[10] A. S. Lane, D. A. Leigh, A.Murphy, J. Am. Chem. Soc. 1997, 119,

11092.
[11] H. Murakami, A. Kawabuchi, K. Kotoo, M. Kunitake, N.

Nakashima, J. Am. Chem. Soc. 1997, 119, 7605.
[12] T. R. Kelly, I. Tellitu, J. P. Sestelo, Angew. Chem. 1997, 109,

1969 – 1972; Angew. Chem. Int. Ed. Engl. 1997, 36, 1866 – 1868.
[13] M. F. Hawthorne, J. I. Zink, J. M. Skelton, M. J. Bayer, C. Liu, E.

Livshits, R. Baer, D. Neuhauser, Science 2004, 303, 1849.
[14] M. Rosenblum, Chemistry of the Iron Group Metallocenes,

Interscience, New York, 1965.
[15] J. W. Rabalais, L. O. Werme, T. Bergmark, L. Karlsson, M.

Hussain, K. Siegbahn, J. Chem. Phys. 1972, 57, 1185.
[16] S. Evans, M. L. H. Green, B. Jewitt, A. F. Orchard, C. F. Pygall, J.

Chem. Soc. Faraday Trans. 2 1972, 68, 1847.
[17] M. D. Rowe, A. J. McCaffery, J. Chem. Phys. 1973, 59, 3786.

[18] Q. Plashkevych, H. Igren, L. Karlsson, L. G. M. Pettersson, J.
Electron Spectrosc. Relat. Phenom. 2000, 106, 51.

[19] G. Wilkinson, F. A. Cotton, Prog. Inorg. Chem. 1959, 1, 86.
[20] R. K. BJhn, A. Haaland, J. Organomet. Chem. 1966, 5, 470.
[21] R. Ballardini, V. Balzani, A. Credi, M. T. Gandolfi, M. Venturi,

Acc. Chem. Res. 2001, 34, 445.
[22] C. A. Schalley, K. Beizai, F. VJgtle, Acc. Chem. Res. 2001, 34,

465.
[23] The experiments were carried out on a new homebuilt instru-

ment, which couples electrospray ionization with a magnetic-
bottle time-of-flight photoelectron spectrometer and the capa-
bility of controlling ion temperatures. The electrospray source
and the magnetic-bottle photoelectron spectrometer are similar
to that described previously (L. S. Wang, C. F. Ding, X. B. Wang,
S. E. Barlow, Rev. Sci. Instrum. 1999, 70, 1957). Briefly, the
anions of interest were produced from a solution of the
corresponding acids under slightly basic conditions in a mixed
solvent system of methanol/water (3:1 v/v). After their desolva-
tion from the electrospray source, anions were guided by a RF-
only (RF= radiofrequency) octopole device and transported
through a quadrupole mass filter (operated at RF-only mode),
before they entered a 3D Paul trap. The trap was attached to a
cryostat, which consists of a closed-cycle helium refrigerator and
a feedback heater. Temperatures of the trap can be controlled
from 18 – 400 K. Ions were trapped for a period of 20 – 100 ms
and collisionally cooled by using a 10�4 Torr He background gas
containing about 10% H2. The cold anions were then unloaded
from the trap and were analyzed using a time-of-flight mass
spectrometer. The ions of interest were selected and decelerated
before they were intercepted with a laser beam in the interaction
zone: 266 nm from a Nd:YAG laser and 193 nm from an ArF
excimer laser. The lasers were operated at 20 Hz repetition rate,
with the ion beam off at alternate laser shots for background
subtraction. The photodetached electrons were collected with
nearly 100% efficiency by a magnetic bottle and analyzed in a 5-
m long electron-flight tube. The electron-energy resolution of
the apparatus is DE/E� 2%, that is, 20 meV for 1 eV electrons.
Photoelectron time-of-flight spectra were collected and then
converted to kinetic-energy spectra, calibrated by the known
spectra of ClO2

� and I� . The electron-binding-energy spectra
presented were obtained by subtracting the kinetic-energy
spectra from the detachment photon energies.

[24] M. K. Scheller, R. N. Compton, L. S. Cederbaum, Science 1995,
270, 1160.

[25] L. S. Wang, X. B. Wang, J. Phys. Chem. A 2000, 104, 1978.
[26] X. B. Wang, X. Yang, L. S. Wang, Int. Rev. Phys. Chem. 2002, 21,

473.
[27] L. S. Wang, C. F. Ding, X. B. Wang, J. B. Nicholas, Phys. Rev.

Lett. 1998, 81, 2667.
[28] We optimized the structures of 1 and 2 at the density functional

theory level using the B3LYP hybrid functional (A. D. Becke, J.
Chem. Phys. 1993, 98, 1372; A. D. Becke, J. Chem. Phys. 1993, 98,
5648) and the standard Ahlrichs VTZ basis set (A. Schafer, H.
Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571). Vibrational
frequencies were calculated by numerical differentiation meth-
ods to confirm the ground states. All the calculations were
performed using the NWChem. 4.6 program (High Performance
Computational Chemistry Group, NWChem, A Computational
Chemistry Package for Parallel Computers, Version 4.6, Pacific
Northwest National Laboratory, Richland, Washington 99352,
USA. 2003) and the Molecular Science Computing Facility
(MSCF) located at the Environmental Molecular Sciences
Laboratory.

[29] E. R. Lippincott, R. D. Nelson, Spectrochimica Acta 1958, 10,
307 – 329.

Table 1: Experimental adiabatic detachment energies (ADEs [eV]) of 1, 2,
and 3, compared to calculated values.

Species Experimental Calculated

1 0.25�0.05 �0.03
2 (cis) 3.80�0.03 3.64
2 (trans) 3.32
3 3.31�0.03 3.18

Communications

6024 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6022 –6024

http://www.angewandte.org


Amino Acid Dendrons

DOI: 10.1002/anie.200500359

A Dendron Based on Natural Amino Acids:
Synthesis and Behavior as an Organogelator and
Lyotropic Liquid Crystal**

Yan Ji, Yu-Fei Luo, Xin-Ru Jia,* Er-Qiang Chen,
Yun Huang, Chun Ye, Bing-Bing Wang, Qi-Feng Zhou,
and Yen Wei*

Biomolecules are prone to self-assemble in vivo and in vitro.[1]

For example, collagen proteins can self-organize initially into
triple helices and then into ordered fibers, gels, and liquid-
crystalline (LC) phases through noncovalent forces.[2a,b]

Elucidation of the underlying mechanisms is important but
tremendously challenging. An alternative is to decipher
nature's bewildering tricks with the help of synthetic systems
made from natural starting materials.[2] In this context, the
natural amino acid based dendrons or dendrimers (NAADs)
are of great significance because of their similarity to proteins
in composition and topology,[3] as well as their architectural
difference from currently prevalent linear model peptides. In
addition, potentially chiral and biocompatible NAADs pro-
vide exciting possibilities in the creation of new materials for
nano- and biotechnology.[4]

However, little attention has been paid to the self-
assembly of NAADs,[5] and especially to their gelation and
LC properties. Only polylysine dendrimers have been studied
as gelators by Smith et al.[6] and gelation is mentioned for
dendrimers built from glutamates by Ranganathan et al.[3c,7]

Research on NAADs as liquid crystals is even scarcer.
Moreover, to the best of our knowledge, there is no report
on amino acid based dendrimers that function as gelators and
form liquid crystals. We have been interested in the synthesis
and self-assembly of dendrimers for many years.[8] Herein, we

present the synthesis of a dendron composed of two natural
amino acids, glycine and aspartic acid, and its self-assembly
which leads not only to organogels but also to lyotropic liquid
crystals. Recently, a type of amphiphilic dendritic dipeptide
was described by Percec et al.[9] as self-assembling in helical
pores. In contrast to their design of an aromatic dendron and a
peptide core, our NAADs have peptidic dendrons with a
benzyl periphery.

The poly(Gly-Asp) dendrons were convergently synthe-
sized as depicted in Scheme 1. It is well-known that glycine
appears at every third position in the predominant sequences
of collagen,[2] and aspartic acid is similar to the building unit
of a well-investigated linear model peptide, poly(benzyl l-
glutamate) (PBLG), which behaves as a gelator and liquid
crystal.[10] The dendrons, which resemble the repetitive
patterns always found in the sequences of natural fibrous
proteins,[2d] were branched iteratively with Gly-Asp dipep-
tides, instead of with one amino acid as in other NAADs,[11]

and without any help from a nonnatural amino acid linkage.
Standard DCC coupling of Boc-glycine and benzyl-

protected aspartic acid, which was readily prepared by the
benzyl esterification of aspartic acid, gave the branching unit
in 60% yield. This is the first generation (G1) of the dendron.
The second (G2) and third generations (G3) were synthesized
convergently in 35 and 17% yields, respectively, by repeating
a two-reaction cycle, that is, by removing the Boc group of the
lower-generation dendron with TFA, and then coupling the
resultant N-deprotected intermediate to the C-deprotected
G1 (Boc-G1-COOH), prepared by hydrogenative debenzyl-
ation of the dipeptide. Currently, one of the major obstacles
that hindered the research and applications of NAADs is the
tedious process for the purification of the dendritic prod-
ucts.[10] Notably, G3 is relatively easy to obtain by simple
precipitation in water and MeOH consecutively (see Sup-
porting Information). 1H, 13C, two-dimensional, and DEPT
NMR techniques, MALDI-TOF mass spectrometry, and
elemental analyses were used to verify the structure and
purity of the G3 dendron (see Supporting Information).

We found that G3 could act as an efficient low-molecular-
mass organogelator (LMOG). LMOGs[12c] are a family of low-
molecular-mass organic molecules (Mw� 3000) that can gel
organic solvents at very low concentrations through non-
covalent forces. LMOGs have attracted considerable renewed
interest in recent years, not only because of their interesting
roles in materials science and supramolecular chemistry but
also because gelation remains poorly understood. Most
organogels are achieved through the ordered arrangement
of gelators during the cooling of the mixture of LMOGs and
organic solvents after heating to form a homogeneous
solution.[12] However, a solvent–solvent gel preparation
procedure distinguishes G3 from other LMOGs, including
the previously reported dendritic ones.[13] In a typical
example, G3 (0.04 g) was first dissolved in CHCl3/CH3OH
(9:1 v/v; 6 mL) by sonication. Then, with the addition of ethyl
acetate (4 mL), the solution immediately became viscous and
gelled within 5 seconds. Meanwhile, a 10-mL gel as dilute as
0.2 wt% (0.98 mm, one G3 molecule entraps about 9000
solvent molecules) in a 1-cm-diameter test tube could be
turned upside down without downward flow of the gel. A thin
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layer of liquid exuded as time went by, but the main part kept
its gel state for more than half a year. The transmission
electron microscopy (TEM) image of the G3 gel showed that
the G3 dendrons self-assembled into a ramified network of
intertwined fibers. The width of the fibers ranged from several
dozen to more than a hundred nanometers (Figure 1a). The

atomic force microscopy (AFM) image
recorded in the tapping mode (Fig-
ure 1c) revealed that the smaller fibers
were about 30–70 nm in width, many
micrometers in length, but less than
20 nm in height. Considering the con-
volution effect arising from the finite
size of the AFM tips, the real width of
the fibers should be even less.

The gel preparation details have a
great effect on gelation. If ethyl acetate
was added before G3 was totally dis-
solved in CH3OH/CHCl3, an opaque
suspension was formed instead of a gel.
TEM shows a rather different morphol-
ogy of the aggregates in such a suspen-
sion (Figure 1b). In addition to the
above case, G3 dissolved in and gelled
a mixture of CH3OH and THF in
several hours. However, the resultant
gels were less stable than the CH3Cl/
CH3OH/ethyl acetate gels at the same
concentrations. Neither G1 nor G2
formed a gel in the above-mentioned
mixed solvents under similar experi-
mental conditions. CH3OH, CHCl3,
CH2Cl2, THF, acetone, ethyl acetate,
diethyl ether, ethanol, petroleum ether,
hexane, cyclohexane, dioxane, acetoni-
trile, N,N-dimethylformamide,

dimethyl sulfoxide, styrene, water, and benzyl alcohol were
tested for the preparation of G3 gels by the conventional
heating and cooling method. Except for benzyl alcohol, none
of the single solvents could be gelled by G3.

Noncovalent forces, mainly hydrogen-bonding and aro-
matic-stacking interactions, were proposed to be the driving
force for the self-assembly of G3 dendron. The role of
hydrogen bonding in gelation is supported by the fact that the
gels changed into clear solutions after the addition of LiCl,
which is known to interact strongly with amides and break
hydrogen bonds (see Supporting Information). The FT-IR
spectrum of the dry gel also revealed characteristic stretching
vibrations as a result of hydrogen-bonding interactions in the
N�H (3309 cm�1) and C=O (amide I: 1660 cm�1) moieties.
However, further proof is needed to verify the presence of
hydrogen bonds in the gel state. Other weak interactions may
also play an important role in the self-assembly. Fluorescence
spectroscopy[14] with pyrene as a probe was employed to
examine the effect of benzyl rings. The intensity ratio I1/I3 of
pyrene emissions is an established index for the polarity of the
environment. This ratio decreased as the concentration of G3
was increased in THF/CH3OH (9:1; see Supporting Informa-
tion), which suggests that nonpolar domains were formed as a
consequence of the aromatic stacking of peripheral benzyl
rings.

What is the relationship between the structure of a native
gel and the organization of gelators in the solid state? This is
an important question that has puzzled researchers for many
years. To address this question in the case of G3, as well as to

Scheme 1. Convergent synthesis of the first three generations of poly(Gly-Asp) dendrons Gn (n=1–3).
Reagents and conditions: a) p-toluenesulfonic acid, benzene, benzyl alcohol, reflux; b) CH3OH, KOH;
c) Boc-glycine, DCC, �10 8C; d) TFA, CH2Cl2; e) Pd-C, H2, ethanol; and f) DCC, Boc-G1-COOH, N-methyl-
morpholine, NHS, �10 8C. Boc= tert-butoxycarbonyl, DCC=dicyclohexylcarbodiimide, TFA= trifluoroacetic
acid, NHS=N-hydroxysuccinimide.

Figure 1. Morphology of G3 : a) TEM image of a G3/CH3Cl/CH3OH/
ethyl acetate gel; b) TEM image of a G3/CH3Cl/CH3OH/ethyl acetate
suspension; c) AFM image of the G3/CH3Cl/CH3OH/ethyl acetate gel
([G3]=0.02 wt%).
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obtain some hints on its packing pattern in native gels, X-ray
diffraction (XRD) was carried out on the native gel, xerogel,
and dendrite. No reflection could be detected in the CH3OH/
CHCl3/ethyl acetate gel, presumably as a consequence of
strong scattering from the electron-rich CHCl3 solvent. The
one-dimensional (1D) XRD pattern of the xerogel is shown in
Figure 2. The large scattering halo with a maximum in 2q at

around 208 (corresponding to a d spacing of � 0.45 nm)
indicates that the major portion of G3 in the xerogel was
amorphous. However, the existence of a series of sharp
diffractions reveals that the G3 of the xerogel could partially
crystallize. Efforts were made to grow single crystals, but
failed. However, G3 dendrites up to centimeter dimensions
were obtained in DMF through evaporation at room temper-
ature for a month. Figure 3 shows a two-dimensional (2D)

wide-angle XRD (WAXD) pattern obtained
from one fiber-like branch of a dendrite,
which was collected in the transmission
mode with the X-ray incident beam perpen-
dicular to the long axis of the fiber. The
sample was rotated through 3608 around the
long axis during exposure. It was difficult to
deduce the precise crystal structure of G3
because of the scarcity of diffraction lines.
However, by assuming that the crystallo-
graphic c axis is parallel to the fiber long

axis, and that the diffraction lines that correspond to a
d spacing of 1.162, 0.581, 0.522, and 0.451 nm are the (100),
(200), (141), and (006) planes, respectively (Figure 2), we
might tentatively propose an orthorhombic lattice with a=
1.162, b= 2.395, and c= 2.706 nm. As shown in the right-hand
side of Figure 3, all the diffraction lines observed can be
indexed. The calculated d spacings fitted the measured ones
quite well (see Supporting Information). Meanwhile, we
noted that the (100) diffraction with a d spacing of 1.162 nm in
the dendrite could also be identified in the xerogel (see the
inset of Figure 2). Although the intensity is relatively weaker,
it indicates that the crystal in the xerogel could have the same
structure as the dendrite. However, the coexistence of three
peaks with very close d spacings proves that the G3 crystals
are in fact polymorphic. Still assuming an orthorhombic
lattice, we found that the strongest diffraction with a d spacing
of 1.126 nm and following peaks in the higher 2q region in
Figure 2 could be indexed with a= 1.126, b= 2.331, and c=
2.582 nm, values that deviate only slightly from those
proposed for the dendrite. Reexamination of the dendrite
testified that polymorphism also occurred. Occasionally, two
sets of diffractions could be detected (see Supporting
Information) in one fiber. This polymorphism may arise
from the rich intra- and intermolecular hydrogen-bonding
interactions, which lead to a G3 molecular packing trapped in
different local Gibbs energy minima during crystallization by
solvent evaporation.

The gel became a turbid solution and would not regel after
it was destroyed by mechanical agitation. Therefore, the
morph responsible for gelation is probably not of the most
thermodynamically stable phase. Recently, it was proposed[15]

that one prerequisite of gel formation is the 1D alignment of
gelator molecules. If so, the morph in the gel state should be
different from that in the 3D orthorhombic crystals. A
structure change, such as crystallization, is quite possible
during the formation of a xerogel from a gel by the
evaporation of solvents.

G3 can self-organize into lyotropic LC phases in benzyl
alcohol. When the concentration ofG3 exceeds a certain limit
(about 6 wt%), spherulites and oily streaks (Figure 4a)
appeared, as viewed by polarizing optical microscopy
(POM). With an increase of the concentration, more spher-
ulites formed and eventually the whole field of view became
dominated by a polygonal texture (Figure 4b). The textures
can be deformed with pressure and are self-healing. No
evidence of microcrystallites was observed. The lyotropic LC

Figure 2. 1D XRD pattern of the G3/CH3OH/CHCl3/ethyl acetate xero-
gel. The inset shows reflections around 2q=7.868.

Figure 3. 2D WAXD pattern (left) and its schematic drawing (right) for
one fiber-like branch in a G3 dendrite.

Figure 4. Representative microphotographic textures of G3 in benzyl alcohol under crossed polariz-
ers. a) Spherulites and oily streaks in 14-wt% samples at room temperature (RT); b) polygonal tex-
ture (or focal–conic-like texture) in 30-wt% samples at RT; c) filament texture of 40-wt% samples
heated at 10 Kmin�1 and held for 5 min at 100 8C.
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behavior of the G3/benzyl alcohol phase at several represen-
tative concentrations was also examined by differential
scanning calorimetry (DSC; see Supporting Information). A
single endothermal peak was observed on heating 8-, 14-, and
20-wt% samples. The peak temperature increased monoto-
nously from 60 8C for 8-wt% samples to 80 8C for 20-wt%
samples, which was in accordance with the trend of transition
of birefringence from anisotropic to isotropic observed by
POM.

In the cases of 25-, 30-, 40-, and 50-wt% samples, the DSC
heating traces showed a broad endothermic process with two
peaks, which indicates two possible transitions. For example,
the 40-wt% sample exhibited a lower peak at 88 8C and a
higher peak at 95 8C before it completely entered the isotropic
state after 105 8C. A new POM texture different to that in
Figure 4b developed above the lower transition temperature
(Figure 4c). This was also the case for the other samples in the
range of 25–50 wt%. The combination of the POM and DSC
results suggests that the G3/benzyl alcohol mixture may have
one lyotropic LC phase below the isotropic temperature at a
concentration of 5–20 wt%. As the concentration ranged
from 25 to 50 wt%, the samples may have one low- and one
high-temperature LC phase prior to the LC-to-isotropic
transition.

In contrast to most other LC dendrimers,[16] G3 is
lyotropic and intrinsically mesogenic with relatively flexible
chains. It may serve as a good testing bench for the study of
the structure–mesophase relationship. The lyotropic LC
phase structure of the G3/benzyl alcohol mixture at low
temperature (below the isotropic temperature for 5- to 20-
wt% samples and below the lower transition temperature for
25- to 50-wt% samples) was identified by XRD. In the low 2q
region (Figure 5), a series of scatterings up to the fourth order
could be observed for all the concentrations investigated, and
the corresponding scattering vector ratios exactly followed
1:2:3:4 which clearly indicated a lamellar structure. This
finding agrees well with the spherulites, oily streaks, and
polygonal textures observed with POM, which were believed
to be the characteristic features of the lyotropic lamellar
phase.[17]

Despite varying the concentration, the long period of the
lamellae was measured as 4.59 nm. This result indicated that,

at low temperature, the samples shared the same lyotropic LC
phase where the lamellae coexisted with the solvent. We
expected that the lamellae should be a bilayer structure.
According to our preliminary computer modeling of the G3
molecule, the distance from the focal point to the periphery
was estimated to be about 2.8 nm if the G3 molecules were
fully extended. Hence, each lamella might consist of two
layers of G3 molecules that are partially interdigitated. In the
inner part of the lamellae, the G3 molecules might associate
with their neighbors through hydrogen bonds, while the
benzyl rings of the G3 molecules are packed on the lamellar
top and bottom surfaces. More systematic structural and
thermodynamic transition property analyses, as well as more
morphological studies, are necessary to finally identify the
textures and the corresponding phases.

In summary, we have successfully synthesized a novel
dipeptide-branched poly(Gly-Asp) dendron (G3) capable of
self-organizing into organogels and lyotropic LC phases. With
a solvent–solvent gel preparation process, the G3 dendrons
self-assembled into a network of intertwined fibers. Both
hydrogen-bonding and aromatic-stacking interactions might
be responsible for the aggregation. The ordered structure in
the xerogel has a close relationship with the orthorhombic
packing of G3 in dendritic crystals. G3 exhibits lyotropic LC
behavior in benzyl alcohol, and a low-temperature lamellar
phase with a long period of 4.59 nm can be identified. Fibrous
proteins are ubiquitous in nature. Silk fibroin, amyloid, and
collagens are but a few remarkable examples.[18] The systems
described herein may give us more chance to understand the
basic principles governing their supramolecular organization
from a new angle different to that offered by linear model
peptides. Further investigation is in progress to gain deeper
insight into the mechanisms of gelation and mesophase
formation, and to unravel the precise molecular-packing
patterns of G3 in the gels, crystals, and liquid crystals. In
addition, the applications of such nanostructured materials
could be explored as potentially biocompatible systems for
drug delivery, molecular recognition, and other diagnostic or
therapeutic functions.
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8-Bromoguanine derivatives, such as 1a and 1b, capture
electrons (eaq

�) with quantitative formation of the corre-
sponding debrominated nucleosides[1,2] and, therefore, they
are efficient detectors of excess electron-transfer processes.[3]

Indeed, in two recent papers 8-bromo-2’-deoxyguanosine
(1b) was incorporated in a variety of single- and double-

stranded oligonucleotides and G-quadruplexes, and the
reaction with eaq

� indicated that excess electron transfer is
effective.[2, 4]

The reaction of eaq
� with 1a was previously studied by

pulse-radiolysis techniques in some detail.[1] These experi-
ments revealed the formation of two short-lived intermedi-
ates at pH� 7. Figure 1 shows the absorption spectrum of the
first observable species (solid line) obtained 2 ms after the
pulse. This species of uncertain structure decays by first-order
kinetics (k= 5.0 . 104 s�1) to produce the one-electron-oxi-
dized guanosine (dashed line).[1] In the present work we
studied the kinetics in the temperature range of 5.8–50.3 8C
and obtained the following Arrhenius parameters: log(A/
s�1)= 8.7� 0.4 and Ea= 23.0� 2.5 kJmol�1 (errors corre-
spond to one standard deviation).

What is the structure of the first observable species, which
has a characteristic absorbance around 600 nm? We found
previously that time-dependent (TD) DFT calculations at the
B3LYP/6-31G* level[5,6] provide reliable optical transitions
for nucleoside radicals.[7, 8] In neutral solution, the initial
electron adduct of 1 should be rapidly protonated.[9] There-
fore, TD-B3LYP/6-31G* calculations were carried out on 8-

bromo-9-methylguanine (1c) radical anion, protonated at N7
(as suggested previously[1]) and at any other possible sites; no
optical transition was predicted to exist above 500 nm.
Interestingly, protonation at C8 produces loss of Br� , and it
could be hypothesized that the first observable species in
pulse radiolysis had already lost Br� . Consequently, we
computed the optical spectra (transition wavelengths l and
oscillator strengths f) of the deprotonated 9-methylguanine
radical cation (i.e., oxidized 9-methylguanine 2) and its
tautomers bearing an iminic substituent at C2. The computed
data for the radical 2 are reported in Figure 1 and are in good
accord with values assigned with certainty to the oxidized
guanosine.[10] More interestingly, calculations showed that a
band is computed at wavelengths longer than 500 nm only for
the tautomer 3. The computed optical transitions are also
reported in Figure 1 and are in good agreement with the
experimental spectrum recorded 2 ms after the pulse; these
data correspond to the transient of uncertain structure.

On the basis of these findings, we propose a revised
mechanism for the reaction of eaq

� with 1 (Scheme 1). The

Figure 1. Absorption spectra obtained from the pulse radiolysis of Ar-
purged solutions containing 1 mm 1a at pH�7 with 0.25m tBuOH,
recorded 2 ms (solid line) and 45 ms (dashed line) after the pulse
(adapted from ref. [1]). The lines show the calculated vertical optical
transitions for radical 2 (dashed lines, l(f): 290 (0.128), 350 (0.054),
470 nm (0.014)) and its tautomer 3 (solid lines, l(f): 290 (0.138), 350
(0.042), 610 nm (0.051)).

Scheme 1. Proposed mechanism for the reaction of eaq
� with 8-bromo-

guanosine (1a). The initial adduct 4 is rapidly protonated to give the
first observable species 5. The tautomer 6 is assigned to the second
transient species observed in the pulse-radiolysis studies (see
Figure 1).
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initial electron adduct 4 is rapidly protonated at the C8
position to release Br� and the first observable transient
species 5,[11] which should have a pKa value similar to that of
oxidized guanosine (pKa= 3.9).[10] The subsequent tautome-
rization 5!6 occurs with a log(A/s�1)= 8.7, which suggests a
complex transition state, and an activation energy of
23.0 kJmol�1. Another point supporting a complex transition
state is also the previously reported kinetic isotope effect
k(H2O)/k(D2O)= 8.0.[1]

The reaction barrier (Ea) for the direct tautomerization
3!2 is computed to be 183.7 kJmol�1 at the B3LYP/6-31G*
level. Such a large value is in evident contrast with the

activation energy measured for the
tautomerization 5!6. In analogy
with the keto–enol tautomerization
in guanine[12] and 8-oxo-7,8-dihydro-
guanine,[13] the water-assisted proton
transfer is computed to occur with a
much lower reaction barrier (the
calculated transition-state structure
is given in Figure 2). Indeed, the
reaction barrier is computed to be as
small as 18.8 kJmol�1, in good
accord with experiment.[14]

To gain insight into the different
tautomeric forms, the 8-bromo derivatives 7 and 10
(Scheme 2) were prepared, since the analogous tautomeriza-

tion 5!6 could not occur as a result of alkylation at NH and
NH2 moieties. g-Radiolysis of 7 and 10 in aqueous solutions at
pH� 7 was followed by product studies, which showed the
quantitative formation of debrominated derivatives 9 and 12,
respectively.[15] Rate constants of 1.1 . 1010 and 8.0 . 109m�1 s�1

were determined at pH� 7 for the reactions of eaq
�with 7 and

10, respectively, by measuring the rate of the optical density
decrease of eaq

� as a function of the concentration of the
added nucleoside.[18] Figures 3 and 4 show the optical
absorption spectra obtained from these reactions. The e

values were calculated using G= 0.27 mmolJ�1, since HOC
species are scavenged by the added tBuOH, and the HC atoms
follow another path and therefore do not contribute to the
reaction.[16] The decay of these transients follows second-

order kinetics and their disappearance does not lead to other
transients. Furthermore, these spectra are identical to those
obtained after the oxidation of 9 by Br2C� [10] and of 12 by SO4C�

at pH� 7 (Figures 3 and 4).
Therefore, the spectra in Figures 3 and 4 are assigned to

radicals 8 and 11, respectively, which can be obtained either
from the reduction of 8-bromoguanine derivatives or from the
oxidation of the debrominated compounds as illustrated in
Scheme 2. TD-B3LYP/6-31G* calculations carried out on the
corresponding 9-methyl derivatives of radicals 8 and 11 fit
very well with our assignment. Indeed, the computed optical
spectra for the radical 8 and for the radical 11[19]] are in good
agreement with the spectra shown in Figures 3 and 4,
respectively. Interestingly, both the spectrum of radical 8
and that of radical 5 have a band at 610–620 nm, which is
consistent with an iminic substitution at the C2 position.
Obviously, radical 5 can tautomerize to 6, whereas radical 8 is
blocked in one form.

Figure 2. Structure of the
transition state for the
water-assisted tautomeri-
zation 3!2 computed at
the B3LYP/6-31G* level.
Distances are in G.

Scheme 2. Reactions of eaq
� with 8-bromoguanosine derivatives 7 and

10, of Br2C� with 9, and of SO4C� with 12. The radicals 8 and 11 are
assigned to the transient species observed in the pulse-radiolysis stud-
ies (see Figures 3 and 4, respectively).

Figure 3. Absorption spectrum (&) obtained from the pulse radiolysis
of Ar-purged solutions containing 0.5 mm 7 at pH�7 and 0.25m
tBuOH, recorded 10 ms after the pulse. Absorption spectrum (*) is
taken from reference [10] and refers to the reaction of Br2C� with 9. The
lines show the calculated vertical optical transitions for radical 8
(R=Me) (l(f): 290 (0.063), 360 (0.036), 650 nm (0.040)).

Figure 4. Absorption spectrum (&) obtained from the pulse radiolysis
of Ar-purged solutions containing 0.5 mm 10 at pH�7 and 0.25m
tBuOH, recorded 2 ms after the pulse. Absorption spectrum (*)
obtained from the pulse radiolysis of Ar-purged solutions containing
0.1 mm 12 and 10 mm K2S2O8 at pH�7 with 0.1m tBuOH, recorded
6 ms after the pulse. The lines show the calculated vertical optical tran-
sitions for radical 11 (R=Me) (l(f): 290 (0.149), 390 (0.070), 480
(0.029), 1030 nm (0.027)).
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In conclusion, our work here demonstrates the first
directly observed differences of the two tautomeric forms of
oxidized guanosine. The energetically most stable form 6 is
the one that is obtained directly by oxidation of guanosine.
The less stable form 5 is obtained from the protonation of the
8-bromoguanosine electron adduct, and its tautomerization to
6 has an activation energy of 23.0 kJmol�1.

Experimental Section
Pulse radiolysis with optical absorption detection was performed by
using a 12-MeV linear accelerator, which delivered 20–200 ns electron
pulses with doses between 5 and 50 Gy, by which HOC, HC, and eaq

�

were generated with concentrations of 1–20 mm. Continuous radiol-
yses were performed at room temperature using a 60Co-Gammacell,
with a dose rate of ca. 15 Gymin�1. Compounds 7, 10, and 12 were
prepared following known procedures.[20]
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Ligand-substitution reactions of square-planar complexes of
d8 metal ions such as PtII and PdII play a fundamental role in
many chemical processes, for instance, in the treatment of
tumors and in homogeneous catalysis.[1, 2] Detailed mechanis-
tic studies have demonstrated that such complexes usually
undergo associative ligand-substitution reactions as a result of
the 16-valence-electron structure of the square-planar com-
plex.[3] The transition state has either a semi-five-coordinate
character in the case of an associative interchange (Ia)
mechanism, or forms a short-lived, five-coordinate intermedi-
ate in the case of a limiting associative (A) mechanism.
Exceptions are found in cases in which two neighboring
spectator ligands form metal–carbon bonds with the metal
center and induce a dissociative mechanism.[4]

In terms of the biological or catalytic application of such
metal complexes, the fundamental understanding of the
ligand-substitution mechanisms enables a systematic tuning
of the lability of the metal center, that is, the efficiency of the
chemical process. A distinction between the three mecha-
nisms can usually be made on the basis of activation
parameters derived from the temperature and pressure
dependence of the reaction, that is, DH�, DS�, and DV�.[3, 5,6]

In recent work performed in our laboratories, the lability of
PtII complexes could be systematically tuned through the

introduction of s-donor and p-acceptor spectator chelates.[7,8]

Rate and activation parameters clearly supported the asso-
ciative nature of the underlying substitution mechanism.

In recent years, ionic liquids have become a popular
research area that is expected to grow as a result of their
potential industrial application.[9] Not only are such liquids
interesting in terms of applications in separation techniques
but also they may be used to improve the solubility of weakly
soluble gases and enhance the catalytic activity of metal
complexes.[10] The first industrial process based on the
application of ionic liquids has been launched.[11]

Mechanistic studies on chemical reactions in ionic liquids
have only been performed to a limited degree. Skrzypczak
and Neta determined the rate constants for the reaction of
1,2-dimethylimidazole with benzyl bromide (Menschutkin
reaction) in a series of ionic liquids and organic solvents. The
rate constants in the ionic liquids are comparable with those
for polar aprotic solvents, but much larger than those for
weakly polar organic solvents and alcohols.[12] Chiappe and
Pieraccini determined rate constants and activation parame-
ters (DH� and DS�) for the reactions of Br3

� and ICl2
� ions

with some alkenes and alkynes in a series of ionic liquids and
in 1,2-dichloroethane.[13] McLean and co-workers[14] studied
the effect of ionic liquids on bimolecular rate constants for the
displacement of solvent from [(C6H6)Cr(CO)2(solv)]. Inhib-
ition of the catalytic activity of a RuII catalyst in ionic liquids
was recently reported by Daguenet and Dyson for a reaction
system in which chloride dissociation is a crucial step.[15] More
recently, work in our laboratory demonstrated that this
inhibition could be related to the selected anionic component
of the employed ionic liquids, since other anions in our hands
clearly lead to a faster chloride dissociation step from a PtII

complex in the catalytic process studied.[16] Following the
submission of this work, Shaughnessy and co-workers
reported kinetic data for oxidative-addition and ligand-
substitution reactions in ionic liquids.[17,18]

A fundamental question, however, does remain: Do ionic
liquids really behave as “normal” solvents, or are there
unknown aspects that could affect the substitution behavior of
square-planar PtII complexes? We report herein a detailed
kinetic study of the substitution reactions of the [PtII(apa)Cl]+

complex 1 (apa= 2,6-bis(aminomethyl)pyridine; Scheme 1)
with thiourea and iodide as nucleophiles, in water, methanol,
and the ionic liquid 1-butyl-3-methylimidazolium bis(trifluor-

Scheme 1. Chemical formula and DFT structure of complex 1;
distances in pm.
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omethylsulfonyl)amide ([BMIM]BTA) as solvents. This ionic
liquid has a melting point of �4 8C[19] and a polarity close to
that of ethanol.[9d] We studied the reaction as a function of the
concentration of the entering ligand, the temperature, and the
pressure to determine all the rate and activation parameters

(DH�, DS�, and DV�). This is, as far as we know, the first time
that a systematic pressure-dependence study was undertaken
for a chemical reaction in an ionic liquid. The reported rate
and activation parameters show a rather “normal” behavior
for the employed ionic liquid and demonstrate some unique
properties of the ionic liquid as medium for the investigated
substitution reactions.

The solvent dependence of the ligand-substitution reac-
tions of 1 with thiourea (TU) and iodide (Scheme 2) were

studied by dissolving the isolated complex 1-Cl in the
selected solvents followed by rapid mixing with a
stock solution of the nucleophile. Typical examples of
the observed spectral changes and kinetic traces are
shown in Figure 1. The overall spectral changes were
found to be rather similar for the studied solvents,
with the exception of [BMIM]BTA due to the
absorption of this liquid in the wavelength range l<

350 nm (see Figure 1c). All kinetic traces (Figur-
e 1b,d) showed excellent fits to a single-exponential
function, in line with pseudo-first-order behavior. The
calculated pseudo-first-order rate constants, kobs, were
plotted against the concentration of the entering
nucleophiles, TU and iodide, and are linear with a
zero intercept under all conditions (see typical
examples given in the Supporting Information). The
rate constant kobs can be expressed as a function of the
concentration of the entering ligand, namely, kobs=

k2[Nu], in which k2 is the second-order rate constant.
We also studied the effect of the water content of

the ionic liquid on the second-order rate constant for
the reaction of 1 with TU in [BMIM]BTA. The
following k2 values were obtained at 25 8C (water
content in ppm in brackets): 0.260 (23), 0.245 (100),
and 0.259 m

�1 s�1 (200). It follows that the water
content has no significant effect on the rate constant
in the investigated concentration range.

The activation parameters were determined from the
effect of temperature and pressure on k2. Spectral changes
observed for the reaction in [BMIM]BTA at 100 MPa (see
Supporting Information) are in excellent agreement with
those observed at ambient pressure. The thermal activation
parameters, DH� and DS�, were obtained from Eyring plots
(see example in the Supporting Information), whereas DV�

was calculated from the gradient (�DV�/RT) of the plot of
lnk versus pressure (see Supporting Information). Table 1
summarizes the values of the dielectric constants (e), EN

T, k2,
DH�, DS�, and DV� for the studied reactions in the three
selected solvents. It should be noted that the reactions in the
ionic liquid showed the same behavior as that found for other
more conventional solvents as a function of the experimental
variables.

The reaction of 1 with TU, a strong nucleophile, is
considerably faster than the reaction with iodide in the same
solvent. The k2 values show that the substitution reactions
depend significantly on the polarity of the solvent, namely,
k2(H2O)@k2(MeOH)�k2(ionic liquid). A likely reason is an
increase in the dipole moment during the course of the
reaction due to partial lengthening of the Pt�Cl bond in the
five-coordinate trigonal-bipyramidal transition state. In gen-
eral, a decrease in solvent polarity results in a decrease in the
rate of a reaction that involves an increase in dipole moment
in going from the reactant to the transition state.[22] The trend
in the values of k2 clearly indicates that the ionic liquid
behaves like methanol and that no drastic acceleration or
deceleration of the substitution of chloride, as reported for
other PtII complexes in this and closely related ionic liquids,
can be observed.[15,16]

Scheme 2. The investigated substitution reaction for thiourea (Nu0)
and iodide ion (Nu�).

Figure 1. UV/Vis spectra (a,c) and typical kinetic traces at 320 nm (b,d) recorded
for the reaction of 1 with iodide in methanol (a,b) and [BMIM]BTA (c,d). The
experimental kinetic traces can be perfectly fitted with a single-exponential
function. Experimental conditions: a) [PtII]=9.5G10�5

m, LiCl (0.002m),
[I�]=0.015m, ionic strength=0.2m (LiClO4), pH 2 (0.01m trifluoromethanesul-
fonic acid), T=25 8C, optical path length=10 mm. b) [PtII]=9.5G10�5

m, LiCl
(0.002m), [I�]=0.0090m, ionic strength=0.2m (LiClO4), pH 2 (0.01m trifluoro-
methanesulfonic acid), T=25 8C. c,d) [PtII]=3.3G10�4

m, [I�]=0.0392m,
T=25 8C, optical path length=5 mm.
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The activation parameters summarized in Table 1 show
some interesting trends. Throughout the series of reactions
studied, the negative activation entropy and volume data
clearly support the operation of a compact transition state in
terms of an associative mechanism.[3] For the reaction
between complex 1 and TU, significantly more negative
activation entropies and volumes are found for water and
[BMIM]BTA as the solvent irrespective of their significant
difference in polarity. This finding suggests that reorganiza-
tion in the transition state is not controlled by solvent
electrostriction. The less negative activation entropies and
volumes for the reaction in methanol once again illustrate
that solvent electrostriction does not contribute significantly
to the transition state, otherwise the opposite effect would
occur. In this case, TU is a neutral entering nucleophile and
the mentioned activation parameters mainly correspond to
intrinsic entropy and volume changes.

In the case of iodide as the entering nucleophile, the
values of the activation entropy are almost the same for the
different solvents, whereas the activation volumes are sig-
nificantly more negative in the case of methanol and
[BMIM]BTA as solvents. This result suggests that charge
neutralization in the five-coordinate transition state leads to a
decrease in electrostriction—that is, a less negative activation
volume—in the more polar solvents (water and methanol).
This trend, however, does not show up in the values of the
activation entropy, which is probably related to the usually
larger error limits of this parameter. Nevertheless, the trend in
the activation volumes for the different solvents is quite
convincing.

The activation volumes for the reactions with TU and
iodide in [BMIM]BTA are indeed very similar, which suggests
that volume changes in this ionic liquid do not respond to
changes in the overall charge of the transition state. We
suggest that this lack of response is due to strong hydrogen
bonding and possibly also van der Waals forces in ionic
liquids, which result in specific solvent structures that consist
of well aligned cation–anion aggregates. The formation of
such aggregates in ionic liquids has recently been investigated
by using microcalorimetry.[23] The stability of such aggregates
will show a resistance towards solvent structural changes
(electrostriction/solvation) as a result of charge neutralization
or charge creation. The value of about�14 cm3mol�1 for DV�

is close to that expected for an associative ligand-substitution

mechanism and represents the
intrinsic volume collapse associated
with the formation of a five-coor-
dinate transition state.[5,6]

To gain further insight into the
details of the ligand-substitution
mechanism, in particular, the ques-
tion of associative interchange (Ia)
versus associative (A), we calcu-
lated the pathways for the reactions
of 1 with chloride (chloride
exchange), iodide, and thiourea by
using B3LYP hybrid density func-
tional theory[24] and the LANL2D-
Z ECP basis set augmented with

polarization functions.[25, 26] We have employed this theoretical
level in previous work.[16, 27]

The first step in the reaction is the formation of a
precursor complex between the platinum complex 1 and the
incoming ligand. As 1 bears a positive charge, interaction
energies in the gas phase are dominated by electrostatics and
exaggerated interaction energies are calculated, particularly
for the complexes with the anionic nucleophiles chloride and
iodide. Nevertheless, the structures of the precursor com-
plexes for all incoming ligands indicate rather weak bonding.
The main contact consists of a hydrogen bond to one of the
amine hydrogen atoms (202, 249, and 221 pm for Cl� , I� , and
S, respectively). On the other hand, the platinum–halide
distances, 386 (chloride) and 437 pm (iodide), and the
platinum–sulfur separation (for the reaction with thiourea),
458 pm, are very long. The other bonds around platinum
differ only to a minor extent from those in 1.

Hydrogen bonds to an amine hydrogen atom are well
known in the solid state,[28] but may be unrealistic in the gas
phase. Therefore, we also studied the reactions for the
dimethylamino derivative, [Pt{2,6-bis(dimethylamino-
methyl)pyridine}Cl]+ ([PtII(mapa)Cl]+, 2). As expected, the
platinum–ligand bonds are shorter in the absence of the
hydrogen bonds, but only modestly: Pt�Cl 346, Pt�I 409, Pt�S
378 pm.

All reactions proceed through a single transition-state
structure. Despite extensive searches along the reaction
coordinate, no stationary points other than the precursor
and product complexes could be located. Thus, the reactions
clearly proceed by an interchange-type mechanism. The
calculated activation barriers range from 64 to 89 kJmol�1

and show that the nucleophile has a remarkably small
influence (Table 2). Due to the presence of the hydrogen
bond in the precursor complex, the barriers for the reactions
of 1 are somewhat higher than for the reactions of 2. The
influence of N-methylation on the coordination sphere
around the platinum center appears to be negligible.

The transition-state structures are compact, with rela-
tively short bonds to the ligands that are being exchanged
(Figure 2). This compactness is best seen in the reaction of 1
with Cl� : the Pt�Cl bonds of the transition state are 259 pm,
only 26 pm longer than the Pt�Cl bond in 1 itself and 23 pm
longer than the Pt�Cl bond in the precursor complex. The
situation in the other transition-state structures is very similar.

Table 1: Summary of second-order rate constants and activation parameters[a] for the displacement of
chloride by iodide and thiourea in 1 in different solvents.

Solvent e(298 K), EN
T
[b] 103k2 at 25 8C

[m�1 s�1]
DH�

[kJmol�1]
DS�

[JK�1mol�1]
DV�

[cm3mol�1]

I� water 78.30, 1.000 253�2 58�1 �62�3 �6.9�0.3
I� methanol 32.66, 0.762 15.3�0.2 69�1 �51�4 �10.0�0.2
I� [BMIM]BTA –, 0.642 32.1�0.2 66�1 �53�5 �14.1�0.4
TU water 78.30, 1.000 1620�10 49�1 �77�4 �10.4�0.5
TU methanol 32.66, 0.762 385�2 63�1 �42�4 �6.6�0.1
TU [BMIM]BTA –, 0.642 277�3 49�1 �92�2 �13.9�0.2

[a] Activation parameters were calculated from the temperature and pressure dependence of the second-
order rate constant in the usual way. No corrections were made for changes in solvent density[20] or
viscosity[21] as a function of temperature and pressure. [b] Dielectric constant (e) of the solvent and its
polarity (EN

T ).
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Hence, the reactions are best characterized as proceeding by
an associative interchange, Ia, mechanism. In addition, in the
reactions with thiourea, a hydrogen bond between chloride
and one of the thiourea hydrogen atoms is preserved
throughout the reaction.

The reactions of 1 with I� and TU are both calculated to
be mildly endothermic (+ 3 and + 13 kJmol�1, respectively)
in the gas phase. This is due to the lack of stabilizing solvation
of the leaving chloride ion. For the reaction of 1 with iodide,
inclusion of the influence of the bulk solvent through the
isodensity polarizable continuum model (IPCM) gives a
reaction energy of �7 kJmol�1.[29]

In conclusion, the studied substitution reaction was
selected as a test system to investigate the behavior of ionic
liquids as reaction medium for ligand-substitution reactions in
comparison to conventional solvents. The observed spectral
changes, kinetic traces, rate, and activation parameters clearly
demonstrate the “normal” behavior and innocence of the
selected ionic liquid in ligand-substitution reactions of PtII

complexes. The kinetic data can be treated according to the
transition-state theory as for any other solvent. No deviations

whatsoever were observed. For the
first time it has been possible to
determine the activation volume for
a ligand-substitution reaction on a
metal complex in an ionic liquid.
An analysis of the thermal and
pressure activation parameters indi-
cates that the ionic liquid exhibits
rather unique properties in terms of
electrostriction/solvation of transi-
tion states that involve different
degrees of polarity as reflected by
similar activation parameters in
conventional solvents. The appar-
ent insensitivity of the ionic liquid

towards changes in polarity on going to the
transition state can be ascribed to its ten-
dency to form well-structured cation–anion
aggregates. As a result of the apparent
absence of solvent reorganization due to
changes in electrostriction in this medium,
the observed activation volume can be
directly correlated with intrinsic volume
changes that result from changes in bond
lengths and bond angles on going to the
transition state. This factor can, in principle,
considerably simplify the accurate assign-
ment of intimate mechanisms in cases in
which changes in the polarity of the tran-
sition state cause large solvent effects in
terms of electrostriction/solvation in con-
ventional solvents and complicate the mech-
anistic assignment on the basis of activation
parameters, especially activation entropy
and volume data. This unique property of
ionic liquids may come in very handy to
resolve mechanistic discrepancies in con-
ventional solvents.

Experimental Section
All chemicals used were of analytical reagent grade and of the highest
purity commercially available. K2[PtCl4] was obtained from Strem
Chemical Co.; [BMIM]Cl and lithium bis(trifluoromethylsulfonyl)-
amide were obtained from Solvent Innovation. Ultrapure water was
used for the spectroscopic and kinetic measurements. The solvato-
chromic ReichardtKs dye, (2,6-diphenyl-4-(2,4,6-triphenylpyridinium-
1-yl)phenolate hydrate, was obtained from Aldrich.

The complex 1-Cl·H2O, was synthesized following a reported
procedure.[7] The ligand, 2,6-bis(aminomethyl)pyridine, was prepared
according to a method used to synthesize 6-(aminomethyl)-2,2’-
bipyridine[30] by using 2,6-bis(bromomethyl)pyridine[31] as the starting
material. The corresponding platinum complex was prepared as
described previously and was obtained in the same quality (see
Supporting Information).[7]

The ionic liquid [BMIM]BTAwas synthesized by using a reported
procedure.[32,33] A solution of [BMIM]Cl (705 g, 4.04 mol) in H2O
(200 mL) was added to a solution of Li(bis(trifluoromethylsul-
fonyl)amide) (1.054 kg, 3.67 mol) in H2O (200 mL; 1.1:1 molar
ratio). The reaction media was mixed whereupon two phases
formed: the bottom, slightly yellow phase was [BMIM]BTA; the

Table 2: Computational results for the reactions 1+X and 2+X (X=Cl� , I� , TU).

Reaction Relative energies [kJmol�1][a] Distances [pm] (Pt�Cl/Pt�X)
Ecpx Ereact Eact precursor transition state product

1+Cl� 451 0 89 236/386 259/259 386/236
1+ I� 364 3 77 235/437 259/287 385/266
1+TU 86 13 72 235/458 259/268 298/238

2+Cl� 415 0 66 237/346 260/260 346/237
2+ I� 334 21 75 237/409 262/291 345/269
2+TU 59 13 64 237/378 265/268 318/239

[a] Ecpx : complexation energy released on the formation of the precursor complex; Ereact : reaction energy
for the formation of the product complex; Eact : activation energy for the formation of the transition state
relative to the precursor complex.

Figure 2. Calculated transition-state structures for the reaction of 1 with Cl� , I� , and
thiourea. Distances are given in pm.
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top phase was aqueous LiCl. The reaction mixture was stirred
overnight at room temperature and the top phase was decanted off.
CH2Cl2 (200 mL) was then added and the mixture was washed three
times with H2O (500 mL). The addition of CH2Cl2 led to an improved
separation of the phases. After removal of CH2Cl2 and addition of
activated carbon, the mixture was stirred for over 48 h at room
temperature. Filtration of the mixture through a normal frit followed
by Millipore filtration (pore size 0.22 mm) afforded a colorless liquid,
which was washed with water once more, dried at 50–608C under
vacuum for 48 h and filtered through a Millipore filter (pore size
0.22 mm). The product, [BMIM]BTA, was a clear colorless liquid; its
NMR data are in close agreement with those reported for an acetone
solution (see Supporting Information).[33] The water content of
[BMIM]BTA was determined by a Karl–Fischer titration by using a
Metrohm 756 KF coulometer and found to be 23 ppm.

Instrumentation and measurements: [BMIM]BTA was dried and
degassed before use. Its polarity was determined by using the
solvatochromic ReichardtKs dye (see the Supporting Information).
The dimensionless normalized EN

T values of the solvent were
calculated according to reference [34].

Carlo Erba Elemental Analysers 1106 and 1108, and Bruker
Avance DPX 300 and DRX 400 NMR spectrometers were used for
chemical analysis and compound characterization, respectively. The
UV/Vis spectra for the study of slow reactions were recorded on a
Varian Cary 1G spectrophotometer equipped with a cell holder and
thermostat. For the kinetic measurements on fast reactions an
Applied Photophysics SX 18MV stopped-flow instrument was used.
The wavelengths used are listed in the Supporting Information.
Kinetic experiments at elevated pressure (1 to 130 MPa) were
performed in a laboratory-made high-pressure stopped-flow instru-
ment[35] or a Shimadzu UV-2101-PC spectrophotometer equipped
with a high-pressure cell designed for the study of slow reactions.[36]

The temperature of the instruments was controlled within an accuracy
of � 0.1 K. TU and I� (as LiI) were used as entering nucleophiles.
Their high nucleophilicity prevents the back reaction. The starting
complex was dissolved in water and methanol that contained LiCl
(0.002m) to avoid its solvolysis. Trifluoromethanesulfonic acid (0.01m)
was added to avoid formation of hydroxo or alcoholate ions, which
could compete in the chloride displacement. In the case of iodide as
nucleophile and methanol and water as solvent, the ionic strength was
kept at 0.2m (LiClO4). The reactions were studied under pseudo-first-
order conditions by using at least a tenfold excess of the nucleophiles.
All listed rate constants represent an average value of at least five
kinetic runs for each experimental condition.

Calculations: Structures were fully optimized at B3LYP/
LANL2DZp[24–26] and characterized by calculation of vibrational
frequencies. Relative energies include corrections for zero-point
vibrational energy differences. Solvent effects were probed with
IPCM single-point energy calculations by using the default param-
eters, that is, water as solvent.[29] The Gaussian program was used.[37]

Supporting Information available: Yields, elemental analyses,
and 1H NMR data for synthesized compounds; plots showing the
concentration, temperature, and pressure dependence of the
observed rate constants for the reactions between complex 1 and
thiourea or iodide.
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Polycyclic Molecules from Linear Precursors:
Stereoselective Synthesis of Clavolonine and
Related Complex Structures**
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At the time of this publication, over 100 lycopodium alkaloids
have been isolated.[1] The 16-carbon-atom-containing lycopo-
dium alkaloid family features a variety of polycyclic ring sizes,
stereochemistry, and oxidation patterns. The classic tetracy-
clic skeleton of the lycopodane family has a rich history in
organic chemistry and has been a proving ground for new
approaches to the synthesis of polycyclic alkaloid targets.[2]

Despite the number of research groups that have contributed
to the synthesis of this family of alkaloids, all have proceeded
in a linear fashion from cyclic starting materials.

The structure of lycopodine provides an instructive model
to explore a strategy centered on 1) a convergent synthesis of
a linear precursor that contains the complete carbon back-
bone and 2) the incorporation of a reaction cascade sequence
to construct the remaining carbon–carbon bonds. In this
study, we pursued the synthesis of clavolonine (2), which was

first isolated in Jamaica in 1960[3] from the club moss
Lycopodium clavatum and was synthesized as a racemate by
Wenkert and Broka.[4a]

The disconnections required to transform the lycopodium
skeleton 3 into its derived acyclic precursor may be accom-
plished with three principal constructions: 1) a Mannich
reaction, 2) a Michael addition, and 3) a C–N alkylation
(Figure 1). If the C–N alkylation is the last skeletal discon-
nection, then these reactions are implemented in a macro-
cyclic manifold (path A). Alternatively, if the C–N alkylation
is the first skeletal disconnection, the same reactions are
implemented in a linear environment (path B). Herein, we
report the evaluation of both distinct approaches to the
synthesis of the lycopodium skeleton.
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First, let us consider path A. Macrocycles often adopt
well-defined conformations that exhibit a pronounced influ-
ence on the stereochemical course of reactions.[5] The inves-
tigation of this route required the synthesis of the 16-
membered macrocycle 11a (Scheme 1). The synthesis began
by the boron-mediated aldol addition of (R)-3-propionyl-4-
benzyloxazolidinone to cinnamaldehyde to provide crystal-

line 4 as a single diastereomer.[6] This aldol adduct
was successively reduced to the diol and trapped as
the derived benzylidine acetal. Subsequent reductive
cleavage revealed the primary alcohol (DibalH,
CH2Cl2, �35 8C) which was transformed into nitrile
5 via the intermediate tosylate.[7] Following ozonol-
ysis of the styrene moiety, the aldehyde derived from
5 was condensed with b-ketophosphonate 7 to afford
a,b-unsaturated ketone 8 in 90% yield.[8] After
protection of the enone in 8, the nitrile and protected
hydroxyl termini were modified to the macrocycli-
zation requisite precursor 9.[9] Macrocyclization was
accomplished by activation of the primary alcohol as
its iodide derivative, which was immediately sub-
jected to ketoester alkylation conditions (Cs2CO3,
THF, 37 8C, 0.007m).[10] In this manner, macrocycle
10 was reproducibly obtained in good yield. Oxida-
tion of the allylic alcohol afforded the desired enone
11a, which was crystallized as a single diastereomer
(m.p.: 127 8C) and analyzed by X-ray diffraction.

The deprotected macrocyclic amine 11b may
react with either the C13 or the C5 carbonyl groups.
We predicted that deprotection of the amine would
result in condensation at the C13 ketone to provide

the vinylogous urethane 12 (Scheme 2).[11] In the event,
carbamate cleavage of amine 11a afforded none of the
desired enaminone 12 ; rather, exclusive formation of 13
(attack at C5) was observed (97% yield). Exposure of 13 to
protic or Lewis acids promoted a stereoselective transannular
Michael addition of the ketoester to the a,b-unsaturated
iminium ion 14. The derived tricyclic enamine 15was unstable

and underwent a spontaneous intramolec-
ular Mannich cyclization to the tetracyclic
ketoester 17 upon attempted purification
by chromatography on silica gel or alu-
mina. In practice, enamine 13 was trans-
formed directly into 17 (81% yield) upon
heating in ethanol with piperidinium ace-
tate. The structural assignment of this
compound was verified by X-ray diffrac-
tion analysis of derivative 18 (m.p.: 194 8C).
For the purpose of complete characteriza-
tion, enamine 15 was selectively reduced to
amine 19 and analyzed by X-ray diffraction
as its hydrochloride salt (m.p.: 225 8C). An
examination of the solid-state conforma-
tion of macrocycle 11a provides no clear
rationale for the observed N–C5 conden-
sation of amine 11b. The protected amine
is positioned at the same distance from
both the ketones at C5 and C13 (5.38 and
5.41 B, respectively). As a result of the
undesired chemoselectivity of the trans-
annular amine condensation,[12] we turned
our attention to an alternative sequence of
events.

Macrocycle 11a underwent a selective
transannular Michael reaction upon expo-
sure to base (Cs2CO3, EtOH, �78 8C) to

Figure 1. Synthesis plan: macrocyclic path A and linear path B.

Scheme 1. Reagents and conditions (see reference [7] for explanation of abbreviations):
a) LiBH4, Et2O, H2O, 0 8C; PhCH(OMe)2, TsOH, 93%; b) DibalH, CH2Cl2, �35 8C, 76%;
c) TsCl, NEt3, DMAP; KCN, DMSO, 50 8C, 94%; d) NaH, allyl bromide, DMF, �20 to 10 8C,
55%, 90% based on recovered material; e) 9-BBN, H2O2; TBSCl, imid, DMF, 83%; f) nBuLi,
MePO(OEt)2, THF, �78 8C, 98%; g) O3, �78 8C; DMS; h) NaH, THF, �78 to �20 8C, 90%;
i) L-selectride, THF, �78 8C; j) TBSCl, imid, DMF, 81% (2 steps); k) DibalH, CH2Cl2, �50 8C,
87%; l) ethyldiazoacetate, SnCl2, 82%; m) HF·py, THF, 0 8C, 72% (93% based on recovered
material); n) I2, PPh3, imid, �5 8C; o) Cs2CO3, THF (0.007m), 37 8C, 65% (2 steps); p) F·py,
THF, 23 8C; q) DMP, NaHCO3, 74% (2 steps).
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provide 21 as a mixture of diastereomers (94:6) in 83% yield
(Scheme 2, m.p.: 136 8C). The stereochemical outcome of this
cyclization was established by X-ray crystallography. Both
newly formed stereocenters are those desired for
construction of the lycopodium core. The crystal
structure of the Michael product 21 depicts a
cyclohexane-ring conformer that minimizes non-
bonding interactions. If we assume that the transition
state resembles the solid-state conformer, then the
transannular addition of the dipole minimized E,E-
enolate 20 into a pseudo-axially disposed enone
rationalizes the outcome and minimizes developing
syn-pentane interactions. Removal of the carbamate
protecting group in 21 results in condensation at C5
to yield the previously described tricyclic enamine 15.
It was apparent that protection of the ketone at C5,
which is positioned in close proximity to the carba-
mate nitrogen center (4.7 B by X-ray crystallogra-
phy), would be necessary to divert the condensation
to the carbonyl group at C13. Avariety of protections
at C5 were investigated, however, no reaction
between the free amine and C13 ketone could be
observed. In conclusion, it appears that the C13 condensation
pathway to provide intermediate 22 is disfavored for both
entropic and steric reasons. To effect reaction between the
amine and C13, we reasoned that disconnection of the N�C1
bond would be necessary (Figure 1, path B).

With respect to path B, the linear precursors 26 and 27
were selected as targets and assembled in a manner analogous
to the preparation of 8 (see above, Scheme 1). This synthesis
employed a similar Horner–Wadsworth–Emmons coupling to
afford 23. After reduction of the ketone and protection of the
alcohol as its silyl ether, the nitrile terminus was converted
into aldehyde 24 (DibalH, CH2Cl2, �50 8C). An aldol–

oxidation sequence provided flexibility in the synthesis of
both substituted and unsubstituted b-ketoesters 26 and 27
(Scheme 3)

A survey of conditions to effect a selective intramolecular
Michael reaction was undertaken (Scheme 4). The unstable b-
ketoester precursor 27 was immediately subjected to cycliza-
tion conditions (Cs2CO3, EtOH, �78 8C) to provide 28 as a
mixture (> 10:1) of diasteromers (Scheme 4, equation (1)).[13]

The additional three carbon atoms and amino terminus were
appended through an acrylonitrile Michael addition
(Bu4NOH·30H2O, MeCN, 0 8C, 71%) to provide 29 as a
single diastereomer.

In general, Michael additions with the substituted b-
ketoester 26 were less selective than with its unsubstituted
counterpart 27 (Scheme 4, equation (2)). Products 30a and

Scheme 2. Reagents and conditions: a) TFA, CH2Cl2, DMS, 0 8C, 97%; b) ZnCl2; c) SiO2; d) piperidinium acetate, EtOH, 80 8C, 48 h, 81%;
e) tBuOK, DMSO; HCl, 40 8C, 85%; f) H2, Pd(OH)2/C, EtOH, 70%; g) NaBH3CN, MeOH, AcOH; h) Cs2CO3, EtOH, �78 8C, 83%; i) TMSOTf,
CH2Cl2, �20 8C.

Scheme 3. Reagents and conditions: a) L-selectride, �78 8C; b) TESCl, imid.,
DMF, 73%; c) DibalH, CH2Cl2, �50 8C, 83%; d) LDA, 25 ; PPTS, EtOH; DMP,
NaHCO3, 87% (3 steps); e) LDA, tBuOAc; PPTS, EtOH; DMP, NaHCO3, 84%
(3 steps).
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30d contain the requisite stereochemistry at C7 for elabo-
ration to the lycopodium skeleton. Generation of chelate-
organized Z,Z-enolate complexes (NaH or LiOMe/LiClO4)
afforded predominately diastereomer 30c.[14] Conditions that
favor extended or dipole-minimized E,E-ketoester enolates
(Me3NBnOMe or Cs2CO3) afforded a turnover in selectivity,
providing a modest bias for the desired diastereomeric
Michael reaction product 30a.[15, 14c–f] Both Me3NBnOMe or
Cs2CO3 reaction conditions were equally convenient to
execute and high yielding (55–60% 30a, 22–24% 30b).
Product 30d was not detected under any conditions.[16]

With the configuration at C7 established through a
selective Michael reaction, the next objective toward the
lycopodium skeleton was the Mannich addition between the

C4 enol and C13-derived imminium
ion. This objective was realized on
both Michael adducts 30a and 29
which were independently carried
forward to the common tetracyclic
dihydropyran 32 (Scheme 5). Car-
bamate deprotection (TFA,
CH2Cl2) of 30a initiated condensa-
tion, leading to intermediate imine
31. On exposure to methanolic
HCl,[17] a series of reactions
ensued, including decarboxylation,
formation of a dihydropyran, and
Mannich cyclization to provide 32
in 71% yield. To effect a similar
sequence from 29, it was necessary
to reduce the nitrile (Raney Ni, H2)
to give imine 33. The adjacent
quaternary center sufficiently
retards reduction of the imine
moiety to prevent over-reduc-
tion.[18] Methanolic HCl converted
imine 33 into the aforementioned
dihydropyran 32. Inspection of
intermediates 31 and 34 indicates
an epimeric configuration at C12.

Owing to the stereoelectronic imperatives of the Mannich
reaction, the latter will not undergo cyclization without prior
decarboxylation and formal inversion.[19]

Treatment of dihydropyran 32 with HBr/HOAc cleaved
both the benzyl ether and the dihydropyran functions to
provide intermediate ammonium bromide salt 35. On expo-
sure to methanolic base, intramolecular N-alkylation and
saponification of the acetate was realized, leading to clav-
olonine (2) in 95% yield. The structure of clavolonine (2) was
verified by single-crystal X-ray crystallography (m.p.:
227 8C).[20]

In conclusion, the synthesis of clavolonine (2) has been an
exercise in the conversion of functionalized linear carbon
chains into polycyclic architectures. The end products include

Scheme 4. Survey of conditions for selective intramolecular Michael reaction; the table shows the
conditions for equation (2), and the relative proportions of product obtained.

Scheme 5. Reagents and conditions: a) TFA, DMS, CH2Cl2, 23 8C; HCl, MeOH, 70 8C, 24 h (71%); b) Raney Ni, H2, EtOH, 74–96%; c) HCl,
MeOH, 70 8C, 42 h, 96%; d) HBr, HOAc, CH2Cl2; MeOH, NaOH, 95%.
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not only the target structure but also a diverse array of
complex nitrogen-containing polycyclic structures that are
accessible from simple Michael–Mannich reaction cascades.
The illustrated strategy of cyclization-based multistep bond
constructions is currently being applied to other complex
natural products.
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predictions are reinforcing for C13 condensation. Saturated
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Dñ= 40 cm�1) and experimentally, for example, by competitive
reductive amination. A saturated carbonyl group is preferen-
tially reduced in the presence of NaB(OAc)3H, as noted in the
following reference: A. F. Abdel-Magid, K. G. Carson, B. D.
Harris, C. A. Maryanoff, R. D. Shah, J. Org. Chem. 1996, 61,
3849. Macrocycle 11a demonstrates no enol content by 1H NMR
or IR spectroscopy. For this reason, the ketone at C13 should be
regarded as a saturated ketone.

[12] Macrocycle 11a was decarboxylated under Krapcho conditions.
This material also exclusively favors condensation at C5.

[13] Ketoester 28 exists as a mixture of keto and enol tautomers. For
this reason, an accurate diastereomeric ratio of the preceding
Michael addition could not be determined. A small amount of 28
was decarboxylated under Krapcho conditions. The derived
ketone was isomerically pure (d.r.� 10:1), and the stereochem-
istry at C7 was proven by 2D 1H NMR spectral analysis
(NOESY).

[14] a) G. Stork, J. D. Winkler, N. A. Saccomano, Tetrahedron Lett.
1983, 24, 465; b) G. Stork, C. S. Shiner, J. D. Winkler, J. Am.
Chem. Soc. 1982, 104, 310; c) E. M. Arnett, S. G. Maroldo, S. L.
Schilling, J. A. Harrelson, J. Am. Chem. Soc. 1984, 106, 6759;
d) M. Raban, D. P. Haritos, J. Am. Chem. Soc. 1979, 101, 5178;
e) M. Raban, E. A. Noe, G. Yamamoto, J. Am. Chem. Soc. 1977,
99, 6527; f) L. M. Jackman, B. C. Lange, Tetrahedron 1977, 33,
2737.

[15] L. N. Mander, S. G. Pyne, J. Am. Chem. Soc. 1979, 101, 3373.
[16] Product 30d was prepared independently by alkylation of 28

with 1-iodo-3-amino-tert-butylcarbamate and tBuOK provided
30d as a single isomer in less than 30% yield.

[17] The use of methanolic HCl to effect a Mannich addition finds
precedent in the Heathcock synthesis of lycopodine; see
reference [2a].

[18] C. H. Heathcock, M. H. Norman, D. A. Dickman, J. Org. Chem.
1990, 55, 798.

[19] a) R. V. Stevens, A. W. M. Lee, J. Am. Chem. Soc. 1979, 101,
7032; b) R. V. Stevens, Acc. Chem. Res. 1984, 17, 289.

[20] CCDC 280174–280177 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. 19 (280174) C26H38ClNO4:
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space group P21; 2 (280177) C16H25NO2: a= 13.5174(12), c=
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Diels–Alder Reactions Catalyzed by a Tridentate
[(Schiff Base)CrIII] Complex**
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The octocoral Pseudopterogorgia elisabethae produces a
variety of terpenoids, such as colombiasin A, elisapterosin B,
and elisabethin A, that display diverse structural frameworks
and bioactivities.[1] These secondary metabolites are possibly

derived from a relatively simple common biosynthetic
precursor; indeed, compounds such as 1, which could undergo
transformation to the more complex polycyclic natural
products by divergent cyclization pathways, have been
isolated from the same organism.[2] We became interested in
developing efficient quinone Diels–Alder (qDA) catalysts for
the preparation of intermediates related to 1 [e.g. 2, Eq. (1)]
as part of a unified biomimetic strategy for the syntheses of
this family of natural products. Herein, we report a new
method for highly enantioselective qDA reactions of qui-
nones with a variety of dienes catalyzed by a new, monomeric
[(Schiff base)Criii] complex.[3] In the following paper in this
issue, we describe concise asymmetric catalytic syntheses of

(�)-colombiasin A and (�)-elisapterosin B employing this
methodology in the pivotal step.[4]

The reaction of quinones with dienes was the first class of
cycloaddition pathways to be recognized by Diels and
Alder,[5] and it has enjoyed widespread use in organic
synthesis ever since.[6] However, until recently, effective
catalysts for enantioselective qDA reactions have remained
elusive. In seminal studies by Mikami and co-workers, Ti–
binolate complexes were found to be effective for a limited
range of substrates.[7,8] Subsequently, Evans and co-workers
reported bis(oxazoline)–lanthanide complexes as asymmetric
catalysts for reactions of methyl-substituted dienes with ester-
substituted quinones capable of two-point binding.[9] Corey
and co-workers described the use of cationic oxazaborilidines
as enantioselective qDA catalysts that promote cycloaddition
through single-point binding, with unsymmetrical quinones
undergoing reaction by activation of the most Lewis basic
carbonyl group.[10] Despite these important advances, identi-
fication of new and highly active qDA catalysts with broad
substrate scope remains an important goal, particularly for
accessing the diversity of cycloadducts of interest in the
synthesis of biologically active compounds.

Our own catalyst development studies focused initially on
the reaction of quinone 3 and diene 4, a model relevant to the
colombiasin A effort and designed to gauge both catalyst
enantioselectivity and regioselectivity (Scheme 1). As the

qDA cycloadduct obtained is not stable to air or silica gel at
room temperature, further functionalization of the cyclo-
adduct was performed to facilitate isolation and analysis. In
situ air oxidation to the quinone 5, or tautomerization and

Scheme 1. Quinone Diels–Alder (qDA) reaction followed by in situ derivatization
of the cycloadduct. TES= triethylsilyl; DBU=1,8-diazabicyclo[5.4.0]undec-7-ene;
DMAP=4-dimethylaminopyridine.

[*] Dr. E. R. Jarvo, B. M. Lawrence, Prof. Dr. E. N. Jacobsen
Department of Chemistry and Chemical Biology
Harvard University
Cambridge, MA 02138 (USA)
Fax: (+1)617-496-1880
E-mail: jacobsen@chemistry.harvard.edu

[**] This work was supported by the NIH (GM-59316). We are grateful to
Dr. R. Staples for carrying out the X-ray crystal structure analyses.

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

Angewandte
Chemie

6043Angew. Chem. Int. Ed. 2005, 44, 6043 –6046 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



trapping with acetic anhydride to 6, provided stable materials
that could be handled easily using standard laboratory
techniques.[11,12]

Recognizing the demonstrated ability of chiral [(Schiff
base)CrIII] catalysts to activate simple carbonyl compounds to
cycloaddition through one-point binding mechanisms,[3, 13] we
explored their possible application to the qDA reaction.
Preliminary studies with the broadly useful dimeric catalyst
8[14] led to an intriguing and unexpected observation: catalysts
prepared by different extractive workup procedures led to
dramatically different results in the model reaction (Table 1).

We had found previously that synthesis of 8 accompanied
by aqueous workup under either neutral or acidic (1n HCl)
conditions afforded catalysts that performed similarly in
hetero-Diels–Alder (HDA) reactions, with the preferred
method of catalyst preparation involving extraction with
neutral H2O.[15] Catalyst prepared in this manner is dimeric in
the solid state[3b] and in solution.[16] However, the qDA
reaction catalyzed by dimer 8 was sluggish and afforded
products with low enantio- and regioselectivity, whereas
catalyst prepared by acidic workup procedures afforded
markedly improved results (Table 1, entry 2, 96% ee, 12:1
regioselectivity). This suggested that another chromium–
ligand complex was being generated as a minor component
under the acidic workup conditions, and that this impurity

could be the active species in the quinone DA reaction. The
conditions for catalyst preparation were therefore varied
systematically to optimize the rate and enantioselectivity in
the qDA reaction. Catalyst prepared by using 3n HCl for the
extractive workup proved most effective, affording product 5
with 96% ee and 12:1 regioselectivity after a reaction time of
only 10 min. The major regioisomer was found to be that
which would arise from Lewis acid coordination to the less
Lewis basic carbonyl group, as would be required for our
syntheses of colombiasin A and related natural products.[17]

Catalyst prepared by using the 3n HCl workup protocol
was recrystallized to afford single crystals suitable for X-ray
analysis. In the solid state, complex 9 has a monomeric,
pseudooctahedral structure with two water molecules and a
chloride ligand in the coordination sphere of the metal
(Figure 1).[18] This crystalline material was introduced in the

qDA reaction between 3 and 4, and it exhibited nearly
identical selectivity to the bulk catalyst (95% ee versus
96% ee, 12:1 regioselectivity). Thus, CrIII complexes derived
from the same tridentate Schiff base ligand 7 are generated in
different aggregation states depending only on the workup
conditions (Figure 1), with the dimeric complex 8 being
optimal for HDA reactions, and the monomeric complex 9
optimal for qDA reactions.[19] While the aggregation state of
the active catalyst derived from 9 has not yet been elucidated,
it is clear that it is distinct from the dimeric catalyst derived
from 8.[20]

The scope of catalyst 9 in qDA reactions is illustrated by
the examples in Tables 2 and 3. Avariety of cycloadducts were
prepared with greater than 90% ee in reactions carried out at
0 8C.[21] Despite the fact that quinone 3 undergoes reaction by
apparent activation of the less basic carbonyl group adjacent
to the methoxy group, bidentate chelation to the catalyst by
the quinone is not required. Thus, naphthoquinone (10) and
2,3-dimethylquinone both underwent reaction with diene 4 to
yield products in 94% ee (Table 2, entries 2 and 3). The same
sense of stereoinduction was observed in reactions with 3 as in
reactions with quinones incapable of two-point binding.[22]

Table 1: Effect of catalyst preparation conditions on the asymmetric qDA
reaction of quinone 3 with diene 4.[a]

Entry Catalyst preparation Quinone Diels–Alder
Extractive Predominant Reaction Yield ee Regioselectivity[c]

workup species time [%][b] [%]

1 H2O 8 26 h 82 39 3.3:1
2 1n HCl 8 (+9) 35 min 70 96 12:1
3 3n HCl 9 10 min 86 96 12:1

[a] Reactions were carried out with 5 mol% catalyst and 1.5 equiv diene 4
in the presence of crushed 5 J molecular sieves in toluene (0.2m).
[b] Yield of isolated product after oxidation to quinone 5 and purification
by silica gel chromatography. [c] Determined by HPLC analysis with
commercial chiral stationary phases. See Supporting Information for full
details.

Figure 1. Preparation of catalysts 8 and 9, and the X-ray crystal struc-
ture of 9. Ellipsoids are drawn at the 30% probability level.
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The reactions of a variety of dienes with napthoquinone
(10) and methoxy-substituted quinone 3 were also examined
(Table 3). Electronic activation of the diene by silyloxy or
alkoxy substituents is not required, as dienes such as 1,3-
pentadiene and 2-methyl-1,3-pentadiene were found to

undergo reaction with acceptable rates to afford highly
enantioenriched qDA products (Table 3, entries 1–3). Steri-
cally demanding substituents at both the 1- and 3-positions of
the diene are well tolerated: iPr-substituted dienes 11 and 12
(Table 3, entries 6 and 8) required prolonged reaction times,
but afforded products with high levels of enantioselectivity
(90 and 96% ee, respectively). Reaction of diene 11 with
quinone 3, a model system for our synthetic efforts [see
Eq. (1)], provided the required isomer with high regioselec-
tivity (9:1).

In conclusion, a seemingly minor change in the conditions
used for workup in the catalyst synthesis resulted in the
identification of a new, monomeric [(Schiff base)CrIII] com-
plex with broad scope in the asymmetric qDA reaction. The
utility of this catalyst in natural product synthesis is illustrated
in the following communication, where we report the total
syntheses of (�)-colombiasin A and (�)-elisapterosin B.[4]

Further studies related to the scope and mechanism of
catalyst 9 are underway.
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The gorgonian corals are notable as sources of many diverse
pharmacological agents,[1] and substantial effort has been
directed toward isolation of natural products from these
organisms. One species from this family, the soft coral
Pseudopterogorgia elisabethae, has provided compounds
with antiinflamatory, analgesic, cytotoxic, antiviral, antibac-
terial, antituberculosis and antimalarial activity.[2] Members
of the pseudopterosin family of diterpene glycosides
(Scheme 1) were isolated from this organism and have
subsequently been found to be potent antiinflamatory and
analgesic agents.[3] This class of natural products, which
contains more than 15 variants, has been shown to be derived
from a common biosynthetic precursor, erogorgiaene.[4] More
recently, other secondary metabolites that appear to originate
from a related biosynthetic pathway have been recovered
from extracts of this species.[5] These compounds, such as
colombiasin A, elisapterosin B, and elisabethin A, have
attracted considerable interest from the synthetic community,
due in significant part to the challenge presented by their
interesting molecular architectures.[6–8] It has been proposed
that these natural products could be derived from a common
intermediate such as 1 by different cyclization pathways.[9]
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Such diversity-oriented synthesis practiced on a biosynthetic
level would allow the organism to generate an array of
compounds for chemical defence, and is supported by the
observation of 1 in extracts from P. elisabethae.[10]

We were intrigued by the versatility of putative biosyn-
thetic intermediate 1, and became interested in developing a
synthetic route to (�)-colombiasin A that would proceed
through a similar advanced intermediate, such as alcohol 2
(Scheme 2). We envisioned preparation of 2 by a diastereo-

and regioselective quinone Diels–Alder (qDA) reaction. This
strategy would require a method to adjust the stereochemistry
at C6 (colombiane numbering) in a subsequent step. Indeed,
while several elegant syntheses of colombiasin A have been
reported, control over all stereochemical elements of the
molecule has proven to be a most significant challenge.[6] To
insure high selectivity in the qDA reaction, we undertook an
effort to develop new catalysts for this reaction as an integral
part of our synthetic plan. The details of those studies are
presented in the preceding communication in this issue.[11] To
address the stereochemistry at C6, we chose to employ silyl
enol ether 5 as the diene component, with the thought that the
ketone 3 could undergo epimerization to afford the desired
diastereomer. The silyl enol ether would also serve to
differentiate the diene termini, and thus allow high regiose-
lectivity in the qDA reaction.
Our synthesis of diene 5 began with an inverse electron

demand hetero-Diels–Alder (HDA) reaction catalyzed by
dimeric chromium complex 8, a reaction that was developed
in our group for the preparation of optically pure dihydro-
pyrans.[12, 13] Reaction of ethyl vinyl ether with trans-croton-
aldehyde afforded cycloadduct 6 in good yield (81%) and
high enantioselectivity (93% ee) on multigram scale, thereby
introducing the requisite stereochemistry of the methyl-
bearing stereocenter at C7 (Scheme 3). Palladium-catalyzed

Negishi coupling with 1-bromopropene (1:1 E/Zmixture) was
performed after lithiation of 6with tBuLi and transmetalation
with ZnCl2.

[14] The isomerically pure cross-coupled product
was hydrolyzed directly to afford ketoaldehyde 7 in 81%
yield. Selective olefination of the aldehyde in the presence of
the enone was achieved by a standard Wittig olefination. The
enone was then treated with KHMDS and the resultant
enolate was quenched with TESCl to provide diene 5.[15]

With diene 5 in hand, catalysis of the key qDA reaction
was investigated (Table 1). Reactions of simpler model dienes

Scheme 1. Representative secondary metabolites isolated from
Pseudopterogorgia elisabethae.

Scheme 2. Retrosynthetic analysis applied to colombiasin.

Scheme 3. Synthesis of diene 5. a) (1S,2R)-8 (5 mol%), MS 4 E, 20 h; b) 1.
tBuLi, THF, �78 to 0 8C, 0.5 h; 2. ZnCl2, THF, 0 8C to RT, 0.5 h; 3. [Pd-
(PPh3)4] (2.5 mol%), 1-bromopropene (2 equiv, cis/trans 1:1), THF, 2 h; 4.
HCl (aq.) (0.5m), 1 h; c) 1. BrCH3PPh3, KHMDS, PhMe, 0 8C, 1 h; 2. 7, �78
to 0 8C, 82%; d) 1. KHMDS, THF, �78 8C, 0.5 h; 2. TESCl, �78 8C, 0.5 h,
90% (90% isomerically pure). HMDS= bis(trimethylsilyl)amide,
TES= triethylsilyl.
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suggested that monomeric chromium complex 12 might be a
suitable catalyst (see previous paper for a detailed discus-
sion).[11,16] The inherent substrate-induced diastereoselectiv-
ity, as measured by catalysis with achiral catalyst 11, was low
(1.8:1 d.r., 3:1 regioselectivity; Table 1, entry 1), though the

diastereomer required for the synthesis was obtained as the
major product.[17] Gratifyingly, chiral catalyst 12 was found to
exert high levels of stereocontrol over the reaction. In the
matched case, catalyst (1R,2S)-12 provided the
desired product in high diastereoselectivity
(17:1) and regioselectivity (10:1; Table 1,
entry 2). The mismatched catalyst, (1S,2R)-
12, though less selective overall, induced a
reversal in diastereoselectivity (1:6.5 d.r., 4.6:1
regioselectivity; Table 1, entry 3).
Having demonstrated the highly stereo-

selective qDA reaction, we next investigated
the crucial epimerization of the C6 stereo-
center (Figure 1). The qDA reaction of 4 and 5
afforded silyl enol ether 13, along with an
olefin isomer 13’, in 86% yield.[18] These
isomers were not separated as both led to the
desired ketone upon hydrolysis. Treatment
with a 1:1 mixture of concentrated HCl and
methanol effected deprotection of the silyl
enol ether, tautomerization of the enedione to
the hydroquinone, and epimerization to the
desired diastereomer (> 10:1 d.r. as measured
by 1H NMR spectroscopy).[19] The relative
stereochemistry of ketone 14 was confirmed

by X-ray crystallography (Figure 1).[20] A highly diastereose-
lective reduction followed by in situ aerobic oxidation
furnished quinone alcohol 15 in 75% yield (over two steps
from 13 + 13’).[21]

We planned to install the tertiary allylic alcohol by a cross-
metathesis reaction catalyzed by the Grubbs second-gener-
ation ruthenium catalyst 18 (Scheme 4).[22] Preliminary stud-
ies suggested that the free secondary alcohol of 15 could
interfere with the subsequent dehydration reaction to the
requisite diene, so we chose to block this group first. As
deoxygenation at C5 would ultimately be required, xanthate
was chosen as a functional protecting group.[23,24] The cross-
metathesis reaction of quinone 16 with 2-methyl-3-buten-2-ol
catalyzed by 18 (10 mol%) proceeded smoothly at room
temperature (87% yield).[25] Warming a solution of tertiary
alcohol 2 in benzene to reflux in the presence of MgSO4
resulted in a tandem dehydration-intramolecular qDA reac-
tion to assemble the tetracyclic colombiane framework (77%
yield). The 1H and 13C NMR spectra of xanthate 17 matched
those reported by Nicolaou and co-workers for this inter-
mediate in their synthesis of colombiasin A.[6a] Completion of
the synthesis proceeded in a straightforward fashion. Deoxy-
genation and demethylation were performed by using mod-
ifications of the literature conditions,[6a,c] affording the natural
product, (�)-colombiasin A in 67% yield for the two-step
sequence. Spectral data (NMR, HRMS, IR) of synthetic
material and natural (�)-colombiasin A were in complete
accord.[26]

During the course of investigations into alternate depro-
tection conditions for methyl colombiasin A, we discovered
that treatment of (�)-colombiasin Awith superstoichiometric
quantities of BF3·Et2O resulted in smooth conversion to (�)-
elisapterosin B (Scheme 5). This reaction may proceed by a
fragmentation reaction, affording an allylic cation that under-
goes subsequent cyclization, or by a retro [4+2] cycloaddition
followed by a [5+2] cycloaddition. While the mechanism of
this reaction has yet to be determined, it is stereoselective and

Table 1: Diels–Alder reaction of quinone 4 and diene 5.

Entry Catalyst d.r. (9a :9b) Regioselectivity (9 :10)

1 achiral 11 1.8:1 3:1
2 (1R,2S)-12 17:1 10:1
3 (1S,2R)-12 1:6.5 4.6:1

[a] Catalyst (10 mol%), MS 5 E, PhMe, 0 8C; b) salcomine (10 mol%),
DBU, O2, 0 8C, 0.5 h.

Figure 1. Synthesis of alcohol 15 and the X-ray crystal structure of 14. Ellipsoids are
drawn at the 50% probability level. a) (1R,2S)-12 (10 mol%), 5 E MS, PhMe, 0 8C, 24 h;
b) HCl (conc.), MeOH, 0 8C to RT, 10 h; c) 1. NaBH4, CeCl3·7H2O, MeOH, �78 8C, 1 h;
2. air, RT, 2 h.
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high-yielding (94%), and underlines the close structural
relationship between these natural products.
The enantioselective synthesis of (�)-colombiasin A was

accomplished in 12 steps and 11.5% overall yield from ethyl
vinyl ether and trans-crotonaldehyde. A stereoselective qDA
reaction catalyzed by a [(Schiff base)CrIII] complex developed
expressly for this purpose allowed control of diastereo- and
regioselectivity in one of the key steps of the sequence. Other
key steps included highly selective installation of the C6
stereocenter under thermodynamic control, and a tandem
dehydration-qDA reaction to assemble the tetracyclic frame-
work of the molecule. The use of protecting groups was
minimized by careful synthetic design. (�)-Elisapterosin B
was prepared by a remarkably facile Lewis acid-mediated
rearrangement of colombiasin A. Current studies focus on

biomimetic syntheses of other natural products isolated from
Pseudopterogorgia elisabethae by way of intermediates such
as tertiary alcohol 2.
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A Template-Based Electrochemical Method for
the Synthesis of Multisegmented Metallic
Nanotubes**
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Tubular nanostructures have stimulated extensive research
efforts in recent years because of their technological impor-
tance in advanced electronic or magnetic devices[1] and
prospective applications in catalysis,[2] sensors,[3] and biolog-
ical separation and transport.[4] To date, various methods[5]

including reductive sulfidization,[6] thermal decomposition of
precursors,[7] atomic layer deposition (ALD),[8] hydrothermal
pyrolysis,[9] galvanic replacement reactions,[10] and surfactant-
or template-based growth[11] have been developed for the
fabrication of such tubular nanostructures. Among them,
template-based synthesis using anodic aluminum oxide
(AAO) or track-etched polymer membranes has attracted
much attention, because it provides several distinct advan-
tages over other approaches. It offers a convenient way for
producing structurally uniform nanostructures periodically
aligned in template matrices. A wide range of materials
including metals, semiconductors, and polymers have been
prepared in the form of nanotubes.[12] However, few examples
have been reported on the fabrication of metal nanotubes
despite their technological importance. The development of a
generalized method for the fabrication of aligned metal-
nanotube arrays remains a challenge. Precise control of the
nanotube growth process and formation of well-aligned
arrays will greatly assist investigations of their physical
properties and their potential use in nanoscale fluidics,
chemical and biological separations, sensors, and catalysts.

Herein, we report a novel approach for the preparation of
metallic nanotubes based on the preferential electrodeposi-
tion of a metal along the pore walls of an AAO membrane in
the presence of metallic nanoparticles on the wall surfaces
(Figure 1). Several reports on the immobilization of metallic
nanoparticles on the pore walls of AAO have been published
previously. Schmid and co-workers showed that Au nano-
particles can be self-assembled on AAO channels modified
with organosilane molecules, which function as molecular
anchors binding the nanoparticles.[13] More recently, Rubin-
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stein and co-workers demonstrated the preparation of Au
nanoparticle nanotubes (NPNTs) by introducing a colloid
solution of Au nanoparticles into the pores of an organo-
silane-modified AAO, followed by spontaneous coalescence
of the surface-bound Au nanoparticles.[14] In an alternative
approach, Johansson et al. deposited Pd nanoparticles on the
pore walls of AAO by using a sequential electroless deposi-
tion technique, in which a palladium complex ([Pd(NH3)4]

2+)
was thermally reduced to metallic Pd.[15] In the present study,
metallic nanoparticles (for example, Ag) were immobilized
on the pore walls of an AAO membrane by the spontaneous
reduction of AgI by SnII, which is a modification of the
previously established sensitization–preactivation process of
AAO[16] or polymer membranes[17] prior to the electroless
deposition of metals. To induce the selective reduction of
metal cations on the surfaces of oxide membranes, SnII was
first deposited on the pore walls by immersing the membranes
in an aqueous solution of SnCl2. After a drying step, the
resulting membranes were soaked in an aqueous solution of
AgNO3. These two steps constitute one deposition cycle and
were repeated several times (typically six cycles). The
standard reduction potential of SnIV/SnII (0.151 V versus
standard hydrogen electrode, SHE) is lower than that of the

AgI/Ag0 pair (0.80 V versus SHE). Therefore, the surface-
bound SnII

surface cations would be spontaneously oxidized into
SnIV, thus producing discrete metallic Ag nanoparticles on the
surface of the SnII-treated AAO membrane upon immersion
in an aqueous solution of AgNO3 [Eq. (1)].

2AgIaqþ SnII
surface! 2Ag0surfaceþ SnIV

surface ð1Þ

This process results in homogeneous deposition of metal
nanoparticles over the entire surface (pore walls and faces) of
AAO membranes (Figure 2a). The size and the number of

metal nanoparticles depend on the number of deposition
cycles. The average particle size determined by TEM analyses
was 11� 4 nm (Supporting Information). Unlike the Au
NPNTs reported by Rubinstein and co-workers[14] which
showed good electrical conductivity with a specific resistivity
of 6Wcm, our Ag-nanoparticle-modified AAO membranes
exhibited a typical insulating behavior even after 10 deposi-
tion cycles. This finding indicates that the Ag nanoparticles
immobilized on the surfaces of AAO membranes are isolated
from each other without the formation of a continuous
conduction path for current transport. Electrodeposition of
Au at current densities ranging from 2.2 to 2.5 mAcm�2

resulted in the formation of Au nanotubes embedded in the
alumina matrix (Figure 2b). Subsequent removal of the oxide
matrix with NaOH (1.0m) led to the release of Au nanotubes
with surfaces decorated with Ag nanoparticles (Figure 2c,d).
The presence of Ag nanoparticles on the surface of the metal
nanotubes is inevitable, and results in mixed-metal nanotubes.
TEM investigations of Au nanotubes revealed that the
average outer diameter of the nanotubes is 330 nm (Fig-
ure 2e). Further evidence for the tubular nanostructure was

Figure 1. Procedure for the preparation of metal nanotubes and the
proposed mechanism of metal nanotube growth (see text).

Figure 2. a) Cross-sectional SEM image of the Ag-nanoparticle-immo-
bilized anodic aluminum oxide (AAO) membrane. b) Cross-sectional
SEM image of the Au nanotube–AAO composite showing Au nano-
tubes embedded in the alumina matrix. c) and d) SEM images of Au
nanotubes after removal of alumina matrix with NaOH (1.0m) ; part d)
illustrates the open-end tips of Au nanotubes at the levels of different
length. e) Representative TEM image of Au nanotubes showing their
tubular structure.
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obtained directly from water permeation experiments
through the gold nanotube arrays embedded in the alumina
matrix: a drop of water placed on one side of the membrane
was transported to the other side.

In the process described herein, the growth of metal
nanotubes starts at the base-metal electrode at the bottom of
the pores (that is, a bottom-up deposition of metal) as a result
of the nonconducting nature of the nanochannels. It is
believed that Ag nanoparticles immobilized on the oxide
nanochannel surfaces play a key role in the growth of the
metallic nanotubes, and enable preferential electrodeposition
of metal along the nanochannel surfaces. Nanotube formation
in this electrodeposition process can be understood in terms
of the relative rates of deposition and the diffusion of metal
ions. It is believed that the deposition process takes place at
the tube tips, and therefore the deposition interfaces and the
diffusion layers of metal ions move dynamically with the
growth process of the tubes (Figure 1). Once a small
conducting path is created by electrodeposition between the
tube tip and an isolated Ag nanoparticle, the deposition
interface will move toward the recently created area, and a
majority of the metal ions will be deposited on the newly
connected nanoparticle until another isolated particle is
electrically connected. This electrodeposition effect estab-
lishes a depletion layer of metal ions, and thus the ion
concentration below the tube tips should be very low, and the
metal deposition on the inner tube wall should be negligible.
Our assumptions were proven by electrodeposition experi-
ments with different deposition rates. The electrodeposition
carried out at a low current density (< 0.4 mAcm�2), at which
the focusing effect at the tube tip could be neglected as a
result of the slow deposition rate, produced only arrays of
solid metal nanorods. In contrast, the electrodeposition
performed at a high current density (> 3.0 mAcm�2) resulted
in mechanically unstable metal nanotubes with highly porous
wall surfaces (Supporting Information).

For cases in which the whole surface of the membrane is
electrically conductive, electrodeposition of metal should
occur evenly over the entire membrane surface at the same
time. In other words, radial growth of metal nanotubes occurs
inside the nanochannels, gradually decreasing the channel
diameter. The underpotential deposition (UPD) technique is
required[18] for the fabrication of pore walls of uniform
thickness over the whole length of the membranes. The
deposition rate must be sufficiently lower than that of the
axial mass transfer of metal cations to guarantee a homoge-
neous ion concentration over the whole pore length.

By taking advantage of the preferential deposition of
metal along the wall surfaces of oxide nanochannels, we were
able to prepare multisegmented metallic nanotubes with a
bimetallic stacking configuration along the nanotube axes.
Figure 3 shows representative SEM images of multiseg-
mented metallic nanotubes with a stacking configuration of
Au-Ni-Au-Ni-Au, before (Figure 3a) and after (Figure 3b,c)
removal of the alumina matrix with a solution of NaOH
(1.0m). The average outer diameter of the nanotubes was
estimated to be 300 nm. Ni segments about 800 nm long with
a dark image contrast can be clearly observed between
adjacent Au nanotube sections (Figure 3c; see also the color-

enhanced view of Au–Ni segments in Figure 3a). This
contrast in the SEM images results from differences in the
intensity of backscattered electrons from the two metals. In
this nanofabrication process, various metallic segments (Ag,
Au, Pt, Pd, Fe, Co, Ni, etc.) can be incorporated into the
nanotube structure, thus enabling the fabrication of barcode-
type nanotubes.[19] The length of each metal segment can be
tuned by controlling the amount of total integrated charges
involved in the electrochemical reaction. Such a unique
capacity for tailoring the nanotube structure could provide an
opportunity for engineering the physical properties of nano-
tube materials.

Arrays of continuous Ni nanotubes and of multiseg-
mented nanotubes (Au-Ni-Au-Ni-Au stacking configuration,
Figure 3) were examined by a superconducting quantum
interference device (SQUID) magnetometer at 298 K for
comparison of their magnetic properties. The corresponding
hysteresis loops are presented in Figure 4. With the magnetic
field applied along the nanotube axis (k ), both samples
showed coercivities Hck in the range of 85 to 90 Am�1 and
relatively low remanence values (4 and 17%). As the
saturation field Hsk@Hck, both samples exhibited reversible
magnetic behavior. The nanowire diameter was at least one
order of magnitude larger than the magnetic exchange length
for nickel lNi� 13 nm, and we therefore assume that the Ni
nanotubes switched by a curling-like switching mode.[20] The

Figure 3. SEM images of multisegmented metal nanotubes with a
stacking configuration of Au-Ni-Au-Ni-Au along the nanotube axis.
a) Cross-sectional SEM image of as-prepared metal nanotube–AAO
composite, which shows metal nanotubes embedded in an alumina
matrix. The signals from Au and Ni are shown in yellow and purple,
respectively. b) and c) SEM images of multisegmented metal nano-
tubes after removal of alumina matrix with NaOH (1.0m); part c)
clearly shows the stacking configuration of multisegmented metal
nanotubes in which the segments with bright and dark image con-
trasts correspond to Au and Ni, respectively.
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multisegmented nanotube arrays could be completely mag-
netized at lower saturation fields (Hsk � 750 Am�1) than the
array of continuous Ni nanotubes (Hsk � 2300 Am�1). The
positions of the Ni segments along the pore axis showed large
variations (Figure 3a). Although the tube diameter, spacing,
and wall thickness for both samples were similar, we assume
that the array of multisegmented nanotubes exhibited lower
dipolar interactions. The average distance between the
neighboring Ni segments was larger than the intertube
distance of the continuous nanotube array. In the perpendic-
ular field direction (? ), both samples were completely
magnetized aroundHs?� 2000 Am�1 and show highly similar
hysteresis loops with a reversible magnetic behavior (Hs?@

Hc?). In comparison of the hysteresis loops for both magnet-
ization directions the array of continuous nanotubes showed a
nearly isotropic magnetic behavior, whereas the multiseg-
mented sample exhibited a preferential magnetic orientation
along the direction of the magnetic nanotubes as a conse-
quence of the low dipolar interactions and the magnetic
anisotropy resulting from the nanotube shape.

In summary, we have developed a simple electrochemical
method for the preparation of metal nanotubes. The process is
based on the preferential electrodeposition of a metal along
the pore walls of an anodic alumina membrane in the

presence of Ag nanoparticles on the wall surfaces. We have
demonstrated for the first time the preparation of multi-
segmented metallic nanotubes with a bimetallic stacking
configuration along the nanotube axes. This nanofabrication
method can be readily extended to a wide range of metallic or
semiconducting materials. Furthermore, the unique capacity
for tailoring the nanotube structure, along with the function-
alization of the inner wall surface of metal nanotubes with
various molecules (for example, proteins and DNA), are
expected to be particularly useful in the field of catalysis,
advanced microfluidics, biological and magnetic sensors, and
molecule separation.

Experimental Section
Membrane preparation: Self-ordered nanoporous Al2O3 membranes
were prepared by the two-step anodization[21] of surface-finished
aluminum. In brief, Al sheets (typical diameter 4 cm) were anodized
under a regulated cell voltage of 195 V with H3PO4 as electrolyte. The
first anodization was started under relatively mild electrochemical
conditions with H3PO4 (0.5 wt.%, 0.6 8C) to prevent the Al from
breakdown in the early stages of anodization. After 3 h, the
concentration of the H3PO4 was increased to 1.0 wt.% by directly
injecting 85 wt.% H3PO4 into the electrochemical cell, and the
temperature of the electrolyte was adjusted to 1.4 8C. The anodization
proceeded for 15 h under these conditions. Afterward, the porous
oxide layer was completely removed by immersion in an acid mixture
(1.8 wt.% chromic acid and 6 wt.%H3PO4) at 43 8C for 12 h to obtain
a textured surface on the Al sheet. The second anodization was
conducted in H3PO4 (1.0 wt.%, 1.4 8C) for 16 h. Subsequently, free-
standing alumina membranes were obtained by a stepwise voltage
reduction technique. The membranes had nominal pore diameters of
300 nm and contained 4.6 G 108 pores per cm2 of membrane surface
area.

Immobilization of metal nanoparticles: The immobilization of
metal nanoparticles on the surfaces (pore walls and faces) of an AAO
membrane was carried out as follows. First, SnII was deposited on the
surfaces by immersing an AAO membrane in an aqueous mixture of
SnCl2 (0.02m) and HCl (0.01m) for 2 min. The membrane was
thoroughly rinsed in distilled water several times, subsequently in
acetone, and finally dried at 70 8C for 1 min. Second, the resulting
membrane was dipped into an aqueous solution of AgNO3 (0.02m)
for 2 min to deposit Ag nanoparticles on the pore walls of the AAO,
followed by the same drying process used in the first step. These two
steps constituted one cycle for metal nanoparticle deposition on the
surfaces of a membrane. Typically, six deposition cycles were
employed.

Electrodeposition: A thin Au layer was deposited by sputtering
on the pore-mouth surface of a nanoparticle-modified AAO mem-
brane to make the surface electrically conductive. This Au layer
served as a working electrode in the subsequent electrodeposition of
the desired metal. A commercially available plating solution
(Auruna 5000) was used for Au nanotubes. Nickel was deposited
from a solution of NiCl2·6H2O (8.41G 10�2m), Ni(H2NSO3)2·4H2O
(1.59m), H3BO3 (0.33m), and sodium acetate buffer (pH 3.4). The
typical current density was about 2.4 mAcm�2. The total membrane
area in contact with the electrolyte was 2.7 cm2; the total pore area
(actual deposition area) was estimated to be 33% of this area.
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Figure 4. Magnetic hysteresis loops for arrays of Au-Ni-Au-Ni-Au nano-
tubes shown in Figure 3 (a) and ferromagnetic Ni nanotubes
(c), measured with the applied magnetic field a) parallel and b) per-
pendicular to the nanotube axis.
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highly luminescent, and, more importantly, ultrasensitive in
both in vitro and in vivo bioassays. To find fluorophores that
can meet these requirements, various semiconductor quan-
tum dots (QDs) with tunable size-dependent emission, high
quantum yields of photoluminescence (PL), broad excitation
spectra, and narrow emission bandwidths have been devel-
oped and successfully applied in biological analyses.[1–5]

However, they also have intrinsic limitations. On the one
hand, their inherent toxicity and chemical instability limits
their application in biological detection and medical diag-
nosis.[6] On the other hand, although these QDs work well
under laboratory conditions, an increase in their background
signal may be noted in the presence of interfering biomole-
cules (such as green-fluorescent proteins) and other fluores-
cent organic molecules that are usually present in biological
and environmental samples and which can also be excited by
UV radiation. The sensitivity of detection would hence be
lowered. To improve the sensitivity, fluorescence resonant
energy transfer (FRET) has been introduced into QD-based
bioanalysis of molecular structure and protein–protein,
protein–nucleic acid, and other interactions.[7, 8] Owing to
the specificity and the intrinsic sensitivity of FRET to small
changes in donor–acceptor distances,[9] these FRET-QD
systems have been demonstrated to show higher sensitivity.
However, the inherent limitations of the fluorescence of QDs,
including high background noise, potential toxicity, and
instability, as mentioned above, cannot be eliminated by
incorporating FRET technology and still restrict their appli-
cation in the analysis of biological samples.

Hence, to find a more appropriate luminescent label
remains a challenging task and is crucial to the development
of modern gene technology and medical sciences. Upconver-
sion (UC) nanophosphors, which are excited in the infrared
region instead of the UV region to give emission in the visible
domain, may be such an alternative. These UC nanophos-
phors show a high chemical stability, high quantum yields, and
low toxicity, and their optical properties can be tuned by
variation of lanthanide dopants and the host matrix.[10] In
particular, the fluorescence from biological samples (back-
ground) upon excitation with IR radiation is extremely low as
the interfering biomolecules in question absorb in the UV
(not the IR) region. All these favorable properties have
indicated the great potential of UC nanoparticles in the
analysis of biological and environmental samples, and espe-
cially for fluorescence imaging in vivo.[11] Furthermore, if
FRET technology can be coupled with bioassays based on UC
nanoparticles, a further enhancement in the selectivity and
sensitivity of detection can be expected. However, to the best
of our knowledge, no such system has yet been reported.
Herein, we demonstrate a novel biosensor for the detection of
trace amounts of avidin which is based on FRET between
bioconjugated UC nanoparticles and gold nanoparticles.

The UC nanoparticles we chose are Na(Y1.5Na0.5)-
F6:Yb3+,Er3+. As can be seen in the spectrum shown in
Figure 1a, the nanoparticles show three emission bands at l=
525, 540, and 655 nm, which correspond to energy-transfer
processes from the excited states 2H11/2,

4S3/2, and 4F9/2,
respectively, to the ground state 4I15/2.

[12] However, the peak
at 540 nm is the main peak, while the other peaks are very

weak in comparison, which makes it an excellent single-
emission biological label. As typical organic fluorescent dyes
display broad emission spectra with a long tail, an “impurity”
in the form of the emission from the nanoparticles can
introduce spectral cross-talk between different detection
channels which thus makes them unsuitable for biological
applications and creates difficulties in the quantification of
the relative amounts of different probes. An ideal probe for
multicolor experiments should emit at spectrally resolvable
energies with a narrow, symmetric emission spectrum, and the
complete set of probes should be excitable at a single
wavelength.[2] Here, the monodispersed nanoparticles emit
strong and pure green fluorescence with a symmetric and
narrow emission spectrum upon excitation at a single wave-
length (980-nm laser), which makes them more suitable as a
probe for multicolor biological detection. The strong green
UC luminescence from suspensions of the nanoparticles in
water upon excitation with a 980-nm laser is easily visible to
the naked eye.

It is also well-known that gold nanoparticles have good
absorption properties in the UV region.[13] The 7-nm gold
nanoparticles used in our experiments show a strong absorp-
tion at l� 520 nm, which matches well with the UC emission
of Na(Y1.5Na0.5)F6:Yb3+,Er3+. According to the theory of
FRET, when the absorption of the energy acceptor is close to
the emission of the phosphor and when the donor and the
acceptor are close enough, the emission of the energy donor
(upconversion phosphor nanoparticles) will be quenched by
the energy acceptor (gold nanoparticles). Thus it is intrinsi-
cally possible to couple the UC Na(Y1.5Na0.5)F6:Yb3+,Er3+

nanoparticles (energy donors) with 7-nm gold nanoparticles
(energy acceptors) to give a FRET biosensor.

To test the UC phosphor-based FRET biosensor, first, we
functionalized the UC nanoparticles by the layer-by-layer
(LbL) method[14] to introduce an NH2 group that can be
attached to biotin. The LbL approach is based on the
electrostatic attraction between the oppositely charged spe-
cies deposited, and its major advantage is that it permits the
preparation of coated colloids of different shapes and sizes,
with uniform layers of diverse composition as well as control-
lable thickness.[14] To enable the application of the green
upconversion phosphors as fluorescent biological probes, the
50-nm upconversion hexagonal-phase nanoparticles were

Figure 1. a) Upconversion luminescence spectrum of hexagonal-phase
upconversion nanoparticles in solution upon excitation with a 980-nm
laser; b) green luminescence observed from sample. c) UV/Vis absorp-
tion spectrum of 7-nm gold nanoparticles in aqueous solution.
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functionalized by the LbL method (Figure 2; see also
Supporting Information). Zeta potential experiments indi-
cated that the UC nanoparticles were negatively charged
under weakly basic conditions (Figure 3a), so the fabrication
of the polyelectrolyte was performed at pH 8.5. The fabrica-

tion process slightly affected the luminescence of the phos-
phors. The functionalized upconversion-luminescent nano-
particles were then conjugated with biotin according to a
reported procedure[15] (see Supporting Information). The
phosphor/PAH/PSS/PAH nanocomposites were character-
ized by analysis of the zeta potential (Figure 3b) and FTIR
spectroscopy (Figure 4). The zeta potential of the nano-
composites alternated from negative to positive values with
the alternating absorption of the polyelectrolyte, which
indicated that PAH and PSS were absorbed alternately onto
the surface of the phosphor nanoparticles. Figure 4 presents a
series of peaks corresponding to the stretching vibrations of
organic functional groups in the polyelectrolyte absorbed
onto the phosphor nanoparticles. Strong bands at ñ=

3433 cm�1 indicate the N–H stretch for the amine group in
PAH. The weak bands at ñ= 1647 and 1414 cm�1 result from
the vibrations of the C–C skeleton of the benzene rings in
PSS. The band at ñ= 739 cm�1 results from the bending

vibration of the N–H bond in the primary amine in PAH
which further indicates the existence of amine groups on the
surface of the functionalized phosphor nanoparticles. Thus,
the data from zeta potential and FTIR experiments indicated
that the fabrication of phosphor/PAH/PSS/PAH nanocompo-
sites was successful. Similarly, we prepared biotin-conjugated

gold nanoparticles (Au-biotin; see Supporting
Information). Thus, on the basis of Au-biotin
nanoparticles and biotinylated UC phosphor
nanoparticles, the FRET system was developed
as shown in Figure 5.

To demonstrate the practicality of the UC
nanoparticle-based FRET method, the probe
was applied to the detection of trace amounts
of avidin. Different concentrations of avidin were
added to the mixture of the biotin-phosphor
nanoparticles (80 nm) and Au-biotin nanoparti-
cles (144 nm), and PL spectra were measured as a
function of the concentration of avidin. When
avidin was added, Au-biotin nanoparticles were
conjugated to the surface of the UC phosphor-
biotin nanoparticles through the sensitive and
selective interaction between avidin and biotin.
As shown in Figure 6a, the luminescence was
gradually quenched with increasing amounts of

avidin added to the system. Figure 6b shows the linear
relationship between the relative intensity of PL (F0/F) of the
system and the concentration of avidin, wherein F0 and F
represent the intensity of luminescence in the absence and
presence of different amounts of avidin, respectively. The

Figure 2. Schematic illustration of the functionalization of the upcon-
version nanoparticles. PAH=poly(allylamine hydrochloride); PSS=
poly(styrene sulfonate), EDC=1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; NHS=N-hydroxysuccinimide.

Figure 3. Zeta potentials a) of the upconversion-luminescent nanoparticles at different
pH values and b) of negatively charged (under weakly basic conditions) phosphor
nanoparticles as a function of the number of layers of the polyelectrolyte: 1) naked
phosphor nanoparticle; 2) phosphor/PAH; 3) phosphor/PAH/PSS; 4) phosphor/PAH/
PSS/PAH.

Figure 4. IR spectrum of the as-prepared phosphor/PAH/PSS/PAH
nanocomposite.

Figure 5. Scheme of the FRET system, with phosphor-biotin nanoparti-
cles as energy donors and Au-biotin nanoparticles as energy acceptors,
in the analysis of avidin. ET=energy transfer.
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intensity of upconversion luminescence varied linearly with
the concentration of avidin in the solution from 0.5 nm to
370 nm. The results indicated that a FRET system based on
upconversion-luminescent nanoparticles was reasonable and
feasible.

To further test the FRET system based on the upconver-
sion-luminescent nanoparticles, we also prepared Na(Y1.5-
Na0.5)F6:Yb3+,Tm3+ nanoparticles using solvothermal tech-
nology. The as-prepared upconversion-luminescent Na(Y1.5-
Na0.5)F6:Yb3+,Tm3+ nanoparticles emit violet fluorescence
with single excitation at l= 980 nm. These nanoparticles were
also bioconjugated with biotin and applied to a FRET study
using Au-biotin nanoparticles to quench the violet emission
(see Supporting Information). The results showed that the
FRET system based upon the single-emission upconversion
nanoparticles was very efficient and versatile. Applications of
the FRET system in fluorescence immunoassays, DNA
detection, and fluorescence imaging are in progress.

In conclusion, hexagonal-phase Na(Y1.5Na0.5)F6:Yb3+,Er3+

and Na(Y1.5Na0.5)F6:Yb3+,Tm3+ nanoparticles with good crys-
tallinity, strong single-emission upconversion fluorescence,
good monodispersibility, and controllable size have been
successfully prepared. The synthetic methodology also can be
used to prepare other single-emission upconversion-lumines-
cent nanoparticles. A FRET system with upconversion-
luminescent nanoparticles as energy donors and gold nano-
particles as energy acceptors has been developed and applied
to detect trace amounts of avidin. The results indicated that
such a FRET system is sensitive and simple for use in
biological analyses. Further studies may pave the way to wider
applications of these upconversion phosphors in ultrasensitive
multicolor detection of nucleic acids and proteins, fluores-
cence immunoassays, and fluorescence imaging performed in
vitro and in vivo.

Experimental Section
Bioconjugation of nanoparticles: Biotin (0.1 mmol) was added to
morpholine ethanesulfonic acid (MES) buffer solution (pH 6.0,
2.5 mL) containing functionalized luminescent nanoparticles

(20 mg; � 50 nm), and the mixture was ultrasonicated for 10 min.
Then, EDC (0.1 mmol) and NHS (0.2 mmol) were added, and the
mixture was mixed slowly with a vortex stirrer for 3 h. Excess biotin,
EDC, and NHS were removed by three repeated separation/wash/
redispersion centrifugation cycles. The biotin-conjugated phosphors
were dispersed in water (10 mL) and stored at 4 8C.

Determination of avidin: Different concentrations of avidin were
added to the mixture of the biotin-phosphor nanoparticles (concen-
tration fixed at 80 nm) and biotin-Au nanoparticles (concentration
fixed at 144 nm), and the mixtures were mixed thoroughly. After
stirring the mixtures with a vortex stirrer at room temperature for
30 min and ultrasonication for a further 5 min, PL spectra were
measured of the samples.
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Figure 6. FRET-based assay of avidin: a) PL spectra of the FRET
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b) linear relationship between the relative intensity of PL (F0/F) and
the concentration of avidin in the system.
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The isoquinoline skeleton is found in a large number of
naturally occurring and synthetic biologically active hetero-
cyclic compounds.[1] In particular, interesting characteristics

of 1,2-dihydroisoquinolines and the closely related
1,2,3,4-tetrahydroisoquinolines have been reported.
Such characteristics include the ability to act as
delivery systems that transport drugs through the
otherwise highly impermeable blood-brain barrier.[2]

These substances also exhibit sedative,[3] antidepres-
sant,[4] antitumor, and antimicrobial activity.[1d,5]

Many of these compounds, natural or synthetic in
origin, are chiral and owe their chirality to a stereo-
genic carbon atom located adjacent to the nitrogen
atom (carbon 11b in Scheme 1).[1,6] Herin, we present
the construction of optically active 1,2-dihydroiso-
quinoline and -phthalazine derivatives based on the
general structure shown in Scheme 1.

Synthetic methodologies for the formation of
chiral isoquinoline derivatives either involve the use of chiral
building blocks or rely on diastereoselective reactions with a
stoichiometric amount of chiral sources.[6,7a–d] To our knowl-
edge, only few approaches are based on asymmetric cataly-
sis.[7e–g,8] Herein we present a novel approach based on
organocatalysis employing chiral C2-symmetric secondary
amines for the diastereo- and enantioselective annulation
reaction of 2-(5-oxopentyl)isoquinolinium and -phthalazi-
nium derivatives.

Asymmetric amine catalysis has received much attention
in recent years, and a large number of reactions catalyzed by
chiral secondary amines have been reported.[9, 10] As 1,2-
dihydroisoquinolines may be prepared by nucleophilic addi-
tion to isoquinolinium salts[7, 11] we envisioned that aldehydes

and/or ketones would be able to add to appropriate isoqui-
nolinium salts under organocatalysis. Potentially, such a
reaction would lead to the formation of optically active 1,2-
dihydroisoquinoline derivatives that contain two adjacent
stereocenters together with a carbonyl group suitable for
further chemical transformations.

Initially, isoquinolines activated by ethyl chloroformate,
were treated with, for example, 3-methylbutyraldehyde in the
presence of different organocatalysts. However, all reactions
studied proceeded with very low yield and stereoselectivity.

We next turned our attention to the intramolecular
variant of the reaction.[12] Scheme 2 outlines our proposal
for the catalytic intramolecular annulation reaction cycle. The

first is the reaction of the chiral amine 1 with the aldehyde of
the 2-(5-oxopentyl)isoquinolinium derivative 2 which results
in the formation of the corresponding enamine 3 and H2O.
Attack of the nucleophilic enamine carbon atom at the
electrophilic carbon atom of the isoquinolinium moiety then
results in ring closure and formation of iminium ion 4. Finally,
4 is hydrolyzed to give the 1,2-dihydroisoquinoline derivative
5 and HX, which is scavenged by an external base to
regenerate the organocatalyst.

The synthetic route for model substrate 2-(5-oxopentyl)-
isoquinolinium iodide (2a) (Scheme 2, Z=CH) used in the
screening process is outlined in the Supporting Information.
Table 1 presents the results for the screening of different
chiral amines 1a–g as catalysts for the annulation reaction of
2a. It should be stressed that in all cases the reactions
proceeded with good to high conversions without formation
of by-products. However, the product 5a was unstable and
was protected to facilitate its isolation and full analysis.[13]

Protection of the enamine moiety of 5a in situ using
(CF3CO)2O gave the isolable compound 6a, which was
subsequently reduced with NaBH4 to produce the fully
analyzable alcohol 7a.

(�)-(S)-Proline (1a) proved to be an effective catalyst for
the annulation reaction of 2-(5-oxopentyl)isoquinolinium

Scheme 1. Struc-
tural skeleton of
the optically
active synthe-
sized com-
pounds
(R=CH2OH,
CHO; Z=CH,
N).

Scheme 2. Mechanistic proposal for the organocatalytic asymmetric
annulation reaction.
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iodide 2a with almost full conversion into the desired product
5a after 20 min at room temperature (Table 1, entry 1).
However, the diastereoselectivity of the reaction was low, and
the two diastereomers were formed as racemates. For the
catalysts 1b–e, the annulation reaction also proceeded with
low diastereo- and enantioselectivity (Table 1, entries 2–5).
Improved diastereoselectivities were observed for the cata-
lysts (2S,5S)-2,5-diphenylpyrrolidine (1 f) and (2S,5S)-2,5-
dibenzylpyrrolidine (1g). However, whereas 1 f gave very
low enantioselectivity, catalyst 1g produced the major dia-
stereomer with 84% ee (Table 1, entries 6 and 7). A number
of solvents were also screened for the annulation reaction of
2a catalyzed by 1g. In all cases high conversions (> 75%)
were observed; however, the stereoselectivity of the annula-
tion reaction performed in CH2Cl2 was superior.

[14]

Table 2 summarizes the results obtained from the screen-
ing of external bases in the annulation reaction of 2a. In the
absence of an external base, the reaction did not proceed
(Table 2, entry 2). Furthermore, a 1:1 ratio of the amount of
added base and the amount of formed product resulted
(Table 2, entry 3 vs. 1). A possible explanation for these
observations is protonation of the catalyst which renders it
unreactive. Also, compound 5a could revert back to 2a owing
to the presence of HI. The essential external base also
promotes a racemic background reaction in the absence of the
chiral amine catalyst (Table 2, entry 4), and dropwise addition
of Et3N over the course of 4 h resulted in a significant
improvement only in the diastereoselectivity (Table 2, entry 5
vs. 1). Application of a stronger base, such as DBU, resulted in

a conversion and diastereomeric ratio similar to those
obtained with Et3N. However, the reaction was almost
racemic, therefore indicating that the background reaction
caused by the achiral base superseded the chiral-amine-
catalyzed reaction (Table 2, entry 6). The use of bases of
similar strength to that of Et3N, such as diisopropylethylamine
(DIPEA) and quinuclidine, resulted in a higher diastereo-

Table 1: Screening of chiral amines 1a–g as catalysts for the annulation reaction of 2-(5-oxopentyl)isoquinolinium iodide (2a)[a] .

Entry Catalyst t [min] Conversion [%][b] d.r. (trans :cis)[c] ee [%][d]

1[e] 1a 20 95 2:1 rac
2 1b 5 88 2:1 rac
3 1c 90 40 2:1 7
4 1d 10 92 2:1 11
5 1e 180 40 3:1 rac
6 1 f 90 47 8:1 8
7 1g 190 94 8:1 84

[a] All reactions were performed on a 0.20-mmol scale. [b] The conversion of 2a into 5a was estimated by 1H NMR spectroscopy. [c] Determined by
1H NMR spectroscopy. The trans/cis ratio refers to the relationship between 1-H and 11b-H. [d] The ee value of the major diastereomer of compound
7a was determined by chiral HPLC. [e] The reaction was performed at room temperature.

Table 2: Screening of external bases for the organocatalytic annulation
reaction of 2a catalyzed by 1g.[a]

Entry External base
(equiv)

t
[h]

Conv.
[%][b]

d.r.[c] ee
[%][d]

1 Et3N (1.0) 3 94 8:1 84
2 none 5 0 – –
3 Et3N (0.15) 5 15 n.d. n.d.
4[e] Et3N (1.0) 3 25 >98:2 rac
5[f ] Et3N (1.0) 4 94 12:1 86
6 DBU (1.0) 0.5 94 10:1 7
7 DIPEA (1.0) o.n.[g] 92 10:1 84
8 quinuclidine (1.0) 1 94 12:1 78
9 N-methylmorpholine (1.0) 96 37 8:1 44
10 2,6-di-tert-butylpyridine (1.0) 96 0 – –

[a] All reactions were performed at �20 8C in the presence of 1g
(10 mol%) in CH2Cl2 on a 0.20 mmol scale. [b] The conversion of 2a into
5a was estimated by 1H NMR spectroscopy. [c] Determined by 1H NMR
spectroscopy of 7a (the trans/cis ratio refers to the relationship between
1-H and 11b-H). [d] The ee value of the major diastereomer of
compound 7a was determined by chiral HPLC. [e] Reaction performed
without a catalyst. [f ] Slow addition of the external base. [g] Overnight
reaction.
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meric ratio, whereas the conversion and enantioselectivity
were either unaltered or lower (Table 2, entries 7, 8 vs. 1). A
decrease in the strength of the added base had a significant
effect on the conversion of the reaction. The use of N-
methylmorpholine resulted in a slow reaction and the
production of compound 5a with low conversion and low
enantiomeric excess, whereas 2,6-di-tert-butylpyridine gave
no conversion at all (Table 2, entries 9 and 10, respectively).
In conclusion, 1 equivalent of Et3N as an external base proved
to be optimal for the annulation reaction.

Table 3 summarizes the results of the annulation reaction
of 2a catalyzed byC2-symmetric disubtituted pyrrolidines 1g–

i under various reaction conditions. The conversion and
diastereoselectivity of the annulation reaction were found to
be independent of the catalyst loading (Table 3, entries 1–4).
However, a significant drop in the enantiomeric excess
(indicating considerable involvement of the racemic back-
ground reaction caused by the external base) was observed
with low catalyst loadings. An increase in the catalyst loading
from 10 to 20 mol% did not significantly improve the
stereoselectivity (Table 3, entries 1–4). A decrease in the
reaction temperature from �20 to �40 8C maintained a high
conversion of the reaction, but resulted in a significant
increase in both the diastereo- and enantioselectivity to 15:1
and 92% ee, respectively (Table 3, entry 5 vs. 3).

The dependence of the structural and electronic proper-
ties of 1g on the stereoselectivity of the reaction was also
investigated. Replacement of the phenyl groups of 1g by
bulky non-aromatic groups, such as cyclohexyl groups (cata-
lyst 1h), did not change the diastereoselectivity of the
reaction. However,catalyst 1h was slightly less active than
catalyst 1g, and the enantioselectivity decreased significantly
(Table 3, entry 6 vs. 3). The effect of the electron density of
the aromatic substituents was tested by applying a catalyst
with electron-donating substituents such as (2S,5S)-2,5-bis(4-
methoxybenzyl)pyrrolidine (1 i). The results in Table 3,
entry 7 show that no significant changes in the outcome of
the reaction were observed when 1 i was applied as catalyst.

With the optimized conditions for the catalytic diastereo-
and enantioselective annulation reaction at hand, the scope
and limitation of the system was investigated (Table 4). In
general, the annulation reactions proceeded with good to high
conversions (70–100%), high diastereoselectivity (d.r.� 15:1)
and excellent enantioselectivity (85–96% ee). Products with
functional groups suitable for further manipulations were
obtained (Table 4, entries 2 and 4), and the scope of the
annulation reaction could be extended beyond isoquinoli-
nium salts to substrates based on the phenanthridine and
phthalazine skeleton (Table 4, entries 5 and 6). Limitations of
the reaction were observed for substrates based on the
electron-rich isoquinolines 5,7-dimethoxyisoquinoline
(Table 4, entry 7) and 6,7-dimethoxyisoquinoline (the latter
gave < 10% conversion after several days).

The reported yields are for two (Table 4, entries 3, 5, and
6) or three (Table 4, entries 1, 2, 4, and 7) reaction steps that
were performed to obtain compounds that could be isolated
and fully analyzed.[15] Additionally, although the final prod-
ucts 7a–g were obtained in low yields, the conversions of 2a–g
into 5a–g in the catalytic enantioselective annulation step
were high. With the exception of substrate 2g (Table 4,
entry 7), the catalytic annulation reaction proceeded without
the formation of by-products.

Compound 7b was obtained as a white solid, which after a
single recrystallization from CH2Cl2 and hexane gave crystals
suitable for X-ray crystallographic analysis.[16] The analysis
revealed that the absolute configurations of the newly formed
stereocenters at C1 and C11b could both be described as S
(Figure 1).

A proposal for the transition state involved in the
stereoselective step of the annulation reaction is presented
in Figure 2. In this transition state a favorable interaction
between the isoquinolinium moiety and a phenyl ring of the
catalyst—a cation–p interaction[17]—was anticipated. The
phenyl ring, positioned parallel to and above the cationic
isoquinolinium moiety with a face-to-face interaction,[17a–c]

allows the Re face of the enamine double bond to approach
the Si face of the iminium double bond without significant
steric hindrance. With this approach, the annulation reaction
results in the product with 1S and 11bS configurations at the
formed stereocenters in accordance with the experimental
observation.

Table 3: Catalyst modifications and screening of catalyst loading and
reaction temperature for the annulation reaction of 2-(5-oxopentyl)-
isoquinolinium iodide 2a[a] .

Entry Cat. t
[h]

T
[oC]

Loading
[mol%]

Conv.
[%][b]

d.r.[c] ee
[%][d]

1 1g 4.5 �20 2 95 9:1 41
2 1g 3 �20 5 94 9:1 71
3 1g 3 �20 10 94 8:1 84
4 1g 3 �20 20 94 8:1 87
5 1g o.n.[e] �40 10 94 15:1 92
6 1h 6 �20 10 90 7:1 36
7 1 i o.n.[e] �40 10 96 15:1 88

[a] All reactions were performed in the presence of Et3N (1 equiv) in
CH2Cl2. Entry 1 was performed on a 0.40-mmol scale, entries 2–7 on a
0.20-mmol scale. [b] The conversion of 2a into 5a was estimated by
1H NMR spectroscopy. [c] Determined by 1H NMR spectroscopy of 7a
(the trans/cis ratio refers to the relationship between 1-H and 11b-H).
[d] The ee value of the major diastereomer of compound 7a was
determined by chiral HPLC. [e] Overnight reaction.

Figure 1. X-ray crystal structure of compound 7b.
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Table 4: Scope and limitation of the organocatalytic annulation reaction catalyzed by 1g.[a]

Entry Substrate Product Conv.
[%][b]

Yield
[%][c]

d.r.[d] ee
[%][e]

1 94 41 15:1 92

2 70 40 24:1 92

3 70 18 16:1 85

4 100 38 36:1 93

5 100 73 >98:2 96

6 100 59 >98:2 93

7 50 18 10:1 49

[a] All reactions were performed at�40 8C in the presence of 1g (10 mol%) and Et3N (1.0 equiv) in CH2Cl2 on a 0.40 mmol scale. Reaction were carried
out overnight (15–21 h) for entries 1–6. For entry 7 the reaction time was 10 days. [b] The conversion of 2a–g into 5a–g was estimated by 1H NMR
spectroscopy. [c] Yields of isolated compounds 7a–g based on 2a–g, respectively. [d] Determined by 1H NMR spectroscopy of compounds 5a–g or
6a–g (the trans/cis ratio refers to the relationship between 1-H and 11b-H). [e] The ee values of the major diastereomer of compounds 7a–g were
determined by chiral HPLC.

Figure 2. Proposed transition state in the annulation reaction catalyzed by 1g.
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In conclusion, we have developed the first organocatalytic
diastereo- and enantioselective annulation reaction of 2-(5-
oxopentyl)isoquinolinium derivatives. The reactions gener-
ally proceed with good to high conversions (70–100%), high
diastereoselectivities (d.r.� 15:1), and good to excellent
enantioselectivities (85–96% ee). The scope of the annulation
reaction is demonstrated in the synthesis of a series of
optically active 1,2-dihydroisoquinoline and
-phthalazine derivatives. The stereochemical outcome of the
organocatalytic asymmetric annulation reaction is explained
on the basis of a favourable cation–p interaction between the
isoquinolinium moiety and one of the phenyl rings of the
catalyst.

Received: June 1, 2005
Published online: August 26, 2005

.Keywords: annulation · isoquinolines · nitrogen heterocycles ·
organocatalysis · phthalazines

[1] a) K. W. Bentley, The Isoquinoline Alkaloids. 1st ed., Pergamon,
London, 1965; b) K. W. Bentley, Nat. Prod. Rep. 2001, 18, 148;
c) J. P. Michael, Nat. Prod. Rep. 2002, 19, 742, and references
therein; d) J. D. Scott, R. M. Williams, Chem. Rev. 2002, 102,
1669; e) Comprehensive Medicinal Chemistry, Vol. 3, 1st ed.
(Eds.: C. Hansch, P. G. Sammes, J. B. Taylor), Pergamon,
Oxford, 1990.

[2] For example, see: a) E. Pop, W.-M. Wu, E. Shek, N. Bodor, J.
Med. Chem. 1989, 32, 1774; b) M. M. Sheha, N. A. El-Koussi, H.
Farag, Arch. Pharm. Pharm. Med. Chem. 2003, 1, 47; c) S.
Mahmoud, T. Aboul-Fadl, H. Farag, A.-M. I. Mouhamed, Arch.
Pharm. Pharm. Med. Chem. 2003, 336, 573; d) L. Prokai, K.
Prokai-Tatrai, N. Bodor, Med. Res. Rev. 2000, 20, 367.

[3] E. Lukevics, I. Segal, A. Zablotskaya, S. Germane, Molecules
1997, 2, 180.

[4] a) B. E. Maryanoff, D. F. McComsey, J. F. Gardocki, R. P. Shank,
M. J. Costanzo, S. O. Nortey, C. R. Schneider, P. E. Setler, J.
Med. Chem. 1987, 30, 1433; b) K. L. Sorgi, C. A.Maryanoff, D. F.
McComsey, D. W. Graden, B. E. Maryanoff, J. Am. Chem. Soc.
1990, 112, 3567.

[5] a) L. F. Tietze, N. Rackehmann, I. MIller,Chem. Eur. J. 2004, 10,
2722, and references therein; b) H.-J. KnJlker, S. Agarwal,
Tetrahedron Lett. 2005, 46, 1173, and references therein.

[6] a) M. Chrzanowska, M. D. Rozwadowska, Chem. Rev. 2004, 104,
3341; b) A. I. Meyers, D. A. Dickman, M. Boes, Tetrahedron
1987, 43, 5095; c) J. Royer, M. Bonin, L. Micouin, Chem. Rev.
2004, 104, 2311.

[7] For example, see: a) N. Cabedo, I. Andreu, M. C. Ramirez -
de Arellano, A. Chagraoui, A. Serrano, A. Bermejo, P. Protais,
D. Cortes, J. Med. Chem. 2001, 44, 1794; b) T. Itoh, K. Nagata,M.
Miyazaki, K. Kameoka, A. Ohsawa, Tetrahedron 2001, 57, 8827;
c) J.-J. Youte, D. Barbier, A. Al-Mourabit, D. Gnecco, C.
Marazano, J. Org. Chem. 2004, 69, 2737; d) D. Barbier, C.
Marazano, C. Riche, B. C. Das, P. Potier, J. Org. Chem. 1998, 63,
1767; e) M. Takamura, K. Funabashi, M. Kanai, M. Shibasaki, J.
Am. Chem. Soc. 2000, 122, 6327; f) M. Takamura, K. Funabashi,
M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2001, 123, 6801; g) K.
Funabashi, H. Ratni, M. Kanai, M. Shibasaki, J. Am. Chem. Soc.
2001, 123, 10784; h) O. Sieck, M. Ehwald, J. Liebscher, Eur. J.
Org. Chem. 2005, 663.

[8] a) Y. Sato, T. Nishimata, M. Mori, J. Org. Chem. 1994, 59, 6133;
b) T. Ooi, M. Takeuchi, K. Maruoka, Synthesis 2001, 1716; c) K.
Ito, S. Akashi, B. Saito, T. Katsuki, Synlett 2003, 1809; d) M. S.
Taylor, E. N. Jacobsen, J. Am. Chem. Soc. 2004, 126, 10558.

[9] For example, see: a) P. I. Dalko, L. Moisan, Angew. Chem. 2004,
116, 5248;Angew. Chem. Int. Ed. 2004, 43, 5138; b) A. Berkessel,
H. GrJger, Asymmetric Organocatalysis, Wiley-VCH, Wein-
heim, 2004; c) J. Seayad, B. List, Org. Biomol. Chem. 2005, 3,
719.

[10] For example, see: Mannich reaction: a) B. List, J. Am. Chem.
Soc. 2000, 122, 9336; b) B. List, P. Pojarliev, W. T. Biller, H. J.
Martin, J. Am. Chem. Soc. 2002, 124, 827; c) A. CMrdova, S.
Watanabe, F. Tanaka, W. Notz, C. F. Barbas III, J. Am. Chem.
Soc. 2002, 124, 1866; d) A. CMrdova, Acc. Chem. Res. 2004, 37,
102; aldol: e) B. List, R. A. Lerner, C. F. Barbas III, J. Am.
Chem. Soc. 2000, 122, 2395; f) K. Sakthivel, W. Notz, T. Bui, C. F.
Barbas III, J. Am. Chem. Soc. 2001, 123, 5260; g) A. B. Northrup,
D. W. C. MacMillan, J. Am. Chem. Soc. 2002, 124, 6798,
amination: h) B. List, J. Am. Chem. Soc. 2002, 124, 5656; i) A.
Bøgevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A.
Jørgensen, Angew. Chem. 2002, 114, 1868; Angew. Chem. Int.
Ed. 2002, 41, 1790; j) N. Kumaragurubaran, K. Juhl, W. Zhuang,
A. Bøgevig, K. A. Jørgensen, J. Am. Chem. Soc. 2002, 124, 6254;
aminoxylation/hydroxylation: k) G. Zhong, Angew. Chem. 2003,
115, 4379; Angew. Chem. Int. Ed. 2003, 42, 4247; l) S. P. Brown,
M. P. Brochu, C. J. Sinz, D. W. C. MacMillan, J. Am. Chem. Soc.
2003, 125, 10808; m) H. SundOn, M. Engqvist, J. Casas, I.
Ibrahem, A. CMrdova, Angew. Chem. 2004, 116, 6532; Angew.
Chem. Int. Ed. 2004, 43, 6694; chlorination: n) M. P. Brochu, S. P.
Brown, D. W. C. MacMillan, J. Am. Chem. Soc. 2004, 126, 4108;
o) N. Halland, A. Braunton, S. Bachmann, M. Marigo, K. A.
Jørgensen, J. Am. Chem. Soc. 2004, 126, 4790; p) M. Marigo, S.
Bachmann, N. Halland, A. Braunton, K. A. Jørgensen, Angew.
Chem. 2004, 116, 5623; Angew. Chem. Int. Ed. 2004, 43, 5507;
sulfenylation: q) M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A.
Jørgensen, Angew. Chem. 2005, 117, 804; Angew. Chem. Int. Ed.
2005, 44, 794; fluorination: r) M. Marigo, D. Fielenbach, A.
Braunton, A. Kjærgaard, K. A. Jørgensen, Angew. Chem. 2005,
117, 3769;Angew. Chem. Int. Ed. 2005, 44, 3703; s) D. D. Steiner,
N. Mase, C. F. Barbas III,Angew. Chem. Int. Ed. 2005, 117, 3772;
Angew. Chem. Int. Ed. 2005, 44, 3706; t) T. D. Beeson, D. W. C.
MacMillan, J. Am. Chem. Soc. 2005, 127, 8826.

[11] For example, see: a) A. Reissert, Ber. Dtsch. Chem. Ges. 1905,
38, 1603; b) K.-Y. Akiba, K. Araki, M. Nakatani, M. Wada,
Tetrahedron Lett. 1981, 22, 49, 4961; c) K.-Y. Akiba, M.
Nakatani, M. Wada; Y. Yamamoto, J. Org. Chem. 1985, 50, 63;
d) A. Dondoni, T. DallQOcco, G. Galliani, A. Mastellari, F.
Medici, Tetrahedron Lett. 1984, 25, 3637; e) R. Yamaguchi, B.
Hatano, T. Nakayasu, S. Kozima, Tetrahedron Lett. 1997, 38, 403;
f) L. N. Babichenko, A. A. Tolmachev, T. S. Chmilenko, A. K.
Sheinkman, Chem. Heterocycl. Compd. (Engl. Transl.) 1988,
582; g) R. Lavilla, T. Gotsens, M. Guerrero, C. Masdeu, M. C.
Santano, C. MinguillMn, J. Bosch, Tetrahedron 1997, 53, 13959;
h) J. L. DRaz, M. Miguel, R. Lavilla, J. Org. Chem. 2004, 69, 3550;
i) M. A. A. Meziane, J. P. Bazureau, Molecules 2002, 7, 252. See
also: j) W. Benson, E. Winterfeldt, Chem. Ber. 1979, 112, 1913;
k) A. I. Mayers, D. B. Miller, F. H. White, J. Am. Chem. Soc.
1988, 110, 4778.

[12] R. M. Wilson, F. DiNinno, Jr., Tetrahedron Lett. 1970, 289.
[13] Compound 5a was stable enough in solution for characterization

by 1H NMR spectroscopy.
[14] In THF results similar to those observed for CH2Cl2 were

obtained (95% conversion, d.r.= 7:1 and 80% ee at 0 8C);
MeCN also led to reasonable results (94% conversion, d.r.= 6:1
and 77% ee at �20 8C).

[15] Compounds 7c and 7g were slightly unstable, which can account
for the lower yield of isolation of these compounds.

[16] The Cambridge Crystallographic Data Centre (CCDC) contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the CCDC via
www.ccdc.cam.ac.uk/data_request/cif.

Communications

6062 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6058 –6063

http://www.angewandte.org


[17] For cation–p interactions in related systems, see, for example:
a) S. Yamada, C. Morita, J. Am. Chem. Soc. 2002, 124, 8184; b) T.
Kawabata, M. Nagato, K. Takasu, K. Fuji, J. Am. Chem. Soc.
1997, 119, 3169; c) D. L. Comins, S. P. Joseph, R. R. Goehring, J.
Am. Chem. Soc. 1994, 116, 4719; for reviews on cation –p or p –
p interactions, see: d) J. C. Ma, D. A. Dougherty, Chem. Rev.
1997, 97, 1303; e) C. A. Hunter, K. R. Lawson, J. Perkins, C. J.
Urch, J. Chem. Soc. Perkin Trans. 2 2001, 651.

Angewandte
Chemie

6063Angew. Chem. Int. Ed. 2005, 44, 6058 –6063 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Metal–Organic Frameworks

DOI: 10.1002/anie.200462674

Crystal Engineering: Toward Intersecting
Channels from a Neutral Network with a
bcu-Type Topology**

Tzuoo-Tsair Luo, Hui-Lien Tsai, Shang-Li Yang,
Yen-Hsiang Liu, R. Dayal Yadav, Chan-Cheng Su,
Chuen-Her Ueng, Lee-Gin Lin, and Kuang-Lieh Lu*

A great deal of interest has developed in the synthesis of
metal–organic coordination polymers as they offer opportu-
nities for preparing materials with controllable functionali-
ties.[1] Although remarkable progress has been made in this
new field of chemistry and materials science, largely due to
efficient design strategies,[2,3] it is still difficult to prepare
metal–organic frameworks with predictable topologies, even
structures composed of simple inorganic salts.[4] The mimick-
ing of topologies of natural minerals has rapidly become one
of the most challenging issues in the design of metal–organic
frameworks.[3c] Many 3D structures with mineral topologies
such as NbO, quartz, pyrite, rutile, sodalite, CdSO4, and
halite[5] have been reported recently from attempts to obtain
geometric characteristics with designable functionalities.
From the reported characterization of the net topologies,[6]

all of these networks are based on the use of three-, four-, or
six-connected building blocks.[5] Connectivities of five, seven,
or eight are extremely rare as a result of limitations in the
symmetry or steric hindrance associated with connected
nodes.[7,8] Although the body-centered cubic (bcu) net[8a–c]

and the fluorite (flu) net[8d] are commonly seen in textbooks,
such topologies with eight connecting nodes in a cubic
geometry have only appeared in a few examples. To fulfill
their geometric limitations, an eight-coordinated metal center
or an eight-connecting polynuclear metal cluster block would
be required; neither is easily achieved.[8] The former has been
obtained with eight-coordinated lanthanide ions or
[M(CN)8]

4� to form the bcu-type net,[8a,b] and the latter by
using an eight-connecting cluster containing a tetracadmium
carboxylate moiety and a four-connecting ligand to form the
flu-type net. However, the bcu-type topology with only an
eight-connecting polynuclear metal cluster unit has not yet
been realized.

As part of our ongoing efforts in the design and synthesis
of functional crystalline materials,[3e] we report herein the
rare, porous bcu-type framework of {[Cu3Cl2(4-ptz)4
(H2O)2]·3DMF·5H2O}n (1), assembled from 5-(4-pyridyl)-
tetrazolate (4-ptz) as a bridging ligand and an eight-connect-
ing tricopper cluster (Cu3Cl2

4+=Cu3 cluster) as a building
block. To the best of our knowledge, this is the first bcu-type
structure with an eight-connecting polynuclear metal cluster
unit, and represents one of the highest connected topologies
known for coordination polymers. The appropriate choice of
an organic ligand with specific functional groups and geom-
etry is also a major factor in achieving this target. The reasons
for using the 4-ptz ligand are twofold: first, the tetrazole
group is a widely known alternative to a carboxylate moiety,
and second, the five-membered heterocyclic tetrazole group,
which contains four N donors and a pyridine group, could
serve both as a potential active coordination site and a
hydrogen-bond acceptor, thus permitting the polymeric
framework to be expanded through hydrogen-bonding inter-
actions. Interestingly, until now, such coordination polymers
based on tetrazole derivatives[9,10] have not been extensively
studied, in contrast to metal carboxylates.[1e] Inspired by the
work of Sharpless and co-workers,[11] the preparation of 5-
substituted 1H-tetrazoles is now a safe and convenient route.
Nevertheless, the generation of tetrazole-based coordination
polymers would be a new and potentially useful research
theme, which is currently in its infancy.

Compound 1 was synthesized by the reaction of copper(ii)
chloride and 5-(4-pyridyl)tetrazole (4-H-ptz) in DMF at
ambient temperature in high yield by a single-step self-
organization process (Scheme 1). The asymmetric unit con-
sists of two CuII centers, one bridging chloride ion, one 4-ptz
ligand, one coordinated water molecule, and other disordered
guest molecules (Figure 1a). An analysis of the local symme-
try of the two nonequivalent Cu centers reveals that the Cu1
center resides on a special symmetry site (SOF= 0.25)
containing three mutually perpendicular twofold axes of
rotation, and the Cu2 center resides on the other special
symmetry site (SOF= 0.5) containing a twofold axis of
rotation. Cu1 is bound to four tetrazole nitrogen atoms and
two bridging chlorine atoms, and Cu2 is bound to two
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tetrazole nitrogen atoms, two pyridyl nitrogen atoms, one
bridging chlorine atom, and one coordinated water molecule.
The two nonequivalent Cu atoms adopt a distorted octahedral
(Cu1)Cl2N4 and (Cu2)ClN4O coordination geometry, respec-
tively. The tetrazole ligands adopt a bridging mode with a
coordinating pyridyl group and a m2,h

2-tetrazolato bridge. The
copper–copper separation, bridged by the chloride and
tetrazole moiety of the 4-ptz ligands, is 3.545(1) =. Each 4-
ptz ligand coordinates through the 1,2-nitrogen atoms of the
tetrazole group and the pyridyl nitrogen atom. Each Cu2
atom is weakly coordinated by a water molecule (Cu�O=

2.890(3) =) resulting from a strong Jahn–Teller effect. Except
for the coordinated water molecules, all donor atoms form
reasonably strong bonds with the copper atoms. All of the
Cu�N distances are in the range between 2.015(3) and
2.024(3) =.

From further analysis of the structure of 1, five unique
features are apparent: 1) a three-dimensional neutral net-
work with a bcu-type topology; 2) eight-connected Cu3-
cluster-building subunits; 3) large octahedron-shaped cham-
bers; 4) potential functionalization sites on the copper atoms;
5) nanoscale open windows and a 3D intersecting channel
system with an extra-framework volume of 57%.

The bcu-type topology of 1 is as follows: the motif of
the Cu3 cluster connected to eight 4-ptz linkers is
represented by a box connected with eight bars (Fig-
ure 1b). The positions of the eight connecting nodes
correspond to the four pyridyl nitrogen atoms and the

centers of the 2,3-nitrogen atoms of
the tetrazole group, which results in
an eight-connected net with the
Schlafli symbol {42464} that resem-
bles the topology of a bcu net
(Figure 1c, d). To fulfill a bcu-type
topology, our design strategies were
focused on the selection of clusters
with eight connectivities as secon-
dary building units (SBUs)[12] as they
provide a suitable geometry that
permits the target structures to be
constructed. The assembly of the
eight-connected Cu3 clusters and the
tetrazolate ligand successfully forms
the first example of a neutral body-
centered-type metal–organic frame-
work. Owing to limitations in geom-
etry, the angle of the unit cell
diagonals is distorted from 908 to
75.88 and the symmetry of the crys-
tal system is lowered from cubic to
orthorhombic (see Supporting Infor-
mation).

As a result of the geometry of
the bcu-type net, the combination of
channels running parallel and per-
pendicular to each other gives rise to
large pockets of extra-framework
space. Considering the octahedron-
shaped chamber (Figure 2a) in the

framework, the diagonal distances of the chamber are
15.507(0) = (Cu1�Cu1) and 19.917(3) = (Cu1�Cu1). Such a

chamber, with an inner void space, can accommodate at least
two van der Waals spheres with maximum diameters of up to
7.14 = without coming into contact with the framework. The
calculated density (in the absence of guests) of compound 1 is
0.99 gcm�3. Analysis with the PLATON[13] software tool

Scheme 1. Synthesis of 1 by a one-step organization; DMF=N,N-dimethylformamide.

Figure 2. Views of the octahedron-shaped chamber: a) A few large
van der Waals spheres with diameters of about 5.78–7.14 C inside.
b) Weakly coordinated water molecules on Cu3 clusters act as
removable shutters.

Figure 1. a) Local coordination environment of CuII in 1 (atoms are represented as 30% thermal ellipsoids);
hydrogen atoms and disordered molecules have been omitted for clarity. b) Simplified view of an eight-con-
nected Cu3-cluster subunit. c) Perspective view of the network of 1 simplified according from part (b). d) The
body-centered cubic lattice net (bcu net).

Communications

6064 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6063 –6067

http://www.angewandte.org


indicates that the extra-framework volume per unit cell is
approximately 57%. The use of the “CAVITY” routine in
PLATON indicates that the six largest voids are located at
(0.3, 0, 0.625) and other symmetric sites with diameters of
7.14 =, four other middle voids at (0, 0.5, 0) with diameters of
5.84 =, and so on, with fourteen other cavities with diameters
in the range of 5.78–5.04 = (van der Waals surfaces consid-
ered). Furthermore, the overall shape of the void does not
allow the packing of spheres larger than 7.14 =, although
several spheres with different diameters can be accommo-
dated by the same large elongated void. The void is actually a
large ellipsoid with a total volume of 1775 =3. These large free
spaces within the framework cause the structure to be highly
porous. In addition, four weakly coordinated water molecules
serve to gate the chamber (Figure 2b). The O1�O1 distance is
4.63(1) =, and the naked Cu2�Cu2 distance is 10.338(1) =.
Therefore, the chamber is a potential candidate for a micro-
reactor with metal-containing active sites. These sites in
crystalline porous materials have functionalities that could
permit molecular recognition, catalysis, or gas storage.[3f]

An inspection of Figure 3 reveals that the overall array
contains a 3D intersecting channel system and nanoscale open
windows, with an approximate diameter of up to 10 =.
Notably, the 3D intersecting channels, which frequently occur
in zeolites, are constructed by the interconnection of 1D
channels from different directions. Coordination polymers
with 3D intersecting channels are often unstable upon loss of
solvent as a result of framework instability associated with
high porosity.[1d]

Compound 1 is non-interpenetrating, despite the large
pores and channels within its framework, mainly because the
bcu-type net is not self-dual.[5a] The unique eight-connected
Cu3-cluster SBUs cause compound 1 to contain nbo-type
intersecting channels, which is the dual net of body centered
cubic (Figure 4). Thus, compound 1 is a perfect candidate for
a highly porous network.

A thermogravimetric analysis of 1 shows that guest
molecules are eliminated from the network (calcd. 71%;
found 74%) when the temperature is increased from room
temperature to about 220 8C, after which decomposition of
the framework occurs. Powder X-ray diffraction spectra
recorded after heating samples of 1 at 220 8C show some
indication of stability upon the removal of guest molecules.
However, the broadening and decrease of intensity of the

peaks implies that the material appears to lose crystallinity
gradually, thus producing an amorphous phase upon heating.

The magnetic exchange coupling between the copper
centers for compound 1 was analyzed based on the Curie–
Weiss expression and a trinuclear magnetic model. The
negative values of the Weiss constant and the magnetic
exchange coupling constant indicate the antiferromagnetic
characteristics of the copper centers. At temperatures below
20 K, the CuII ions are weakly antiferromagnetically coupled,
with J=�2.84 cm�1 (based on the Hamiltonian h=�2J
[(SCu1SCu2)+ (SCu1SCu2A)] and using the expression for the
molar magnetic susceptibility S= 1/2 of a linear trinuclear
system). The observed antiferromagnetic interaction is
resolved into contributions arising from each Cu–ligand–Cu
linkage. The propagation of the antiferromagnetic exchange
interaction in the linear Cu3 unit is expected to depend
predominantly on 4-ptz bridges. It may be processed through
the dx2�y2 orbitals on the CuII ions that interact with the
s orbitals of the nitrogen atoms of the tetrazolate ligands,
which are all situated in the equatorial plane and contain Cu–
N–N–Cu torsion angles of �3.418. Crystal engineering of the
substituent on the 4-pyridyl moiety could increase the Cu–N–
N–Cu torsion angles in the tricopper center and thereby
change the exchange coupling from antiferromagnetic to
ferromagnetic.[14]

In conclusion, compound 1 is the first porous, neutral, bcu-
type structure that contains an eight-connected polynuclear
cluster unit and a tetrazole-based ligand. The synthesis of bcu-
type frameworks with expanded analogous ligands offers the

Figure 3. Superimposed space-filling representation of 1 showing channel openings along the a, b, and c axes. Hydrogen atoms have been omitted
for clarity (red=Cu, blue=N, green=Cl, yellow=O).

Figure 4. a) Dual relationship of the bcu net (blue) and the nbo net
(yellow). b) The nbo-type intersecting channels (yellow) in the bcu-type
framework of 1.
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potential for pore-size expansion in their nbo-type intersect-
ing channel systems. The preparation of a rare framework
from 4-ptz and Cu3 clusters confirms the potential for
synthesizing new structures of functional materials using
tetrazole derivatives as ligands. Further research is currently
in progress.

Experimental Section
1:A solution of CuCl2·2H2O (0.10 mmol) and 4-H-ptz (0.13 mmol) in
DMF (8 mL) was stirred for 15 min. It was then allowed to stand at
room temperature for several days, whereupon deep-blue, rhombus-
like crystals were formed in 61% yield (based on 4-H-ptz). The solid
product was washed with deionized water and ethanol, and dried in
air. Elemental analysis (%) calcd for C33H51Cl2Cu3N23O10: C 33.27,
H 4.31, N 27.04; found: C 33.59, H 4.51, N 25.66. The formula
[Cu3Cl2(4-ptz)4(H2O)2]·3DMF·5H2O was assigned by elemental
microanalysis, thermogravimetric analysis, and single-crystal X-ray
diffraction studies.[15]
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collection using a Bruker Smart CCD diffractometer (MoKa=

0.71073 =). The raw frame data for 1 were integrated into
SHELX-format reflection files and corrected for Lorentz and
polarization effects with the Denzo program. An empirical
absorption correction was applied by using the Multiscan
method. The structure of 1 was solved by direct methods and
refined against F2 by the full-matrix least-squares technique,
using the WINGX, PLATON, and SHELX software packages.
Except for the guest molecules, non-hydrogen atoms were
refined with anisotropic displacement parameters, and the
hydrogen atoms of aromatic rings were calculated and refined
as riding modes. The water and DMF guest molecules that show
positional disorder could not be fixed in the structure model.
During the final stages of refinement, several Q peaks were
found, which probably correspond to highly disordered solvent
molecules and were fixed as oxygen atoms and refined with
isotropic displacement parameters. The hydrogen atoms asso-
ciated with the coordinated water molecules and disordered
guest molecules could not be located from difference Fourier
maps, and no attempt was made to place them. However, they
are included in the empirical formula. Further details of
experimental and magnetic studies are given in the Supporting
Information. Crystal data for 1: C33H51Cl2Cu3N23O10 {[Cu3Cl2(4-
ptz)4(H2O)2]·(3DMF·5H2O)}, Mr= 1191.45, orthorhombic,
Pnmn, a= 12.3305(2), b= 15.5069(3), c= 15.6412(3) =, V=
2990.72(9) =3, Z= 2, 1calcd= 1.366 gcm�3, m= 1.180 mm�1, l-
(MoKa)= 0.71073 =, F(000)= 1780, T= 293(2) K, A total of
19921 reflections were collected in the range q= 4.12–27.498, of
which 3538 were unique (Rint= 0.0512). Final R indices: R1=

0.0399,wR2= 0.1716 for 2818 reflections [I> 2s(I)]; R1= 0.0725,
wR2= 0.1830 for 3538 independent reflections (all data) and 147
parameters, GOF= 1.060. CCDC-256347 (1) contains the sup-
plementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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Metal Ions Play Different Roles in the
Third-Order Nonlinear Optical Properties of
d10 Metal–Organic Clusters**

Hongwei Hou,* Yongli Wei, Yinglin Song, Liwei Mi,
Mingsheng Tang, Linke Li, and Yaoting Fan

Research into nonlinear optical (NLO) materials has become
increasingly intensive because of their potential applications
in optical fibers, data storage, optical computing, image
processing, optical switching, and optical limiting.[1] Thus, the
design and synthesis of new materials with large NLO
capability represents an active field in modern chemistry,
physics, and materials science.[2] Metal clusters are reported to
be excellent candidates for NLO materials[3] since they
involve dp–pp delocalized systems and dp–dp conjugated
systems.[4] These compounds have a large variety of structures
and diverse electronic properties that can be tuned by virtue
of the coordinated metal;[5] thus the opportunity exists to tune
the NLO properties of metal complexes. Metal clusters can
also extend the p-conjugated length, which is one of the many
methods used to increase molecular NLO susceptibility
c(3) values. Moreover, the NLO properties of metal clusters
can be enhanced by the introduction of metal!ligand and
ligand!metal charge-transfer states.[6] Although many meth-
ods can be used to promote the NLO properties of metal
clusters, the origination of the NLO properties is the
delocalization of the p-electron cloud.[7] This delocalization
in metal clusters is mainly brought about by metal ions
constructing the skeleton and organic ligands fixing the
skeleton, thus both the metal ions and the organic ligands
should be important for the nonlinear optical properties of
the clusters. To the best of our knowledge, however, all studies
confirm that heavy-metal ions play very important roles on
the third-order NLO properties of metal clusters because
their incorporation introduces more sublevels into the energy
hierarchy, which permits more allowed electronic transitions
to take place and hence a larger NLO effect to be produced.[8]
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However, we believe that both metal ions and ligands affect
the NLO properties from their contribution to the delocal-
ization of the p-electron cloud. If metal ions make a greater
contribution than ligands, then the effect of the metal ions on
the NLO properties will be greater; however, ligands can also
make an important contribution to the NLO properties.

How do we investigate the contribution of metal ions and
ligands to the delocalization of the p-electron cloud? The
frontier molecular orbital corresponds to the delocalization of
the p-electron cloud, so we can understand the contribution
of metal ions and ligands to the delocalization of the p-
electron cloud by calculating their component of the frontier
molecular orbital. We can then deduce whether the metal ions
or ligands play more important roles in the NLO properties.
This approach has been utilized herein. We prepared 2,6-
dicarboxamido-2-pyridylpyridine (H2dcapp), the unique
crownlike cluster [Ag10(dcapp)4]·2 (OH)·12H2O (1), as well
as clusters [Zn4O(dcapp)3]·6H2O (2) and [Hg2(dcapp)2] (3),
and studied their third-order NLO properties. We determined
by quantum chemical calculations the contribution the metal
ions and organic ligands make to the NLO properties and
found them to be consistent with the experimental results. In
addition, we found that the population of the triplet excited
state for nanosecond laser radiation is responsible for the
third-order nonlinear properties of these compounds.

The reaction of AgNO3 with 0.5 equivalents of H2dcapp in
a mixture of THF, DMF (N,N-dimethylformamide), and H2O
leads to the formation of the light-yellow decanuclear cluster
[Ag10(dcapp)4]·2 (OH)·12H2O (Figure 1).[9] The main unit is a
decanuclear silver aggregate [Ag10(dcapp)4]

2+, which has a
crownlike architecture. The ten silver atoms are arranged in
two irregular tetrahedrons (Ag1-Ag1A-Ag2-Ag2A and
Ag1B-Ag1C-Ag2B-Ag2C) and a distorted octahedron
(Ag2-Ag2A-Ag2B-Ag2C-Ag3-Ag3A). The two tetrahedrons
and the octahedron are connected by the two edges Ag2-
Ag2A and Ag2B-Ag2C. The edge lengths of the tetrahedra
are in the range 2.8329(16)–3.0259(9) ?, and in the octahe-
dron the closest Ag···Ag contacts are found and range from
2.6521(9) to 2.9345(11) ?. The Ag2···Ag3 distance
(2.6521(9) ?) is much shorter than that in elemental silver
(2.88 ?). The distances of 2.8329(16)–3.0259(9) ? are com-
parable to 2.88 ? and twice the van der Waals radius for silver
atoms (3.44 ?). We could calculate Wiberg bond orders[10] by
quantum chemical calculation and found that the Ag2�Ag3
bond order is 0.1354, thus indicating a strong metal–metal
bond between the Ag2 and Ag3 atoms, while other Ag�Ag
bond orders are in the range from 0.0847 to 0.0371, thus
suggesting the existence of further metal–metal bonds. In
addition, Wiberg bond orders of Ag�N range from 0.2329 to
0.3453 and the C�C bond orders are about 1.4.

There are three crystallographically distinct silver ions in
the decanuclear silver cluster [Ag10(dcapp)4]

2+. Ag1 ions are
located on both sides of the crown and are coordinated to
three nitrogen atoms and three Ag ions; Ag3 ions coordinate
with two N atoms and further bond to four Ag2 ions; and
Ag2 ions are surrounded by two N atoms and six Ag ions.
Each ligand surrounds the silver ions in a helical conforma-
tion and functions as a pentadentate building block, in which

N1, N3, N4, and N5 are monocoordinated to a silver center,
while N2 acts as a m2 donor.

The colorless tetranuclear cluster 2 was prepared from
H2dcapp and Zn(OAc)2·6H2O.[9] The arrangement of the zinc
ions and the bridging modes of the dcapp2� ligands are shown
in Figure 2. The cluster consists of three dcapp2� and four zinc
ions and a central oxygen atom. Five N atoms of each ligand
coordinate to three Zn ions. The four Zn�Ocentral bond lengths
are almost equivalent, and the Zn-Ocentral-Zn bond angle (av)
is 109.48. The Zn4O

6+ core is an almost perfect tetrahedron,
with Zn···Zn separations ranging from 3.117 to 3.240 ?, which
is consistent with tetrazinc carbamato complexes having a
Zn4O

6+ core.[11] Wiberg bond orders of Zn�Zn are about 0.01,
thus showing the presence of a weak Zn�Zn metal bond. The
corresponding Wiberg bond orders of Zn�O and Zn�N are
about 0.38 and 0.26, respectively. The Zn4O

6+ cluster ion plays
an important role in metal organic frameworks (MOFs),
which are novel microporous materials that show potential
applications in catalysis, gas storage, and molecular recog-
nition.[12]

The reaction of H2dcapp with Hg(OAc)2·2H2O leads to
colorless block crystals [Hg2(dcapp)2] (3, Figure 3).[9] The
Hg(1)···Hg(2) distance is 3.157 ?, which is comparable to
twice the van der Waals radius of Hg atoms (3.10 ?). The
Wiberg bond order of Hg(1)�Hg(2) is 0.0106, thus indicating

Figure 1. a) Crystal structure of the decanuclear cluster [Ag10(dcapp)4]
·2 (OH)·12H2O (1). Ag atoms are shown as green, yellow, and pink
spheres; O red, N blue, C gray, H white. b) Arrangement of the
10 silver atoms.
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a weak interaction between the two Hg ions. The correspond-
ing Wiberg bond orders of Hg�N are about 0.52. There are
few reports of polynuclear Hg complexes,[13] apart from
organomercury compounds.[14] The two dcapp2� ligands wrap
helically around the two Hg centers, with the length of the
double helix being 3.157 ?.

The third-order NLO properties of 1–3 and H2dcapp were
investigated with laser pulses of wavelength 532 nm and
duration 8 ns by a Z-scan experiment in DMF solution. The
results show that cluster 1 exhibits both very strong NLO
absorptive and refractive effects, while H2dcapp as well as
clusters 2 and 3 show weaker NLO absorption and strong
NLO refractive behavior. The linear absorption spectra of
H2dcapp and 1–3 in DMF are shown in Figure 4. The
absorption of the ground state is low in the visible and near-
infrared wavelength region (> 380 nm); the maxima of the
absorption bands for the ground state are 286 nm for
H2dcapp, 282 nm for 1, 311 nm for 2, and 296 nm for 3. The

wavelength of the laser light (532 nm) is within the non-
resonant absorption region.

The NLO absorption components were evaluated by a Z-
scan experiment using an open-aperture configuration.
Figure 5 depicts the NLO absorptive properties of 1 and

clearly illustrates that the absorption increases as the intensity
of the incident light rises, with light transmittance (T) being a
function of the Z position of the samples. A reasonably good
fit between the experimental data and the theoretical curves
was obtained. This result suggests that the experimentally
detected NLO effects have an effective third-order character-
istic. It is clear that the theoretical curves qualitatively
reproduce the general pattern of the observed experimental
data.[16] The nonlinear absorptive index a2 is calculated to be
1.4 A 10�9 mW�1 for a 4.1 A 10�4

m solution in DMF.
The nonlinear refractive components were assessed by

dividing the normalized Z-scan data obtained under a closed-
aperture configuration by the normalized Z-scan data
obtained under the open-aperture configuration. Figure 6
depicts the nonlinear refractive effects of 1–3 and H2dcapp.
The valleys and peaks occur at equal distances from the focus.
These results are consistent with the notion that the observed
optical nonlinearity has an effective third-order dependence

Figure 2. The structure of cluster [Zn4O(dcapp)3]·6H2O (2). Zn pale
blue spheres; O red, N blue, C gray, H white.

Figure 3. The molecular structure of [Hg2(dcapp)2] (3). Hg purple
spheres; O red, N blue, C gray, H white.

Figure 4. The linear absorption spectra of H2dcapp, 1, 2, and 3, at
6.2D10�4, 2.0D10�5, 3.7D10�5, and 4.8D10�5m, respectively, in DMF.

Figure 5. NLO absorptive properties of a 4.1D10�4m solution of [Ag10-
(dcapp)4]·2 (OH)·12H2O (1) in DMF. The black squares are the experi-
mental data, and the solid curve is the theoretical fit.[15]

Angewandte
Chemie

6069Angew. Chem. Int. Ed. 2005, 44, 6067 –6074 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


on the incident electromagnetic field.[16] A reasonably good fit
between the experimental data (black squares) and the
theoretical curves (solid curves) was obtained.[15] The effec-
tive third-order refractive index n2 of 1–3 and H2dcapp are
calculated to be 2.2 A 10�11, 1.2 A 10�11, 1.3 A 10�11, and 1.1 A
10�11 esu, respectively.

It is very interesting that the NLO properties of 1 are
completely different from those of 2, 3, and H2dcapp. Cluster
1 shows strong NLO absorption and refractive effects, but 2, 3,
and H2dcapp only show NLO refractive behavior and give the
same refractive index n2 value. It can be seen from the results
that the Ag ions play very important roles in the NLO
behavior of 1, while the influence of the Zn and Hg ions to the
optical nonlinearity of 2 and 3 is very small, with the
dcapp2� ligands dominating the optical nonlinearity. The
reason for this difference cannot be explained by the heavy-
atom effect: the strength of the NLO properties can be
altered by the p-back-donation capacity of the metal ions to
the ligands, and the increased p-back-donation capacity of the
metal ions to the ligands may enhance the extension of the
electronic p system and improve the NLO properties.[8]

It was reported that the NLO properties of p-conjugated
complexes originate from the delocalization of the p-electron
cloud.[7] Since the delocalization corresponds to the frontier
molecular orbital, we can determine the contribution of the
Ag+, Zn2+, Hg2+, and dcapp2� ions to the NLO properties of
clusters 1–3 by molecular orbital theory. We have calculated
the frontier molecular orbitals of cluster skeletons [Ag10-
(dcapp)4]

2+, [Zn4O(dcapp)3], and [Hg2(dcapp)2] by density

functional theory (DFT) and Hartree–Fock (HF) calculations
using the LanL2MB basis set.[17] It can be seen from Figure 7
that the frontier molecular orbitals of [Ag10(dcapp)4]

2+,
namely HOMO�1, HOMO, LUMO, and LUMO+ 1, are
Ag+- and dcapp2�-based orbitals (DFT/B3LYP 11.08, 5.01,
37.06, 80.84%, respectively, and HF 6.13, 6.94, 63.96, 83.28%,
respectively, for Ag+

10): HOMO�1 and HOMO are primarily
dcapp2�-based orbitals, while LUMO+ 1 is primarily an Ag+-
based orbital. The frontier molecular orbitals in [Zn4O-
(dcapp)3] (Figure 8) are primarily dcapp2�-based orbitals
(DFT/B3LYP 0.92, 0.94, 1.80, 2.03%, respectively, and HF
1.48, 1.24, 2.01, 2.22%, respectively, for Zn2+

4), and the four
orbitals have barely any Zn2+ character. In addition, the
frontier molecular orbitals in [Hg2(dcapp)2] (Figure 9) are
also primarily dcapp2�-based orbitals (DFT/B3LYP 1.48, 1.58,
1.58, 1.61%, respectively, and HF 1.88, 1.79, 1.32, 7.50%,
respectively, for Hg2+

2). It is usually found that the electron in
the highest occupied molecular orbital (HOMO) or the next
highest occupied molecular orbital (HOMO�1) is excited to
the lowest unoccupied molecular orbital (LUMO) or the next
lowest unoccupied molecular orbital (LUMO+ 1) to give the
first excited singlet state S1 or the first excited triplet state T1.
In general, the photochemical and photophysical properties
of compounds are governed by the first excited singlet state S1

and the first excited triplet state T1, thus the most important
frontier orbital is LUMO or LUMO+ 1. Both the Ag+ and
dcapp2� ions contribute to the LUMO and LUMO+ 1 of
[Ag10(dcapp)4]

2+, while the LUMO and LUMO+ 1 of [Zn4O-
(dcapp)3] and [Hg2(dcapp)2] primarily have dcapp2� charac-

Figure 6. NLO refractive properties: a) [Ag10(dcapp)4]·2 (OH)·12H2O (4.1D10�4m) in DMF; b) [Zn4O(dcapp)3]·6H2O (7.5D10�4m) in DMF;
c) [Hg2(dcapp)2] (9.7D10

�4
m) in DMF; d) H2dcapp (3.1D10�3m) in DMF. The black squares are the experimental data, and the solid curves are

the theoretical fit.
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ter. Therefore, we can deduce that the NLO
properties of cluster 1 are controlled by the
Ag+ and dcapp2� ions while in clusters 2
and 3 the Zn2+ and Hg2+ ions have no
influence on the NLO properties, which are
dominated by the dcapp2� ligands. This
finding is consistent with the experimental
results: 2, 3, and H2dcapp show the same
NLO refractive behavior (self-focusing
effect) and also have the same refractive
index n2 value, while 1 not only shows a
strong NLO refractive effect (self-focusing)
but also displays strong NLO absorptive
properties. It should be pointed out that
both the excited-state population (and
absorption) and the two-photon absorption
can be responsible for the measured NLO
effect.[16] In addition, it can be seen from
Figure 7 that there are large dp–dp con-
jugated systems in the LUMO and
LUMO+ 1 of [Ag10(dcapp)4]

2+ which can
enhance the molecular NLO properties.

The strong nonlinear absorption makes
cluster 1 an interesting case for an optical
limiting (OL) study. An ideal OL material

should be able to respond quickly to
the incident light and become increas-
ingly opaque as the incident light
increases in intensity. Cluster 1 dis-
plays such an OL ability, but 2, 3, and
H2dcapp do not; they give weaker OL
effects. The optical limiting effect of 1
is depicted in Figure 10. The linear
transmittance is 70%. The light
energy transmitted starts to deviate
from BeerIs law as the intensity of the
input light reaches 0.03 Jcm�2, and
the material becomes increasingly
less transparent as the intensity rises.
The optical limiting threshold, which
is defined as the incident intensity at
which the actual transmittance falls to
50% of the corresponding linear
transmittance, is 0.15 Jcm�2, with a
saturation intensity transmitted of
0.23 Jcm�2. Lower limiting thresholds
and saturation levels provide a
greater safety margin for device pro-
tection. It is interesting to compare
cluster 1 with other well-known opti-
cal limiting materials for nanosecond
pulsed radiation of 532 nm wave-

Figure 7. The frontier molecular orbital of [Ag10-
(dcapp)4]

2+: a) HOMO�1, b) HOMO, c) LUMO,
d) LUMO+1. Ag light blue, N dark blue, O red,
C gray, H white.

Figure 8. The frontier molecular orbital of [Zn4O(dcapp)3]: a) HOMO�1, b) HOMO, c) LUMO,
d) LUMO+1. Atoms colors as in Figure 2.
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length. The optical limiting threshold of 1 (0.15 Jcm�2) is
lower than that observed in C60 and the octanuclear Ag cluster
[Ag8(2,4,6-iPr3C6H2Se)8].

[18] The lower limiting threshold
makes cluster 1 a very promising candidate for broadband
OL applications.

It should be pointed out that our measurement of the
transmitted pulse energy was conducted with a full collection

of the transmitted pulse, and no aperture
was used. Therefore, the observed OL
originates from an NLO absorptive pro-
cess.[16] Most nanosecond OL perform-
ances, such as that of C60, can be inter-
preted by the five-level (three singlet
states and two triplet states) model, and a
triplet–triplet transition has been identi-
fied as the main mechanism responsible
for nanosecond OL effects.[19] Ji et al.
developed a five-level model for metal
clusters: one ground state, one excited
singlet state, one ionized state, one first
excited triplet state, and one higher
excited triplet state. The initial absorp-
tion promotes molecules from the
ground to the excited singlet state, the
ionized state, and to the first excited
triplet state, and then further absorption
excites the molecules in the first excited
triplet state to the higher excited triplet
state. If the absorption cross-section of
the triplet state is greater than that of the
ground state, then the absorption
becomes stronger as the incident inten-
sity increases, which results in an OL
effect.[16]

To further study the third-order opti-
cal nonlinearity performance of 1–3, and
H2dcapp we investigated their NLO
properties with laser pulses of wave-
length 532 nm and duration 30 ps by the
closed-aperture Z-scan experiment in

DMF solution (Figure 11). We find from the data that the
closed-aperture Z-scan experimental curves of 1–3 and
H2dcapp in DMF solution are the same as that of the DMF
solvent for laser radiation of picosecond duration. Moreover,
the experimental curve (+ ) of H2dcapp at a higher concen-

Figure 9. The frontier molecular orbital of [Hg2(dcapp)2]: a) HOMO�1, b) HOMO, c) LUMO,
d) LUMO+1. Hg silver, N blue, O red, C gray, H white.

Figure 10. Optical limiting effect of [Ag10(dcapp)4]·2 (OH)·12H2O
(4.1D10�4m) in DMF.

Figure 11. The NLO properties of clusters 1, 2, 3, and H2dcapp
(3.4D10�4, 2.3D10�4, 3.4D10�4, and 2.0D10�3m (or 9.3D10�3m),
respectively) in DMF solution, as well as DMF itself, with laser pulses
of wavelength 532 nm and duration 30 ps by the closed-aperture
Z-scan experiment.
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tration (9.3 A 10�3
m) in DMF solution is the same as that (~)

of H2dcapp at lower concentration (2.0 A 10�3
m). Hence, we

believe that there exists no third-order optical nonlinearity
for 1–3 and H2dcapp with laser radiation of picosecond
duration. This result also shows that the population of the
singlet excited state cannot contribute to the third-order
optical nonlinearity performance of 1–3 and H2dcapp with
laser radiation of nanosecond duration. The third-order
nonlinearity performance results from the population of the
triplet excited state in nanosecond laser radiation. For
comparison, the closed-aperture Z-scan experiment of a
solution of C60 in toluene was also investigated with laser
pulses of wavelength 532 nm and 30 ps duration (C60 gives
strong NLO properties; see Supporting Information). This
result illustrates that the NLO performance of C60 is brought
about by the population of the singlet excited state and triplet
excited state in laser radiation of nanosecond duration, and it
is different from those of 1–3 and H2dcapp.

Experimental Section
H2dcapp: 2,6-Pyridyldicarboxylic acid (1.67 g, 10 mmol) was dis-
solved in SOCl2 (20 mL). The resulting 2,6-pyridinedicarboxylic acid
chloride was dissolved in anhydrous pyridine (10 mL), and a solution
of 2-aminopyridine (1.90 g, 20 mmol) in pyridine was added dropwise
with stirring in an ice bath. Yield: 4.21 g (70%). IR (KBr): ñ= 1698,
1579, 1545, 1442, 1322, 999, 780 cm�1. Elemental analysis (%) calcd
for C17H13N5O2: C 63.95, H 4.08, N 21.94; found: C 63.14, H 4.51, N
21.81; 1H NMR (400 MHz, DMSO, 25 8C, TMS): d= 7.25 (quin, 2H;
C6H4), 7.93 (hept, 2H; C6H4), 8.31 (hept, 3H; C6H3), 8.41 (d, 2H;
C6H4), 8.50 ppm (d, 2H; C6H4); ESI-MS: m/z : 319.9 [H2dcapp+H]+.

1: The cluster was prepared by reaction of AgNO3 (0.0169 g,
0.1 mmol) with H2dcapp (0.0161 g, 0.05 mmol) in a mixture of THF
(1 mL), water (1 mL), and DMF (4 mL). The reaction mixture
crystallized at room temperature on slow evaporation of the solvent
to give the desired decanuclear silver cluster as a light-yellow
crystalline solid. Yield: 63%. IR (KBr): ñ= 1702, 1572, 1532, 1439,
1419, 1384, 1319, 1148, 774 cm�1. Elemental analysis (%) calcd for
C34H35Ag5N10O11: C 32.15, H 2.75, N 11.03; found: C 33.01, H 2.12, N
11.03.

2 : A solution of H2dcapp (0.0161 g, 0.05 mmol) in DMF (5 mL)
was added to a solution of Zn(OAc)2·2H2O (0.1 mmol, 0.0219 g) in
methanol (5 mL). The mixture solution was left to stand in the air at
room temperature for a week, which resulted in colorless crystals
suitable for X-ray diffraction analysis. Yield: 46%. IR (KBr): ñ=
1616, 1578, 1556, 1477, 1434, 1381, 1312, 1160, 779 cm�1. Elemental
analysis (%) calcd for C51H45N15O13Zn4: C 45.76, H 3.36, N 15.70;
found: C 44.98, H 3.21, N 15.38.

3 : Complex 3 was prepared in an analogous manner to that used
to prepare 2, except that Hg(OAc)2 A 2H2O was used instead of
Zn(OAc)2 A 2H2O. Yield: 40%. IR (KBr): ñ= 1630, 1581, 1460, 1433,
1385, 1355, 779 cm�1. Elemental analysis (%) calcd for
C34H22Hg2N10O4: C 39.47, H 2.13, N 13.54; found: C 38.95, H 2.00,
N 13.27.
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DNA Tube Structures Controlled by a
Four-Way-Branched DNA Connector**
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The programmed self-assembly of molecular building blocks
into desired structures is one of the most fascinating
challenges in the field of supramolecular chemistry, and the
basic methodology is also applicable for the creation of
nanoscale materials.[1–3] Double-stranded DNA is a promising
candidate for achieving the desired structural formation and
arrangement, because of the reliable molecular assembly
based on the base-pairing system and well-defined periodic
structure of the double helix DNA. Structurally controlled
crossover DNAmotifs, called “DNA tiles”, have been used as
building blocks for creating one- and multi-dimensional
nanostructures.[4–7] Recently, by utilizing these crossover
DNA molecules, extended structures such as tube structures
have been created.[8–10] Further extension of the design of
desired DNA structures could be achieved by employing
various chemically modified oligonucleotides.
Here we report a novel method for preparation of

structurally controlled DNA tubes by using a DNA tile
system[4–7] with the assistance of a four-way-branched DNA
connector. Branched DNA can assemble multiple double
helices by duplex formation.[11] In this study, we designed and
synthesized a DNA–porphyrin connector, Porph-(Tc)4 1, in
which 10-mer DNA strands are connected to four spacers of a
tetraphenylporphyrin derivative (Figure 1a). We also
employed the DNA tile system which can assemble two
planar DNA tiles (tile A and tile B) into two-dimensional
(2D) array structures by using the geometry of 2.5 helical
turns between twoDNA tiles (Figure 1b and the upper part of
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Figure 1c).[4–7] The center strand of tile BT has an extra 12-mer
single strand (T= tag strand) that has 10 bases as a recog-
nition sequence for hybridization with a complementary
DNA strand (Tc= complementary to the tag strand) and two
additional thymidines as a linker. We planned to assemble the
four BT tiles by using the DNA–porphyrin connector, which
captures and brings multiple BT tiles together by hybridizing
with the extra tag strands of the BT tiles. The four neighboring
tiles constrained by the DNA–porphyrin connector could
then induce tube formation during assembly with the A tiles.
The length between the center of the porphyrin and the 5’-end
of the DNA strand in the DNA–porphyrin connector is 7–
8 nm (Figure 1a), which could allow the alignment of the four
short axes of the BT tiles side by side (total 16 nm) for A–BT

array formation.
DNA–porphyrin conjugate 1 was synthesized by coupling

the tetramaleimide-linked tetraphenylporphyrin with a 3’-

thiol-modified 10-mer DNA strand (Tc) that
is complementary to the tag strand of the
tile BT (see Supporting Information). Ten
DNA strands and Porph-(Tc)4 1 were mixed
together and annealed from 95 8C to room
temperature for 36 h in a buffer containing 2-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesul-
fonic acid (HEPES; pH 7.5), ethylenediami-
netetraacetate (EDTA), and Mg2+.[12]

After complex formation, we observed the
DNA nanoscale structures by using atomic
force microscopy (AFM) in solution.[12] In the
case of annealing with tiles A and BT only, 2D
DNA arrays were obtained which were sim-
ilar to those previously described with the A–
B array system (Figure 2a).[6,7] By contrast,
with addition of 1/4th of an equivalent of
Porph-(Tc)4 1 connector and annealing with
tiles A and BT, the large 2D structures were
not observed and fiber-like structures
appeared (Figure 2b), the lengths of which
reaching over 20 mm. When 1/16th of an
equivalent of 1 was annealed with tiles A
and BT, we obtained a mixture of fibers and
the usual 2D arrays (see Supporting Informa-
tion). Thus, the formation of fiber structures
depended on the stoichiometry between the
tiles and Porph-(Tc)4 1.
To characterize the detailed nanoscale

structures, we analyzed the surface of the
DNA fibers. A cross-section analysis of the
long axis of the DNA fiber structure reveals

Figure 1. The DNA–porphyrin connector and the DNA tiles system employed in
the experiment. a) Structure of the DNA–porphyrin conjugate, Porph-(Tc)4 1.
b) The sequences of DNA tile A (green) and DNA tile BT (blue), which has an
extra single strand (orange sequence). The orange dot on tile B represents the
extra single strand. c) Two-dimensional DNA array prepared from the tiles A and
BT (top) and the three-dimensional DNA tube structure formed in the presence
of Porph-(Tc)4 1 (bottom).

Figure 2. AFM images of the DNA structures. a) Annealing with tiles A
and BT. Image size: 8E8 mm2. b) Annealing with tiles A and BT in the
presence of Porph-(Tc)4 1. Image size: 8E8 mm2. Inset: Expanded
image of the DNA structure prepared from tiles A and BT with 1.
Image size: 500E500 nm2. c) Cross-section analysis of the long axis of
the DNA structure shown in the inset of (b). Orange arrows represent
peaks of the periodical stripes. d) Cross-section analysis of the short
axis of the DNA structure shown in the inset of (b).
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that periodic stripes are observed on the surface of the fiber
(Figure 2c). The distance between two stripes was 29–34 nm,
which corresponds to the total length of the long axis of the A
and B tiles (32 nm; Figure 1c). Therefore, these stripes
originated from the extra strand of tile BT. In the case of the
initial A–BT 2D array without the addition of the connector 1,
stripes were not clearly observed, because the extra single
strand (tag strand T) attached to the BT tile was flexible (see
Supporting Information). In contrast, the A–B* 2D array,
which has hairpins on the 2D tile that work as topological
markers, showed clear stripes, because the stable hairpins are
oriented out of the plane of the 2D array as described
previously (see Supporting Information).[6, 7] These suggest
that the strong stripe formation on the DNA fiber is induced
by duplex formation between the tag strand of the tile BT and
its complementary strand (Tc) of the connector 1. The
individual DNA fibers showed uniform width (approximately
55 nm) and height (5.2–5.6 nm; Figure 2d). The height of the
stripes was 0.3–0.8 nm. The analysis indicates that the height
of the DNA fiber structures is larger than the two layers of the
double helices. According to the cross-section analysis of the
DNA fiber (Figure 2b, inset), the center of the top surface is
slightly squashed by 0.2–0.3 nm as compared to both edges
(Figure 2d).[13] From these observations, the DNA structures
observed here exhibited the features of DNA tube structures,
similar to those described in previous reports.[8,12,13] We
conclude that the DNA structures obtained here are tube
structures. In the present study, the locations of the DNA–
porphyrin connectors in the DNA tube structures remain
unclear. Casual inspection of the AFM images gives the
impression that the DNA–porphyrin connectors are on the
outside of the tube structures. However, from thickness
measurements, we cannot exclude the possibility that they are
on the inside, the circumstance that is most likely to lead to
tube formation.
We also obtained DNA structures with a height lower

than the tubes, and these two structures were located on the
same DNA fibers (Figure 3a). We noted that in the detailed
images of these lower-height structures (Figure 3b), each
stripe on the DNA surface has two or three blocks of dotlike
structures, which were characterized by a cross-section
analysis of the stripes (red arrows in Figure 3d). Cross-
section analysis for the long axis revealed that the stripes were
separated by 29–34 nm (Figure 3c), which corresponds to the
total length of the long axis of the A–BT tiles as described
previously. The height of the surface of the lower-height
structures was 2.7 nm (Figure 3d). The height of the stripes
was 0.3–1.0 nm, which is comparable to the stripes of the tube
structures shown in Figure 2. A high-resolution AFM image
of the DNA surface in the lower-height structures in a
different area is shown in Figure 3e. Each stripe is separated
and the individual A tiles can be observed to be the same as
those of the A–B* arrays. In this lower-height section, the
visible part of the array contains seven A tiles and a similar
number of less well resolved BT tiles as repeating units.
To examine the difference between the tube and lower-

height structures, we analyzed the boundaries of these
structures on the same fiber (Figure 3a), and two interesting
features were observed: 1) The stripes in the tube and lower-

height areas are successive without any gap. 2) The height of
the lower-height DNA structures is clearly changed to almost
half the height of the tube ones, and the width of the short axis
of the lower-height structures (ca. 65 nm) is always larger than
that of the tubes (ca. 55 nm) on the successive DNA
structures. From these observations, we conclude that the
lower-height areas on the DNA fibers are incomplete tubes
with the height of single-layer duplexes, as described pre-
viously.[8,13]

We estimated the complex-formation process by using the
UV absorption change at 260 nm versus temperature. The
duplex formation of Porph-(Tc)4 1 with its complementary
strand occurs at 46 8C, which is slightly higher than the initial
temperature of the A–B array formation (40–45 8C). This
indicates that the complex formation between 1 and four
BT tiles precedes assembly of the A–B tiles, and then the
constrained BT tiles with 1 and the A tiles form some con-
strained array leading to the tube formation.
We have demonstrated a novel method for the prepara-

tion of DNA tubes, by using the A–B tile system and the four-
way-branched DNA connector which converts DNA arrays
into DNA tube structures. The DNA–porphyrin connector
clearly restricted the extension to the short axis of the tile,
while the long axis did not change as compared to that of the
usual A–B tile system. We expect that the DNA tubes

Figure 3. AFM images of the DNA structures. a) Mixed area of normal
and lower-height DNA structures. Image size: 1E1 mm2. b) Expanded
image of the lower-height section. Image size: 300E300 nm2. c) and
d) Cross-section analysis of the lower-height area in Figure 3b for the
long (c) and short (d) axes. Orange arrows in (c) represent peaks of
the periodical stripes and red ones in (d) represent dotlike structures
on the stripe of the lower-height area. e) High-resolution AFM image
of the DNA nanostructure of the lower-height area. Image size:
200E200 nm2.
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prepared by using this method can be employed as nanoscale
scaffolds for the preparation of structurally defined materials
and devices.[13,14]
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Massimo Olivucci*

The ability to control the specific conformation of peptides or
proteins is highly desirable in the design of bioactive
materials,[1] optical data storage devices,[2] or for triggering
the folding/unfolding of oligopeptide chains.[3,4] Conforma-
tional changes in macromolecules can be achieved by
incorporating a photoresponsive “monomer” into the mole-
cule backbone;[5] such a monomer is capable of converting
light energy into a permanent change in geometry. This
approach is also seen in biological receptors[6–9] where the
photoisomerization of organic chromophores is used to switch
between different conformations. One of the most prominent
examples of such switches is the protonated Schiff base (PSB)
of retinal found in rhodopsin proteins. This chromophore
undergoes a cis!all-trans photoisomerization that triggers a
conformational change of the native protein scaffold.[10,11]

We recently concluded that synthetic PSBs may provide
suitable frameworks for the design of molecular switches or
motors.[12] We demonstrated that 5-methyl-4-(5’-methyl-
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cyclopent-2’-enylidene)-3,4-dihydro-2H-pyrrolinium, 1 in
Scheme 1, a PSB featuring a “locked” backbone, satisfies
the criteria for an efficient switch.

Previous studies on the octapeptide (OP) H2N-Ala1-
Cys2-Ala3-Thr4-Cys5-Asp6-Gly7-Phe8-COOH, derived

from the thioredoxin reductase active site, revealed that this
chain can be conveniently used to prepare a bicyclic peptide
incorporating the azobenzene (Ab) photoisomerizable unit
and a disulfide bridge.[7–9] In such a system light irradiation
may be used to permanently switch the conformation of the
peptide.

Herein, our target is to investigate the photoisomerization
mechanism of an analogue system, 1-OP in Scheme 1, where
Ab is replaced with the computationally tractable[13] PSB unit
1. While in previous studies,[3] which focused on longer
timescales, the photochemical step was treated empirically,
herein we show that the photoisomerization of cis-1-OP can
be characterized by the novel quantum mechanics/molecular
mechanics (QM/MM)[14,15] strategy recently applied to rho-
dopsin[16] and featuring a CASPT2//CASSCF QM level (see
Experimental Section). To determine the intrinsic factors
driving the transmission of the photoinduced strain to the
peptide backbone we focus on gas-phase 1-OP. The results
indicate that while the switch starts to change immediately
after excited state (S1) population, the change of the peptide
moiety occurs only after decay to the ground state (S0). The
resolution of the structure of the conical intersection funnel
(CI) driving the S1!S0 decay, allows the effect of the S0

energy surface on the initial S0 dynamics of 1-OP to be
explored. This effect is simulated at the QM level by running a
3 ps ground state Car–Parrinello[17] molecular dynamics
(CPMD) trajectory.

Photoexcitation of cis-1-OP initiates the relaxation along
the S1 energy surface (Figure 1), ultimately leading to a CI
located approximately 30 kcalmol�1 lower in energy. The
deformation driving the reactant out of the Franck–Condon
(FC) region corresponds to a skeletal single-bond contraction
and double-bond expansion (the reactive C4�C1’ double
bond is lengthened to 1.48 B) coupled with an approximate 38
increase of the C5-C4-C1’-C2’ torsion angle. Further evolu-
tion along the same coordinate, leads to a transition structure
(TSex) located about 4 kcalmol�1 higher than cis-1-OP.
Analysis of the TSex structure indicates that the corresponding

barrier is due to the steric repulsion between the hydrogen at
C3 and methyl group at C5’. The steric repulsion is decreased
by further twisting about the C4�C1’ bond that drives the
system along a barrierless region of the S1 path. Along this
region the stretching deformation of 1 decreases, the C4�C1’
bond length stabilizes at 1.46 B, and the twisting about this
bond becomes dominant. The CI structure, located at the
bottom of the S1 surface, features a central double bond
twisted by 898.

Inspection of superimposed peptide backbones of the cis-
1-OP and CI structures (Figure 2) reveals that, despite the
difference in twist of unit 1 of approximately 758 in these two
structures, the peptide conformations are still remarkably
similar with a root-mean-square (rms) deviation of less than
0.6 B. Both conformations exhibit a right-handed helical
shape at Ala3 and an inverse g turn centered on Asp6.

To provide mechanistic insight into the ground-state
decay we have calculated the S0 path departing from CI and
leading to the photoproduct (trans-1-OP ; Figure 1). The S0

energy profile displays an approximately 0.9 kcalmol�1 bar-
rier at 1028 twisting, suggesting the presence of a restrain
force, attributed to initial peptide deformation. Further
progression along the isomerization coordinate induces a
limited change in energy up to 1148 followed by a slope
leading to the trans-1-OP energy minimum (characterized by
a trans configuration of the switch).

Even though the superimposed peptide backbones of cis-
1-OP, CI, and photoproduct structures share a common
overall fold, trans-1-OP displays a more extended (stretched)
conformation. Rms deviation between the CI and trans-1-OP
peptide is about 1.5 B. Analysis of the standard dihedral
angles f and y along the backbone reveals that the helical
character of Ala3 in the product is less pronounced than in the

Scheme 1. Subsystems of cis-1-OP treated by quantum mechanics
(QM) and molecular mechanics (MM). Box (dotted lines) encloses 1.
Angles a, b, a’, and b’ are discussed in the text.

Figure 1. Energy profiles along the paths describing the S1 and S0 relax-
ation. The structures (geometrical parameters in [H] and [8]) document
the progression of the molecular structure of 1 and related link
regions. The agreement between different computational methods is
also shown (for computational details see Experimental Section and
Supporting Information). * S1 CASPT2//CASSCF/6-31G*/Amber, * S0
CASPT2//CASSCF/6-31G*/Amber, & PBE/6-31G*; ~ CP plane-wave
PBE.
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reactant. However, cis- and trans-1-OP differ mainly in the
orientation of the inner cycle formed by the disulfide bridge
between Cys2 and Cys5. In fact, the limited twisting of the
Cys2-S-S-Cys5 dihedral angle by about 258 is accompanied by
the reorientation of residues Asp6, Gly7, and Phe8 of the C-
terminal part of the peptide backbone.

The response of the peptide secondary structure to the
isomerization of 1 is described in terms of the changes in the
hydrogen–bond pattern (a–e, see Figure 2). The results
suggest that on S1 there is no change in the number or
location of the hydrogen bonds (three hydrogen bonds,
indicated as a, b, and c in Figure 2, could be detected).
However, upon departure from the CI structure and relaxa-
tion on the S0 energy surface, two new hydrogen bonds d and e
that run between the Thr4 carbonyl group and the N7-H
group of the link region and between the N+-H group of 1 and
the Ala3 carbonyl group are formed. Similarly, the hydrogen
bonds a and b between the Asp6 hydroxy and Phe8 carbonyl
groups and between the N7-H of the link group and the Ala3
carbonyl, respectively, are broken. The only hydrogen bond
that remains intact during both the S0 and S1 relaxations is c
between the N-H group of Gly7 and the carbonyl group of
Cys5. The treatment of the hydrogen bonds between atoms
treated by QM and MM methods, has been validated by
comparing the QM/MM and the full PBE-functional opti-
mized structures of cis- and trans-1-OP. It is shown that by the
QM/MM methods the hydrogen bonds a, b, and d are less
than 0.04 B longer at the PBE level. A larger difference is
found for the bent hydrogen bond e that is 0.14 B longer
when computed at the PBE level.

The link regions between the switch 1 and the octapeptide
are made up of the -CH2-NH- and -CH2-CO- groups

connected to carbon atoms C5 and C2’, respectively (see
Scheme 1). Accordingly, the evolution of these links is
characterized in terms of the values of the angles a (C4-C5-
C6-N7) and b (C5-C6-N7-C8), and a’ (C1’-C2’-C6’-C7’) and b’
(C2’-C6’-C7’-N8’). It is apparent from Figure 1 that a and b

undergo a limited overall change (+ 408 and �188) with
respect to a’ and b’ (+ 1338 and �1458). Since, these changes
provide information on the way the photoinduced torsional
strain is transmitted from the switch to the octapeptide, we
conclude that the strain is transmitted asymmetrically by the
two link regions. This behavior is easily related to the fact that
a and b are made stiffer by the involvement of the N7-H, C8=
O, and N+-H groups in the hydrogen-bond network. Notice
that the change of a’ and b’ along the S1 path is very limited.
Thus, similar to the octapeptide chain, the link region changes
mainly during S0 relaxation.

Information on the effect of the S0 path on the early S0

relaxation dynamics including the relative timescales of the
leading molecular modes, are obtained through the analysis of
a 3 ps CPMD trajectory. As shown in Figure 1, both CPMD
(CP plane-wave PBE) and Gaussion98 PBE/6-31G* yield
energy profiles qualitatively close to the QM/MM one. The
largest discrepancies are found in the initial part of the path
where the density functional theory (DFT) curves show an
inflection. The consistency of DFT//CASSCF and CASPT2//
CASSCF S0 energy profiles for PSBs has been previously
evaluated.[18] The relaxation process of the chromophore is
monitored by the time evolution of the torsional deformation
and length of the C4�C1’ bond. The relaxation of the peptide
is monitored by studying four hydrogen-bond lengths. Finally,
the evolution of the link region between the switch and the
peptide is studied by monitoring the a’ and b’ angles.

As shown in Figure 3 the relaxation of the switch is
characterized by coherent changes in torsional deformation

and bond lengths. In fact, both quantities approach the S0

equilibrium values in less than 0.5 ps. No back oscillation
towards the S1 values is observed. On the other hand, the
change in the peptide secondary structure reported in
Figure 4 is consistent with a slower process (> 3 ps). In fact,
although breaking of hydrogen bond a seems to occur on the
picosecond timescale, a large oscillation is observed which
continues up to 3 ps. An oscillatory behavior is also observed
for the switching in the hydrogen bonds b and d. After 1 ps b is
broken while d is formed. However, after 2 ps these hydrogen
bonds are pushed back to their original positions, while at
2.5 ps a new inversion takes place. Remarkably, after 3.0 ps a,

Figure 2. Top: superposition of the cis-1-OP (red), CI (blue), and trans-
1-OP (magenta) structures. Bottom: hydrogen-bond patterns of CI and
trans-1-OP. The hydrogen bonds a–e are discussed in the text.

Figure 3. Time evolution of the C5-C4-C1’-C2’ dihedral angle [8] and
C4-C1’ bond length [H]. The arrows indicate the trans-1-OP values.
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b, and d seem to have reached the final values of the S0 trans-
1-OP energy minimum. The behavior of hydrogen bond e is
different. Although initial relaxation promotes formation of
this (looser and bent) hydrogen bond just after 0.6 ps, the
bond breaks and remains substantially broken up to the end
of the simulation. This bond will require a longer time to
reach the predicted equilibrium value. A behavior that can be
associated to the bent geometry of e that features a N�H···O
angle of 1328.

The dynamics of the link region is displayed in Figure 5.
There is a high correlation between angles a’ and b’ all along

the simulation. They move according to a hula-twist motion (a
clockwise and counterclockwise twist about two adjacent
bonds) of the -CH2- unit of the link. This movement provides
a way to efficiently bend the linkage without introducing
angular strain. The trans-1-OP product values are reached in
less than 1 ps.

In conclusion, we describe the mechanism of photo-
induced strain transmission in a naked macrocyclic cation. (Of
course, owing to its effect on the hydrogen-bond stability and
formation, a protic solvent may substantially change the
mechanism and timescale of the relaxation. Solvent and
counterion effects on 1-OP are currently under investigation).
While the photoinduced conformational transition from cis-1-
OP to trans-1-OP involves a total rms deviation of 2.0 B, only
a fraction of this change occurs during the S1 evolution, which
mainly features stretching relaxation and an approximately

908 twisting of the switch unit 1. The documented S1

relaxation path indicates an ultrafast S1!S0 decay dynamic
at room temperature. In fact, 1) there is only a small barrier
restraining the S1 evolution and 2) a S1/S0 conical intersection
provides a fully efficient S1!S0 decay channel. These
conclusions are consistent with the behavior observed for
experimentally accessible Ab-peptide analogues[3,9] where
decay to S0 occurs in under 1 ps. Our reaction path and
trajectory analysis indicate that the peptide relaxation occurs
entirely on S0 on a much longer timescale. Indeed, while the
relaxation of the switch is substantially completed within
0.5 ps, the hydrogen bonds b, d, and e oscillate even after 2 ps
with e still broken after 3 ps. On the other hand, the
asymmetric relaxation of the link regions is found to occur
on an intermediate time scale (< 1 ps) indicating a sequential
(switch!link!peptide) mechanism for the transmission of
the strain generated by the switch. Loosely, these results are
consistent with ultrafast IR spectroscopy measurements on an
Ab-peptide analogue indicating that the photoinduced pep-
tide stretching dynamics (that is associated with the redis-
tribution of the strain) is completed in a time window between
6 and 20 ps.[9] Finally, notice that within the first half-
oscillation in Figure 4, the backbone changes described by
the trajectory and S0 relaxation path of Figure 1 (i.e. the static
minimum energy path) are similar. Indeed, a transient
geometry close to trans-1-OP is generated and lost after
0.7 ps indicating that the path accelerates the system directly
towards the product structure.

Experimental Section
Computational Details: Our QM/MM implementation is based on a
hydrogen link-atom scheme with the frontier placed at the CO�CaH
and NH�CaH bonds of Ala1 and Phe8, respectively (see Scheme 1).
The ab initio QM calculations are based on a CASSCF/6-31G* level.
The active space comprises the full p system of 1 (six electrons in six
p orbitals). For the MM part we use the Amber force field[19] with
standard or re-parameterized van der Waals potentials. CASSCF/6-
31G*/Amber geometry optimizations are carried out with the
GAUSSIAN98[20] (G98) and TINKER[21] programs. To account for
dynamic electron correlation effects, re-evaluation of the energy of
the optimized structures was carried out at the multiconfigurational
second-order perturbation theory level using the CASPT2 imple-
mentation of MOLCAS-5[22] and a two-root state-averaged CASSCF
zeroth-order wavefuntion (CASPT2//CASSCF/6-31G*/Amber level).
The initial relaxation direction (IRD) method[23] was used to locate
the steepest-descent direction to be followed when computing the S1

(starting at cis-1-OP) and S0 (starting at CI) branches of the reaction
path of Figure 1. To simulate the S0 relaxation dynamics a single
CPMD trajectory starting at CI with zero initial velocities (the
sensitivity of the trajectory to a random distribution of velocities at CI
has been tested. a’ and b’ are found to be the most sensitive variables)
was calculated at the full QM level, using the PBE exchange-
correlation functional[24] with a plane-wave basis set and ultrasoft
pseudopotentials.[25,26] Additional single-point CPMD and G98 PBE/
6-31G* calculations were performed on the QM/MM S0 branch to
check the consistency of DFT and QM/MM results. See Supporting
Information for further computational details.
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Figure 4. Evolution of the hydrogen bonds a, b, d, and e defined in
Figure 2. The arrows indicate the trans-1-OP values.

Figure 5. Time evolution of the link-region torsional angles a’ and b’.
The arrows indicate the trans-1-OP values.
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Support for the direct route : That cyclo-
butenes are not necessary intermediates
in the skeletal rearrangement of enynes is
supported by DFT calculations and kinetic

studies. Cyclobutenes may arise from
the corresponding syn-cyclopropylgold(i)
carbenes (see scheme).

That’s quite a switch! The ionization-
induced switch in the preferred intermo-
lecular binding motif of the phenol···Ar
interaction from p bonding to hydrogen
bonding (see picture) has been monitored
in real time by time-resolved picosecond
UV-UV-IR pump-probe spectroscopy. The
timescale for this prototypical intermole-
cular hydrophobic!hydrophilic (p!H)
isomerization process (10 ps) has been
measured for the first time.

The liquid–solid transition: Automatic
assignment of solid-state NMR data as
well as fast and accurate calculation of the
structure of immobilized proteins at
atomic resolution can be achieved by
using the program SOLARIA (a modifica-
tion of the ARIA protocol). The picture
shows the lowest energy structures of the
a-spectrin SH3 domain calculated by
SOLARIA (blue) overlaid with the X-ray
crystal structure (red).

Caught in a barrel : AFM studies indicate
that the host–guest complexes formed
between b-barrel pores and polymer
blockers are pseudorotaxanes. The non-
statistical location of the contracted
supramolecular barrels on the polymers
indicates that the sticky polymer tem-
plates insert quickly into the b barrels (see
schematic representation) and then
undergo slow motion through the barrels.
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Synthetic Methods

J. S. Clark,* M. C. Kimber, J. Robertson,
C. S. P. McErlean, C. Wilson 6157 – 6162

Rapid Two-Directional Synthesis of the F–J
Fragment of the Gambieric Acids by
Iterative Double Ring-Closing Metathesis

Enzyme Modeling

E. Bourles, R. Alves de Sousa, E. Galardon,
M. Giorgi, I. Artaud* 6162 – 6165

Direct Synthesis of a Thiolato-S and
Sulfinato-S CoIII Complex Related to the
Active Site of Nitrile Hydratase: A Pathway
to the Post-Translational Oxidation of the
Protein

Synthetic Methods

L. K. Hwang, Y. Na, J. Lee, Y. Do,
S. Chang* 6166 – 6169

Tetraarylphosphonium Halides as
Arylating Reagents in Pd-Catalyzed Heck
and Cross-Coupling Reactions

Synthetic Methods

A. P. Patwardhan, V. R. Pulgam, Y. Zhang,
W. D. Wulff* 6169 – 6172

Highly Diastereoselective Alkylation of
Aziridine-2-carboxylate Esters:
Enantioselective Synthesis of LFA-1
Antagonist BIRT-377
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d-glucal is the starting point for the
efficient synthesis of the F–J fragment of
the gambieric acids (see scheme). The H-
ring diol was subjected to double two-
directional alkynyl ether formation, carbo-
cupration ring-closing metathesis, and

hydroboration. The tricyclic G–I diol was
then converted into the F–J fragment by a
sequence that involves another double
two-directional ring-closing metathesis
reaction.

Cyclic pseudopeptidic thiosulfinates
reveal a new type of reaction that may be
important in biological systems. It
involves hydrolytic cleavage of the S(O)�S
bond on 1 followed by metalation to form

a dissymmetrical CoIII complex with a
mixed diamidato-N, thiolato-S, sulfinato-S
donor set in 2 that is related to the nitrile
hydratase active site.

Highly efficient : Tetraarylphosphonium
halides, Ar4P+X�, as arylating reagents
efficiently deliver an aryl group in Pd-
catalyzed reactions with olefins, organo-
boron compounds, and terminal alkynes
(see scheme).

The benzhydryl group is the key : Efficient
alkylation of 3-substituted aziridine-2-car-
boxylates is only possible with N-benzhy-
dryl-protected aziridines and occurs with
complete retention of the configuration at
the 2-position. Sequential catalytic asym-
metric aziridination and aziridine alkyla-
tion reactions have been applied to the
synthesis of BIRT-377 (see structure).
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K. W. Anderson,
S. L. Buchwald* 6173 – 6177

General Catalysts for the Suzuki–Miyaura
and Sonogashira Coupling Reactions of
Aryl Chlorides and for the Coupling of
Challenging Substrate Combinations in
Water

Stereoselective Butenolide Reduction

M. P. Rainka, J. E. Milne,
S. L. Buchwald* 6177 – 6180

Dynamic Kinetic Resolution of
a,b-Unsaturated Lactones through
Asymmetric Copper-Catalyzed Conjugate
Reduction: Application to the Total
Synthesis of Eupomatilone-3

Helical Structures
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K. Gohda, J.-i. Oku,
T. Tanaka* 6180 – 6183

High Thermal Stability Imparted by a
Designed Tandem Arg–Trp Stretch in an
a-Helical Coiled Coil

Synthetic Methods

S. Kim, S. Kim,* N. Otsuka,
I. Ryu* 6183 – 6186

Tin-Free Radical Carbonylation: Thiol
Ester Synthesis Using Alkyl Allyl Sulfone
Precursors, Phenyl Benzenethiosulfonate,
and CO
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Amphiphilic phosphine ligands (see
structures; Cy= cyclohexyl) were prepared
and utilized in palladium-catalyzed
Suzuki–Miyaura and Sonogashira cou-
pling reactions in water or water/organic
biphasic solvents, providing excellent
yields of functionalized biaryls and aryl
alkynes, respectively.

Only six steps were needed for the total
synthesis of eupomatilone-3 in 48%
overall yield thanks to the development of
a dynamic kinetic resolution that allowed
the reductive conversion of a racemic a,b-
unsaturated butenolide in high yield and
high enantiomeric and diastereomeric
excess. This copper-catalyzed dynamic
kinetic resolution was then applied to
several g-aryl-containing a,b-unsaturated
butenolides.

Let’s twist again : A cation–p interaction
between Trp and Arg is designed at the
interface between two a helices of a
coiled-coil structure and stabilizes the
structure more than Glu and Lys ion-pair
interactions. Two or three Trp–Arg sets
form an extended array of interactions
(see picture) and increase the melting
temperature of the peptide.

Remove contents from tin … Thiol esters
have been successfully synthesized
through tin-free radical carbonylation (see
scheme; V-40= initiator). This approach

can be further extended to sequential
radical reactions involving cyclization,
carbonylation, and trapping of acyl radi-
cals by phenyl benzenethiosulfonate.
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Enantioselective Synthesis

C. Palomo,* M. Oiarbide, E. Arceo,
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Enones as Efficient Reaction Partners

Tandem Reactions

M. Ueda, H. Miyabe, H. Sugino, O. Miyata,
T. Naito* 6190 – 6193

Tandem Radical-Addition–Aldol-Type
Reaction of an a,b-Unsaturated Oxime
Ether

Catalytic Oxidation

T. Dohi, A. Maruyama, M. Yoshimura,
K. Morimoto, H. Tohma,
Y. Kita* 6193 – 6196

Versatile Hypervalent-Iodine(iii)-
Catalyzed Oxidations with
m-Chloroperbenzoic Acid as a Cooxidant

Phosphorus Cations

N. Burford,* C. A. Dyker, M. Lumsden,
A. Decken 6196 – 6199

Small Cyclopolyphosphinophosphonium
Cations: Systematic Development of
Fundamental catena-Phosphorus
Frameworks
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A fine pair : Excellent levels of regio-, endo/
exo-, diastereo-, and/or enantioselectivity
are attained in the Cu-catalyzed cycload-
dition of nitrones with a’-hydroxy enones

(see scheme). The resulting adducts can
be further elaborated to the correspond-
ing isoxazolidines bearing aldehyde,
ketone, and carboxylic acid functions.

The direct generation of boryl enamine 2
by radical addition to the chiral a,b-
unsaturated oxime ether 1 (X= (1R)-
camphorsultam, Bn=benzyl) followed by
reaction with aldehydes gave rise to a

tandem carbon–carbon bond-forming
method, yielding lactones 3. The result is
a novel asymmetric synthesis of g-butyro-
lactones and g-amino acids by way of both
a radical and an ionic process.

A new and effective use of hypervalent
iodine(iii) reagents as catalysts involves
the transformation of iodoarenes 1 into
hypervalent iodine(iii) species 2 with
meta-chloroperbenzoic acid (mCPBA) as
the appropriate cooxidant. With observed
turnover numbers greater than 70, this
procedure paves the way for broader
application of these useful oxidants in
organic synthesis.

Methylation or phosphenium insertion
reactions with cyclopolyphosphines
(PtBu)3 or (PCy)4 (Cy= cyclohexyl) are
presented as stereospecific and high-
yielding preparative approaches to cyclo-
polyphosphinophosphonium cations. The
cations [(PtBu)3Me]+, [(PCy)4Me]+, and
[(PtBu)3PMe2]+ (see picture; P orange,
C gray) are prepared as trifluoromethane-
sulfonate salts and represent key
frameworks in fundamental catena-phos-
phorus chemistry.
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A reflection on neptunium absorption :
The absorption spectrum of NpV around
980 nm originates from a 5f!5f electric-
dipole transition, which is allowed if the
NpV ion lies in a coordination environ-
ment that lacks a center of inversion, such
as in [NpO2(H2O)5]+. However, the tran-
sition is completely forbidden by
Laporte’s rule in the highly symmetrical
NpV diamide complex [NpO2(L)2]+ (see
structure; Np green, O red, N blue,
C gray).

High-valent imido complexes are
obtained by reaction of the manganese-
(iii) corrole [Mn(tpfc)] with aryl azides by
a novel reaction mechanism in which
singlet nitrene undergoes intersystem

crossing to the triplet state, which is
trapped by the metal corrole, in competi-
tion with dimerization to the azo com-
pound (see scheme).

Energy transfer at the interface of two
dissimilar conjugated polymer chains (see
picture; DMOS=2-dimethyloctylsilyl-p-
phenylenevinylene; MEH=2-methoxy-5-
(2’-ethylhexyloxy)-p-phenylenevinylene)
has been studied using single-molecule
spectroscopy. Morphological features
control energy-transfer processes between
the blocks and lead to strongly hetero-
geneous efficiencies of energy transfer.

Torn genes : DNA tetramers containing the
2-deoxyribonolactone (dL) lesion have
been isolated by HPLC from d(CGCG) and
d(pCGCG) films irradiated with X-rays.
Upon treatment with spermine as a

catalyst, the dL-containing tetramers
decompose to 5-methylene-2-furanone (5-
MF; see scheme), a characteristic product
of dL decomposition. Hence, 5-MP can be
used to quantify dL lesions in DNA.
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I. CQsařov;, M. G. S. Londesborough,
D. S. Perekalin, B. ŠtQbr* 6222 – 6226
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Very low loading and short reaction times
are characteristic features of the quanti-
tative reduction of different ketones using
2-propanol and terdentate [RuX(CNN)-
(dppb)] (X=H, Cl (see structure);
dppb=Ph2P(CH2)4PPh2) complexes pre-
pared from 6-(4’-methylphenyl)-2-pyridyl-
methylamine. The reduction apparently
takes place by reversible insertion of the
substrate into the Ru�H bond, thus
leading to a RuII alkoxide.

No metal required : A protocol for the
enantioselective organocatalytic chlorina-
tion of cyclic and acyclic b-keto esters and
cyclic b-diketones has been developed
which is also effective for the asymmetric

bromination of b-keto esters. The metho-
dology employs an inexpensive organo-
catalyst (e.g. benzoylquinidine) and poly-
halogenated quinolinones as the source of
the halogen (see scheme).

The dual in the crown : The same com-
pound can adopt two different, non-
equilibrium tautomeric structures. This
unique structural dualism is demonstra-
ted by the isolation of pure tautomeric
pairs, 7-RR’NH-7,8,9-C3B8H10 (zwitter-
ionic) and 7-RR’N-7,8,9-C3B8H11 (neutral)
(where R,R’=H or alkyls, see scheme,
PNT=proton nontransferring, PT=pro-
ton transferring) in the tricarbollide series.

Under control : Lewis acids induce an
unexpected rearrangement of 1,3-dioxola-
nyl-substituted 1,2-oxazines to provide
bicyclic compounds in a stereocontrolled

manner. They are precursors for enantio-
pure carbohydrate mimetics containing 3-
aminotetrahydropyran or 4-aminooxepane
substructures (see scheme; Bn=benzyl).
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Sultones swing again : The first total
syntheses of the title antibiotics (see
scheme) were achieved by application of
sultone methodology. Since the final lac-
tonizations with formation of the ester
linkage between C1’ and the oxygen sub-

stituent on C8 proceeded with complete
epimerization at C2’, the more readily
available C2’ epimeric smaller fragments
could be used for streamlining the syn-
thetic sequence.

The phosphane unit is deprotonated in the
reaction of dialkylzinc with H2PSitBu3 and
(thf)2Ba[N(SiMe3)2]2 to give the title com-
pound (molecular structure shown),
which has a coordinatively unsaturated
barium center. In the absence of excess
THF, the zinc-bound alkyl groups are
activated by formation of Ba-CEt-Zn three-
center bonds.

Precursors and particles captured in a net :
Porous coordination polymers such as
MOF-5 are efficient gas storage devices
and are also able to absorb metal organic
chemical vapor deposition (MOCVD)
precursors (see picture, red: [(h5-
C5H5)Pd(h3-C3H5)]). These incorporated
compounds are easily reduced to give the
corresponding metal nanoparticles.
Applications in heterogeneous catalysis,
for instance, methanol synthesis or
hydrogenation, are described.

Plenty of phosphorus : The first CuI oligo-
phosphanido complex [Cu4(P4Ph4)2-
(PCyp3)3] (1; Cyp= cyclo-C5H9), synthe-
sized from [CuCl(PCyp3)2] and [Na2(thf)4-
(P4Ph4)], displays a remarkable cage
structure in the solid state. The central
Cu4P8 core of 1 (with appendant phos-
phane P atoms) is shown in the picture.
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*Corrigendum
Influence of Cyclodextrin Molecules on
the Synthesis and the Thermoresponsive
Solution Behavior of N-Isopropyl-
acrylamide Copolymers with Adamantyl
Groups in the Side Chains

H. Ritter,* O. Sadowski,
E. Tepper 3171–3173

Angew. Chem. Int. Ed. 2003, 42

DOI 10.1002/anie.200250814

New results have revealed that some
values given in this original contribution
are incorrect. The determined cloud point
of polymer 5 does not lie over 95 8C as
originally reported, but is actually 17 8C.
The previously observed high optical
transparency of a dispersion of polymer 5
was a result of the very small particle size
that resulted from ultrasonic treatment. In
light of this new result, the data for
cyclodextrin-free polymer 5 presented in
Table 1 and Figures 1, 2, and 3 are incor-
rect. In Table 1, the LCST value of polymer
5 of >95 8C should be replaced by 17 8C,

while the monomer ratio (n/m) for poly-
mers 5 and 6 should now read as 20:1
instead of 1:20. In Figures 1 and 3, the
plotted data for polymer 5 in the absence
of cyclodextrin should be replaced by a
function which shows a turbidity point at
17 8C. In Figure 2, the LCST value of
>95 8C should be corrected to 17 8C. In
the text, all passages that refer to the
cloud point of cyclodextrin-free polymer 5
are incorrect. However, all the other
presented data as well as the conclusion
remain valid.
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ADHOC 2005 in Cologne:
The Latest in Dioxygen Activation
and Homogeneous Catalytic
Oxidation**

Christian Limberg*

The selective functionalization of hydro-
carbons is one of the most important
challenges of chemistry and is of great
interest for the purposes of basic
research and technology. Homogeneous,
heterogeneous, and enzymatic processes
are being pursued worldwide as poten-
tial solutions to this problem. The mech-
anisms of oxidation reactions remain
among the most puzzling issues in
chemistry. To gain better insight, model
systems with well-defined active sites
are being developed, while with the aid
of kinetic measurements, sophisticated
isotope-labeling experiments, molecular
probes, and especially computational
chemistry, structure–activity relation-
ships can be discussed and current pro-
posed mechanisms can be either sup-
ported or rejected. Naturally, there is
an intense interest in new oxidation
reactions and catalysts as well as in
novel applications of oxidation chemis-
try. All of this was the subject of the
9th International Symposium of Activa-
tion of Dioxygen and Homogeneous
Catalytic Oxidation (ADHOC) in
Cologne, Germany, which was organ-
ized for over 200 participants from

industry and academia by Albrecht Ber-
kessel (University of Cologne) and Hen-
rique Teles (BASF, Germany).

The opening lecture was given by R.
Diercks (BASF, Germany) in which he
introduced industrially relevant oxida-
tion processes for the production of
base chemicals, explained some prob-
lems therein, and addressed the impor-
tance of catalyst and reactor design. It
was clearly pointed out that the use of
HNO3 as an oxidizing agent is frowned
upon, as the nitrogen oxide byproducts
are frequently cited in the literature as
environmental hazards. However, the
coupling of industrial oxidations to
other processes (NOx recovery, N2O
decomposition) can effectively turn
HNO3 into a “green” reagent. Remain-
ing N2O can also be an attractive
source of oxygen, as outlined in the
talk given by G. I. Panov (Boreskov
Institute, Novosibirsk, Russia). With
this reagent it is possible to oxidize ben-
zene to phenol and its derivatives, as
well as various olefins to carbonyl com-
pounds, and to carry out the chemical
modification of polymers such as poly-
butadiene.

New perspectives in the use of sin-
glet oxygen were also highlighted. It
has been known for some time that
Na2MoO4 at appropriate pH values can
catalyze the disproportion of H2O2 to
give 1O2. J.-M. Aubry (ENSCL, Lille,
France) reported that [Mo(O2)3O]2�

represents the catalytically active spe-
cies. He introduced a method with
which the 1O2 produced can be used
for “dark” oxygenations of hydrocar-
bons. A problem with this is the short
lifetime of 1O2 in aqueous medium,
which opposes the oxidation of hydro-
phobic compounds. It is possible, how-
ever, to carry out peroxidations as a con-
tinuous process by using specially
designed multiphase microemulsions. P.
Alsters (DSM, The Netherlands) dis-
cussed the applications of this procedure

and simultaneously presented a way to
solve the problem of parallel concurrent
activation of H2O2 for epoxidations
(Scheme 1): the use of pure inorganic
compounds in heterogeneous phases.
Elsewhere, A. Griesbeck (University of
Cologne, Germany) described how 1O2,
with the aid of tetraarylporphyrin-
loaded polystyrene, can be used for
ene reactions, [4þ2] cycloadditions, and
can make ordinary organocatalytic reac-
tions “chiral”.

Many contributions this year also
focused on natural approaches toward
oxygen activation. These include direct
investigations of metalloenzymes and
studies concerning for the use of bioca-
talysts, as well as the development of
biomimetic and bioinspired systems.
J. D. Lipscomb (University of Minne-
sota, USA) was able to show that in
soluble methane monooxygenase, the
formation of a complex between the reg-
ulatory protein MMOB and the active
component MMOH creates a very
narrow pore, through which only meth-
ane has access to the active site
(Scheme 2). This was proposed as one
reason for this enzyme@s high substrate
selectivity for methane. This under-
standing should facilitate mutagenesis
experiments designed to expand the oxi-
dation capacity of this enzyme. Further-
more, this represents the first time that
the dioxygenase mechanism could be
followed spectroscopically through sys-
tematic substrate variation.

Such non-heme-containing enzymes
were also the basis for the talk given
by L. Que, Jr. (University of Minnesota,
USA). He reported molecular models
that catalyze the H2O2-mediated oxida-
tion of olefins through a nonradical
mechanism. The results of isotope-label-
ing experiments with these systems have
led him to conclude that the active spe-
cies bears an O=FeV-OH unit
(Scheme 3).

[*] Prof. Dr. C. Limberg
Humboldt-Universit�t zu Berlin
Institut f�r Chemie
Brook-Taylor-Straße 2
12489 Berlin (Germany)
E-mail: Christian.limberg@chemie.

hu-berlin.de

[**] 9th International Symposium of Activation
of Dioxygen and Homogeneous Catalytic
Oxidation (ADHOC), July 25–29, 2005, in
Cologne, Germany. Scheme 1.

Meeting Reviews

6102 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6102 – 6104



A dioxygenase reaction intermedi-
ate inspired T. D. P. Stack (Stanford
University, USA) to employ single-
core Fe and Mn complexes to catalyze
the epoxidation of terminal olefins
with peracids. A group of Mn complexes
has proven itself especially active and
selective, and its heterogenization by
binding to silica gel adds to its list of
advantages. W. Kroutil (University of
Graz, Austria) was able to show that a
dehydrogenase from Rhodococcus
ruber, which is stable in organic solvents,
can carry out highly stereoselective alco-
hol oxidations. It differentiates between
not only R and S stereocenters, but also
primary and secondary alcohols (intra-
molecular as well).

Many newly developed systems use
Pd catalysts in combination with O2.
The prime example for such systems,
namely the Wacker process, occasion-
ally served as a source of ideas. S. S.
Stahl (University of Wisconsin, Madi-
son, USA) discussed an aza-Wacker
process, which gives rise to enamines,
and M. S. Sigman (University of Utah,
USA) reported the dialkoxylation of
olefins. Alcohol oxidations can also be
carried out in aqueous media with
water-soluble catalysts, as described by
I. W. C. E. Arends (TUDelft, The Neth-
erlands). D. De Vos (University of

Leuven, Belgium) introduced a new
procedure for the alkenylation of aro-
matic compounds, the mechanism of
which was also studied in detail. Fur-
thermore, he discussed the application
of immobilized tungstate catalysts with
haloperoxidase activity: these effect
the oxidation of bromide to bromonium
ions, which in turn, can be reactive
under nonacidic conditions with olefins
and aromatic compounds. M. S. Sanford
(University of Michigan, USA) dealt
with ligand-directed oxidations of C�H
bonds, and in the process of investiga-
tions with the oxidizing agent PhI-
(OAc)2 she successfully isolated and
characterized a PdIV intermediate. The
relevance of the + 4 oxidation state in
Pd-catalyzed reactions has been the sub-
ject of controversy for some time, and
here could be some initial evidence
that such compounds actually do exist
(Scheme 4).

The “slow-burners” of oxidation cat-
alysis are the polyoxometallates
(POMs), for instance, as ligands for
other transition-metal oxo units, which
then become active as the oxidant. M.
Bonchio (University of Padova, Italy)
reported the synthesis of POM–Ru and
POM–Fe complexes, which catalyze
reactions with O2 upon microwave irra-
diation. POMs can also exhibit interest-

ing chemistry in combination with noble
metals. Not long ago, M=O compounds
of late transition metals were unknown,
as their d electrons occupy the p* orbi-
tals of the M=O bond. The latter, how-
ever, are clearly stabilized by POM
ligands; their use, as described by C. L.
Hill (Emory University, Atlanta,
USA), had recently allowed the isola-
tion and characterization of the first
Pd=O complex, and now he reported
K9Na4[(O=PdIV-OH)WO(OH2)L2] (L=

[PW9O34]9�). Furthermore, there is evi-
dence for the first O=Au complexes,
which can be produced by oxidation in
air (Scheme 5).

The talk given by R. Neumann
(Weizmann Institute, Israel) made it
clear just how broad the range of
POM–transition-metal-catalyzed oxida-
tion reactions really is. Interestingly,
with substrate-immobilized dipyrimidyl-
platinum–POM hybrid compounds,
even the catalytic oxidation of methane
with O2 in water was achieved, whereby
methanol and acetaldehyde are formed,
the mechanism of the surprising forma-
tion of CH3C(O)H is currently investi-
gated. Altogether, there is still great
interest in the oxidation of methane,
the simplest natural yet most resistant
source of C1 hydrocarbons. After a
mechanistic discussion of proton-cou-
pled electron transfer, J. M.Mayer (Uni-

Scheme 2.

Scheme 3. Tf= trifluoromethylsulfonyl.

Scheme 5. Blue circle right: Kþ

Scheme 4.
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versity of Washington, Seattle, USA)
first introduced results of his investiga-
tion of the reaction of OsO4 with H2

and subsequently described initial
results of the extension of this work
toward methane as a substrate. R. A.
Periana (USC, Los Angeles, USA)
reported the use of CH4 to generate
acetic acid in the metal-catalyzed oxida-
tion with O2 as well as the first efforts
toward the establishment of a catalytic
cycle for the O2- oxidation of hydrocar-
bons starting from Ir alkoxides.

A further important area of oxida-
tion chemistry (especially within the
detergent industry) is bleaching cataly-
sis, to which an entire section of lectures
was devoted. There is great interest in
the development of active metal cata-
lysts, and the most prominent represen-
tative of these is [(Me3tacn)Mn(m-
O)3Mn(Me3tacn)]2+ (tacn= 1,3,7-triaza-
cyclononane). The talk given by J. R.
Lindsay-Smith (University of York,
UK) dealt with mechanistic investiga-
tions of this system, and R. Hage (Unile-
ver, UK) introduced the general devel-
opment of metal-mediated bleaching.
The lecture given by G. Reinhardt (Clar-
iant, Germany) made it clear that there
is not, and never will be a panacea for
the bleaching industry. Additional talks
on this subject were given by G. Miracle
(P&G, USA) and J. J. Dannacher (Uni-
versity of Basel, Switzerland).

Efficient systems for the oxidation of
prochiral thioethers to enantiomerically
pure sulfoxides were introduced by
R. F. W. Jackson (University of Shef-
field, UK) und C. Bolm (RWTH
Aachen, Germany). Through systematic
variation of the ligand, metal, and addi-
tives, enantiomeric excesses of up to

99.5% could be reached, making the
procedure suitable for the synthesis of
biologically active compounds. Y. Shi
(CSU, Fort Collins, USA) reported
equally impressive ee values and yields
in his investigation of organocatalyzed
epoxidations. His research group suc-
ceeded in finding chiral ketone catalysts,
which are converted in situ by an exter-
nal oxidant into dioxiranes, which in
turn, effect an enantioselective oxygen
transfer to olefin substrates. M. Beller
(Leibniz Institute for Organic Catalysis
(IFOK), Rostock, Germany) presented
a novel chiral pyridine bisimidazoline
ligand system, in which Ru complexes
in conjunction with pyridine dicarbox-
ylic acid give the highest reported ee val-
ues for a transition-metal-mediated
epoxidation with H2O2. The talk by I.
Hermans (University of Leuven, Bel-
gium) gave rise to controversial discus-
sions, as it dealt with autoxidation of
hydrocarbons. The validity of the con-
ventionally accepted mechanistic
model of alcohol and ketone formation,
was put into question based on current
experimental and theoretical data; a
new proposal was presented in which
cyclohexylperoxyl radicals, for example,
do not abstract hydrogen atoms from cy-
clohexane, but instead from cyclohexyl-
hydroperoxide (!ketone).

There were many other interesting
talks regarding mechanistic and prepa-
rative aspects of oxidation catalysts the
discussion of which would significantly
expand the scope of this report [A.
Llobet (University of Barcelona,
Spain), Y. Naruta (Kyushu University,
Fukuoka, Japan), T. Geller (Bayer
CropScience, Germany), J. P. Roth
(Johns Hopkins University, Baltimore,

USA), W. R. Thiel (University of Kai-
serslautern, Germany), T. Funabiki
(Doshisha University, Japan), C. Punta
(University of Milan, Italy), I. Wein-
stock (City College New York, USA),
Z. Gross (Technion, Haifa, Israel), C.
Limberg (HU Berlin, Germany)]. The
closing talk was given by R. A. Sheldon
(TU Delft, The Netherlands), in which
he discussed the imposing range of oxi-
dation reactions that can be catalyzed
by nitroxyl radicals.

Overall, the conference demon-
strated that through the intense efforts
of the past few years in the area of oxi-
dation chemistry, many breakthroughs
were made which, of course, have
given rise to new questions and chal-
lenges. Among these, for example, the
application of atmospheric oxygen for
the selective oxidation of hydrocarbons
remains an important goal. The mecha-
nistic understanding was broadened,
refined, and even renewed, and many
novel systems can be developed from
this. That oxidation chemistry—regard-
less of whether fundamental or technical
questions are examined—is, as always, a
very lively and rapidly developing
research area was demonstrated impres-
sively at ADHOC 2005. The pro-
nounced emphasis on application was
underscored by the fact that this year@s
meeting was, for the first time, organized
jointly by both the industrial and aca-
demic spheres, and through the strong
participation and generous support of
industry (especially BASF).
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Biography

New York City is my world. I was born in Brooklyn, the
first child of immigrant parents whose education was dis-
rupted by the Nazi invasion of Poland. Although not
themselves learned, my parents shared a deep respect for
learning. I grew up in a home rich in warmth, but empty of
books, art, and music. My early life and education were
centered on the streets of Brooklyn. Stickball—baseball with
a pink ball and broom handle—and schoolyard basketball
were my culture. In stickball, a ball hit the distance to one
manhole cover was a single, and four manhole covers, a home
run, a “Nobel Prize”. My father was a tailor. My mother,
although quick and incisive, did not direct her mind to
intellectual pursuits and I had not even the remotest thought
of a career in academia. I was happy on the courts. In those
days, we worked at a relatively young age. At eleven, I was a
messenger, delivering false teeth to dentists. At twelve, I was
laying carpets, and at thirteen, I was serving corned beef and

pastrami in a local delicatessen. Vladimir, the Russian chef,
was the first to expose me to Shakespeare, which he recited as
we sliced cabbage heads for coleslaw.

My local high-school had the best basketball team in
Brooklyn, but the Principal of my grade school had a vision
different from my own and insisted that I attend Stuyvesant
High-School, far away in Manhattan. Stuyvesant High
advertised itself as a school for intellectually gifted boys but
had the worst basketball team in the city. I was unhappy about
the prospect of attending, for it seemed antithetical to my self-
image. Shortly after I entered, however, my world changed. I
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embraced the culture and aesthetics of Manhattan. The world
of art, books, and music opened before me and I devoured it.
In school, I heard bits of an opera for the first time. I
remember it distinctly, the Letter Duet from Mozart/s
Marriage of Figaro. The next night I attended Tannhauser at
the Metropolitan Opera and thus began a love affair,
bordering on an obsession, that has had no end. Twice a
week, I stood in line for standing room tickets at the
Metropolitan Opera where I was exposed to a cult of similarly
obsessed but far more knowledgeable afficionados who
taught me the intricate nuances of this rich genre. The great
Italian tenor, Franco Corelli, would serve us coffee as we
waited, and the diva, Joan Sutherland, would invite us
backstage.

On other days, I would read in a most beautifully
appointed place, the Reading Room of the Central New
York Public Library on 42nd Street. One passes the pair of
sculpted lions, ascends a flight of stairs into a huge high-
ceilinged room of impressive silence where I read incessantly
without direction but with a new-found fascination that made
up for years of illiteracy. I met a coterie of library dwellers,
men and women of New York, who spent all of their days in
the Reading Room. I did not knowwho they were or how they
came to be there, but they had an insight and understanding of
literature that amazed and still perplexes me, and they were
my teachers. This was NewYork for me, a city of the culturally
obsessed that opened up before me and framed my new
world.

To support a seemingly extravagant life for a young high-
school student, I worked. I used my skills as a waiter in a
delicatessen in Brooklyn, to wait tables in the cafes and
nightspots of Greenwich Village. In the sixties, the Village was
the home of the beat generation that, through music and
poetry and ultimately protest, translated discord into mean-
ingful changes in both America and the world. Stuyvesant
High School was on the fringe of Greenwich Village and some
of its teachers were artists, writers, and performers who fueled

the politically fired student body, many the sons of Marxist
immigrants. With this array of artistic faculty, Stuyvesant
nourished my new and voracious appetite.

But old worlds die hard. I continued to play basketball in
high-school and this led to a most memorable and humbling
experience. I came onto the court as the starting center, and
the center on the opposing team from Power Memorial High
School lumbered out on the court, a lanky 7 foot 2 inch
sixteen year old. When I was first passed the ball, he put his
hands in front of my face, looked at me and asked, “What are
you going to do, Einstein?” I did rather little. He scored 54
points and I scored two. He was the young Lew Alcindor,
later known as Karim Abdul Jabar, who went on to be among
the greatest basketball legends, and I became a neurobiolo-
gist.

My decision to remain in New York and attend Columbia
College revealed the provincial but endearing quality of my
family. When I chose to accept a gracious scholarship offered
by Columbia, my father was disappointed. It was a well
known fact that the brightest children of Brooklyn immi-
grants attended City College. My freshman year at Columbia,
I lived with abandon. The opera, the arts, the freedom, the
protest left little time for study. In the first semester, I met a
student from Tennessee, Kevin Brownlee, who remains a dear
friend and is now a Professor of Medieval French at the
University of Pennsylvania. Brownlee urged me to redirect
this intensity to learning. The world of the arts will remain,
but my time at Columbia University was limited. Once again,
a new world opened before me. With Kevin as my guide, I
became a dedicated, even obsessed, student. My life was spent
in a small room lined with volumes of Keats/ poetry at the
Columbia Library and I immersed myself in my studies. The
study of literature at Columbia in the sixties was exciting in
the presence of the poet, Kenneth Koch, the critics, Lionel
Trilling, Moses Hadas, and Jacques Barzun. It was largely
chance, however, that led me to biology.

To support myself in college, I obtained a job washing
glassware in the laboratory of Bernard Weinstein, a Professor
of Medicine at Columbia University. Bernie was working on
the universality of the genetic code. The early sixties was a
time shortly after the elucidation of the structure of DNA and
the realization that DNA is the repository of all information
and from which all information flows. The genetic code had
just been deciphered and the central dogma was complete. I
was fascinated by the new molecular biology with its
enormous explanatory power. I was a terrible glassware
washer because I was far more interested in experiments than
dirty flasks. I was fired and was rehired as a Research
Assistant and Bernie spent endless hours patiently teaching
this scientifically na>ve, but intensely interested young
student. I was torn between literature and science. Dubious
about my literary ambitions and fascinated by molecular
biology, I decided to attend graduate school in genetics.

My plans were thwarted by an unfortunate war and to
assure deferment from the military, I found myself a
misplaced medical student at Johns Hopkins University
School of Medicine. I entered medical school by default. I
was a terrible medical student, pained by constant exposure to
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the suffering of the ill and thwarted in my desire to do
experiments. My clinical incompetence was immediately
recognized by the faculty and deans. I could rarely, if ever,
hear a heart murmur, never saw the retina, my glasses fell into
an abdominal incision and finally, I sewed a surgeon/s finger
to a patient upon suturing an incision. It was during this
period of incompetence and disinterest that I met another
extremely close friend, Frederick Kass, now a Professor of
Psychiatry at Columbia University. Fred was an unusual
medical student, a Texan with a degree in art history from
Harvard, who remains a kindred spirit.

It was a difficult time, but I was both nurtured and
protected by Howard Dintzis, Victor McCusick, and Julie
Krevins, three professors at Johns Hopkins who somehow saw
and respected my conflict. Without them, there is little
question that I would not have been tolerated but they urged
the deans to come up with a solution. I was allowed to
graduate medical school early with anMD if I promised never
to practice medicine on live patients. I returned to Columbia
as an intern in Pathology where I kept this promise by
performing autopsies. After a year in Pathology, I was asked
by Don King, the Chairman of Pathology, never to practice on
dead patients.

Finally, I was afforded the opportunity to pursue molec-
ular biology in earnest. I joined the laboratory of Sol
Spiegelman in the Department of Gentics at Columbia
University. Spiegelman was a short, incisive, witty man with
a tongue as sharp as his mind. Spiegelman was the first to
synthesize infectious RNA in vitro and this led to a series of
extremely interesting and clever experiments revealing Dar-
winian selection at the level of molecules in a test tube. Sol
recognized the importance of the early RNA world in the
evolution of life and had recently turned his laboratory to a
study of RNA tumor viruses. An immediate bond formed
between us, and Sol taught me how to think about science, to
identify important problems, and how to effect their solution.

Although I felt a growing confidence in my abilities in
molecular biology, I was na>ve in other areas of biology,
notably biophysics. Importantly, I had a sense early in my
career that my interest in biology was eclectic and that I
would need a concomitantly broad background to embrace
the different areas of biology without trepidation. I left to
begin a second postdoctoral fellowship at the National
Institutes of Health, working with Gary Felsenfeld on DNA
and chromatin structure. Since I entered medical school to
avoid the draft, I had a military obligation that was fulfilled by
my years at the NIH and was endearingly termed a “yellow
beret.” Gary was great, but the NIH was alien, a government
reservation with a fixed workday. As a night person, I found it
strange and at some level difficult since I arrived at noon after
all the parking spaces were occupied, left at midnight and
accumulated an increasing number of parking tickets. In the
midst of a molecular hybridization reaction, I was arrested by
two FBI agents (the NIH is a federal reservation) for 100
summonses for parking violations.

As a fellow in Felsenfeld/s lab studying how chromatin
serves to regulate gene expression, I formed close friendships
that continue to the present. On the beach at Cold Spring

Harbor, I sat with Tom Maniatis and Harold Weintraub and
talked about chromosome replication and gene expression
and within a few hours a bond formed, a respect for one
another and for one another/s thinking, that has lasted for
thirty years. Hal, unfortunately, died ten years ago of a brain
tumor, but his warmth, his creativity persist.

Sol Spiegelman invited me to return to Columbia as an
Assistant Professor in 1974 at the Institute of Cancer
Research. I was ecstatic to occupy a lab and office adjacent
to his. Sol had many visitors in those years, and when he felt
bored in a meeting he would excuse himself and hide in my
office where we talked science until his visitors finally gave up
and left. I was studying the structure of genes in chromatin
and had the good fortune of participating in a revolution
made possible by recombinant DNA technology. I spent a
great deal of time with TomManiatis, who pioneered many of
the techniques in recombinant DNA. Tom left Harvard for
Caltech, because he was restricted from performing recombi-
nant DNA experiments in Cambridge, Massachusetts. We
learned how to cut and paste DNA, to isolate genes, and to
analyze their anatomy down to the last detail. We recognized
that to understand gene control and gene function, however,
required a functional assay. Within months of establishing my
own laboratory in 1974, Michael Wigler, my first graduate
student along with Sol Silverstein, a Professor at Columbia,
developed novel procedures that allowed DNA-mediated
transformation of mammalian cells. Michael, even at this very
early stage in his career, was conceptually and technically
masterful and within a few years he devised procedures that
permitted the introduction of virtually any gene into any cell
in culture. He developed a system that not only allowed for
the isolation of genes, but also for detailed analysis of how
they worked. We now had a facile assay to study the
sequences regulating gene expression as well as gene function.

Michael went off to the Cold Spring Harbor Laboratories
and, simultaneous with Bob Weinberg at MIT, identified the
mutant ras gene as the gene responsible for malignant
transformation in many cancer cells. My laboratory went off
in many directions, first identifying the regulatory sequences
responsible for control of specific gene expression. At the
same time, a research fellow, Dan Littman, now a Professor at
NYU, joined the lab and was interested in two molecules that
characterize the major classes of T cells. Dan, along with a
student, Paul Maddon, succeeded in exploiting the gene
transfer to isolate these two molecules. As often in science,
serendipity heightened the interest in these molecules: we
demonstrated that one of these receptors, CD4, was the high-
affinity receptor for HIV, allowing attachment and infection
of immune cells.

This early work on recombinant DNA was a period of
enormous excitement, for it led to a revolution in both
thinking and technology in biology. It provided a new tool for
the study of fundamental problems and spurred a new and
valuable industry: biotechnology. We, who were involved at
its inception, were perhaps a bit haughty, aggressive, and
proud, and were accused by many of playing “God.” As
evidence, the press noted that “I baptized my first child,
Adam.”
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Recombinant DNA aroused a good deal of passion and
hostility. The notion of tinkering with life was thought to
endanger life and this cry became one of the major indict-
ments of modern biology. These experiments raised endless
debate because the idea that genes can be taken out of one
organism and introduced into the chromosome of another is
by itself upsetting. The very notion of the performance of
recombinant DNA was linked with the mysterious and
supernatural. This conjured up myths that elicited intense
anxiety. Recombinant DNA, it was feared, would permit
biologists to alter individual species as well as the evolution of
species. This controversy emphasized the fact that advances in
science may indeed bring harm as well as benefit. In the case
of recombinant DNA, as Francois Jacob said, “Apocalypse
was predicted but nothing happened.” In fact, with recombi-
nant DNA, only good things happened. At a practical level,
the ability to construct bacteria-replicating eucaryotic genes
has allowed for the production of an increasingly large
number of clinically important proteins. At a conceptual level,
gene cloning has permitted a detailed look at the molecular
anatomy of individual genes, and from a precise analysis of
these genes we have deduced the informational potential of
the gene and the way in which it dictates the properties of an
organism.

At a personal level, the emergence of a new discipline,
biotechnology, introduced me to a world outside of academia.
This important excursion showed me that brilliance is not
limited to universities. I met and remain very close to two
dynamic leaders of technology development, Fred Adler and
Joe Pagano. Despite disparate histories, we remain very close
and they continue to fascinate me with lives quite different
from that of a university professor.

In 1982, I began to think about the potential impact of the
new molecular biology and recombinant DNA technology on
problems in neuroscience. Molecular biology was invented to
solve fundamental problems in genetics at a molecular level.
With the demystification of the brain, with the realization that
the mind emerges from the brain and that the cells of the
brain often use the very same principles of organization and
function as a humble bacterium or a liver cell, perhaps
molecular biology and genetics could now interface with
neuroscience to approach the tenuous relationship between
genes and behavior, cognition, memory, emotion, and per-
ception. This thinking was the result of a faculty meeting at
which Eric Kandel and I overcame our boredom with
administration by talking science. Eric was characteristically
exuberant about his recent data that revealed a correlation
between a simple form of memory in the marine snail Aplysia
and cellular memory at the level of a specific synapse.
Molecular biologists had encountered cellular memory before
in the self-perpetuating control of gene expression. This led to
the realization that this was the moment to begin to apply the
techniques of molecular biology to brain function and I would
attempt to recruit Eric Kandel as my teacher.

A courageous new postdoctoral fellow in my laboratory,
Richard Scheller, now Director of Research for Genentech,
was excited about embarking on an initial effort in molecular
neurobiology in a laboratory with absolutely no expertise in

neuroscience. Together with Richard and Eric, we set out to
isolate the genes responsible for the generation of stereotyped
patterns of innate behaviors. All organisms exhibit innate
behaviors that are shaped by evolution and inherited by
successive generations that are largely unmodified by expe-
rience or learning. It seemed reasonable to assume that this
innate behavior was dictated by genes that might be
accessible to molecular cloning. It was an exciting and
amusing time, with myself unfamiliar with action potentials
and Kandel uncomfortable with central dogma. Richard
Scheller exploited the techniques of recombinant DNA to
identify a family of genes encoding a set of related neuro-
peptides whose coordinated release was likely to govern the
fixed action pattern of behaviors associated with egg laying. A
single gene, the ELH gene, specifies a polyprotein that is cut
into small biologically active peptides such that individual
components of the behavioral array may be mediated by
peptides encoded by one gene.

Watching the story unfold, observing the interface of
molecular biology and neuroscience, provided great pleasure.
More importantly, this collaboration formed the basis of a
continuing relationship with Eric Kandel, with his incisive
mind, inimitable laugh, and boundless energy. In 1986 neuro-
science for me was made even richer when Tom Jessell came
along. Tom joined the faculty at Columbia and was to occupy
a lab adjacent to my own. Not surprisingly, the lab was not
ready and I had the great pleasure of hosting Tom in my own
laboratory, and this forged a long-lasting scientific and
personal relationship. Jessell, the understated British scientist
with a wry wit and piercing mind, joined a fellow in my
laboratory, David Julius, now at the University of California
at San Francisco, and together they devised a clever assay for
the isolation of genes encoding the neurotransmitter recep-
tors. These experiments, which might have been the last
performed by the hands of Jessell, led to the isolation of genes
encoding the seven transmembrane domain serotonin recep-
tor 5HT1C, and more generally provided an expression
system that permitted the identification of functional genes
that encode receptors in the absence of any information on
the nature of the protein sequence. With Kandel one floor
above, and Jessell next door, there was no departure from
neuroscience. I was surrounded and I did not want to escape. I
was beginning to feel that neuroscience was indeed an
appropriate occupation for a molecular biologist. To quote
Woody Allen, a fellow New Yorker, “The brain is my second
favorite organ.”

In the late 1980s I became fascinated in the problem of
perception: how the brain represents the external world. I was
struck by observations from animal behavior that what an
organism detects in its environment is only part of what is
around it and that part can differ in different organisms. The
brain functions then not by recording an exact image of the
world, but by creating its own selective picture. Biological
reality will therefore reflect the particular representation of
the external world that a brain is able to build, and a brain
builds with genes. If genes are indeed the arbiters of what we
perceive from the outside world, then it follows that an
understanding of the function of these genes could provide
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insight into how the external world is represented in the brain.
Together with Linda Buck, a creative research fellow in the
lab, we began to consider how the chemosensory world is
represented in the brain. The problem of olfaction was a
perfect intellectual target for a molecular biologist. How we
recognize the vast diversity of odorous molecules posed a
fascinating problem. We assumed that the solution would
involve a large family of genes and Linda Buck devised a
creative approach that indeed identified the genes encoding
the receptors that recognize the vast array of odorants in the
environment. Linda came to me with the experimental data
late one night, exuberant, and I fell uncharacteristically silent.
There were 1000 odorant receptor genes in the rat genome,
the largest family of genes in the chromosome, and this
provided the solution to the problem of the diversity of odor
recognition. More importantly, the identification of these
1000 genes and their expression revealed an early and
unanticipated logic of olfaction. Indeed, the subsequent use
of these genes to manipulate the genome of mice has afforded
a view of how the olfactory world could be represented in the
brain and how genes shape our perception of the sensory
environment. From that late night moment to the present, it
has been a joy to watch this story unfold.

It is this work for which Linda Buck and I share the
profound honor and good fortune of having been awarded the
Nobel Prize in Physiology or Medicine. But there are, deeper,

more human joys, two sons, Adam and Jonathan, my sister,
Linda, a very close coterie of friends, and a new love.
Watching, contributing to the growth of my children is not
only moving but humbling and puts my intense life in science
in perspective. Often this intensity, bordering on obsession,
distracted me from fathering and this is a regret. But my sons
have emerged from a frenetic teenage into very human
college students, extremely unlikely to pursue a career in
science. My sister remains a close and dedicated member of
an increasingly small family. A new love, Cori Bargmann, a
behavioral geneticist now at Rockefeller University, has
entered my world. Her intensity for science hides a knowl-
edge and passion for books, music, and art. I have learned
much from her, but most importantly Cori has shown me how
to combine intellectual intensity with humanity and warmth.

Finally, the Nobel Prize was awarded to me not as a man,
but for my work, a work of science that derives from the
efforts of many brilliant students as well as from the incisive
teachings of devoted colleagues. I take equal pride in the
science that has been accomplished in the laboratory as in the
scientists that have trained with me and are now independ-
ently contributing to our understanding of biology. I therefore
feel that I can only accept the Nobel Prize in trust, as a
representative of a culture of science in my laboratory and at
Columbia University. I am deeply grateful for this culture.

1. Introduction

The image in the paintingLa Bonne Aventure is not a nose
(Figure 1). It is a portrayal by the surrealist RenG Magritte of
his own brain/s representation of the external world. It is a

vignette that reveals a tension between image and reality, a
tension that is a persistent source of creativity in art, brought
to its culmination by the surrealists. The problem of how the
brain represents the external world is not only a central theme
in art but is at the very core of philosophy, psychology, and
neuroscience. We are interested in how the chemosensory
world is represented in the brain.

All organisms have evolved a mechanism to recognize
sensory information in the environment and transmit this
information to the brain where it then must be processed to
create an internal representation of the external world. There
are many ways for organisms to probe the external world:
some smell it, others listen to it, many see it. Each species
therefore lives in its own unique sensory world of which other
species may be partially or totally unaware. Awhole series of
specific devices alien to human perception have evolved:
biosonar in bats, infrared detectors in snakes, electrosensitive
organs in fish, and a sensitivity to magnetic fields in birds.
What an organism detects in its environment is only part of
what is around it and that part differs in different organisms.
The brain functions, then, not by recording an exact image of
the world, but by creating its own selective picture—a picture
largely determined by what is important for the survival and
reproduction of the species.

Sensory impressions, therefore, are apprehended through
the lens of the particular perceiving brain, and the brain must
therefore be endowed with an a priori potential to recognize
the sensory world.[1] Our perceptions are not direct recordings
of the world around us, rather they are constructed internally

Figure 1. The painting La Bonne Aventure (Fortune Telling), by Ren@
Magritte (1937) portrays a monumental nose. I have added the inscrip-
tion “Ceci n’est pas un nez” (“This is not a nose”) in Magritte’s script
to emphasize the tension between image and reality, a conflict inher-
ent in much of his art as well as in the science of perception.
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according to innate rules. Colors, tones, tastes, and smells are
active constructs created by our brains out of sensory
experience. They do not exist as such outside of sensory
experience.[2] Biological reality, I argue, therefore reflects the
particular representation of the external world that a brain is
able to build, and a brain builds with genes.

If our genes are indeed the arbiters of what we perceive
from the outside world, then it follows that an understanding
of the function of these genes could provide insight into how
the external world is represented in our brain. But what can
molecular biology really tell us about so elusive a brain
function as perception? Molecular biology was invented to
solve fundamental problems in genetics at a molecular level.
With the demystification of the brain, with the realization that
the mind emerges from the brain, and that the cells of the
brain often use the very same principles of organization and
function as a humble bacterium or a liver cell, molecular
biology and genetics could now interface with neuroscience to
approach the previously tenuous relationship between genes
and behavior, cognition, memory, emotion, and perception.

Why would a molecular neuroscientist interested in
perception choose to focus on the elusive sense of smell? In
humans, smell is often viewed as an aesthetic sense, as a sense
capable of eliciting enduring thoughts and memories. Smell,
however, is the primal sense. It is the sense that affords most
organisms the ability to detect food, predators, and mates.
Smell is the central sensory modality by which most organisms
communicate with their environment. Second, humans are
capable of recognizing hundreds of thousands of different
odors. For molecular neuroscientists studying the brain, the
mechanism by which an organism can interact with the vast
universe of molecular structures defined as odors provides a
fascinating problem in molecular recognition and perceptual
discrimination. Finally, the problem of perception necessarily
involves an understanding of how sensory input is ultimately
translated into meaningful neural output: thoughts and
behavior. In olfaction, the sensory input is extremely well
defined and consists of chemicals of precise molecular
structure. The character of the input in olfaction is far simpler
than that of a visual image, for example, which consists of
contours, texture, color, movement, and form of confounding
complexity. Representation of an olfactory image is simpler
and reduces to the problem of how precisely defined chemical
structures are transformed in brain space.

As molecular neurobiologists, Linda Buck and I
approached olfactory sensory perception by dividing it into
two problems: First, what mechanisms have evolved to allow
for the recognition of the vast array of molecular structures
we define as odorants? Clearly, there must be receptors in the
sensory neurons of the nose capable of associating with odor
molecules. Do we have a relatively small number of “pro-
miscuous” receptors, each capable of interacting with a large
number of odorous molecules? Alternatively, olfactory
recognition may involve a very large number of “chaste”
receptors each capable of interacting with a limited set of
odor molecules. The second problem is conceptually more
difficult: how does the olfactory sensory system discriminate
among the vast array of odorous molecules that are recog-
nized by the nose? Put simply, how does the brain know what

the nose is smelling? This question will ultimately require
knowledge of how the different odors are represented and
encoded in the brain.

2. A Large Family of Odorant Receptor Genes

We approached the problem of odor recognition directly
by isolating the genes encoding the odorant receptors.[3] The
experimental design we employed to isolate these genes was
based on three assumptions: 1) the odorant receptors were
likely to belong to the superfamily of receptors, the G-protein
coupled receptors (GPCRs), that transduce intracellular
signals by coupling to GTP-binding proteins.[4–7] 2) The large
repertoire of structurally distinct, odorous molecules suggests
that the odorant receptors themselves must exhibit significant
diversity and are therefore likely to be encoded by a
multigene family. 3) The expression of the odorant receptors
should be restricted to the olfactory epithelium. Experimen-
tally, we used the polymerase chain reaction (PCR) to amplify
members of the GPCR gene superfamily expressed in
olfactory sensory neurons. We then investigated whether
any of the PCR products were indeed members of a large
multigene family. We observed that restriction-enzyme cleav-
age of a single PCR band generated a set of DNA fragments
whose molecular weight summed to a value significantly
greater than that of the original PCR product.[3] In this
manner, we identified a multigene family that encodes a large
number of GPCRs whose expression is restricted to the
olfactory sensory neurons. The receptors were subsequently
shown to interact with odors, translating the energy of odor
binding into alterations in membrane potential.[8–11]

The completed sequence of both the murine and human
genome ultimately identified 1300 odorant receptors in the
mouse[12,13] and 500 in humans.[14–16] If mice possess 20000
genes, then as much as 5% of the genome (one in 20 genes)
encodes the odorant receptors. A large family of odorant
receptors is observed not only in vertebrates, but in the far
simpler sensory systems of invertebrates. A somewhat smaller
but highly diverse family of about 80 odorant receptor genes
has been identified in the Drosophila genome.[17–19, 50, 67] The
invertebrate, C. elegans, with only 302 neurons and 16
olfactory sensory neurons expresses about 1000 odorant
receptor genes.[20, 21] These experiments provide a solution to
the first question: we recognize the vast array of molecular
structures defined as odorants by maintaining in our genome
a large number of genes encoding odorant receptors.

The observation that over 1000 receptors are required to
accommodate the detection of odors suggests a conceptual
distinction between olfaction and other sensory systems.
Color vision in humans, for example, allows the discrimina-
tion of several hundred hues with only three different
photoreceptors.[22,23] These photoreceptors each have distinct
but overlapping absorption spectra. Discrimination of color is
thought to result from comparative processing of the infor-
mation from these three classes of photoreceptors. Whereas
three photoreceptors can absorb light across the entire visible
spectrum, our data suggest that a small number of odorant
receptors cannot recognize the full spectrum of distinct
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molecular structures perceived by the mammalian nose.
Rather, olfactory perception requires a large number of
receptors, each capable of recognizing a small number of
odorous ligands.

The large number of odorant receptor genes when
compared with receptor numbers in other sensory systems
perhaps reflects the fact that in vision and hearing the
character of the sensory stimulus is continuously variable.
Color is distinguished by quantitative differences in a single
parameter, the wavelength of light. Similarly, one important
parameter of hearing, the frequency of sound, is continuously
variable. The diversity of chemical structures of odors do not
exhibit continuous variation of a single parameter and
therefore cannot be accommodated by a small number of
receptors. Rather, the full spectrum of distinct molecular
structures perceived by the olfactory system requires a large
number of receptors, each capable of interacting with a small
number of specific odorous ligands.

3. A Topographic Map in the Olfactory Bulb

We next turned to the question of olfactory discrimina-
tion: how does the brain know what the nose is smelling? The
identification of a large family of receptor genes allowed us to
pose this question in molecular terms. We could now ask how
the brain knows which of the numerous receptors have been
activated by a given odor. The elucidation of a mechanism by
which the brain distinguishes the different combinations of
receptors activated by different odors would provide a logic of
odor discrimination. This problem was further simplified by
the demonstration that an individual sensory neuron
expresses only one of the 1000 receptor genes.[10,24] This
observation emerged from single-neuron cDNA cloning
experiments, and allowed us to translate the problem of
how the brain determines which receptor has been activated
to a far simpler problem: how does the brain know which
neuron has been activated by a given odor? As in other
sensory systems, an invariant spatial pattern of olfactory
sensory projections could provide a topographic map of
receptor activation that defines the quality of a sensory
stimulus.

In other sensory systems, spatially segregated afferent
input from peripheral sensory neurons generates a topo-
graphic map that defines the location of a sensory stimulus
within the environment as well as the quality of the stimulus
itself. Olfactory sensory processing does not extract spatial
features of the odorant stimulus. Relieved of the requirement
to map the position of an olfactory stimulus in space, we asked
whether the olfactory system might employ spatial segrega-
tion of sensory input to encode a quality of an odorant.
Robert Vassar in my lab and Kerry Ressler in Linda Buck/s
lab therefore analyzed the spatial patterns of receptor
expression in the olfactory epithelium by in situ hybridization
and observed that cells expressing a given receptor are
restricted to one of four broad but circumscribed zones.[25,26]

The overriding feature of this organization, however, is that
within a zone, neurons expressing a given receptor are not
topographically segregated, rather they appear randomly

dispersed. When they performed in situ hybridization experi-
ments to the bulb, the first relay station for olfactory sensory
neurons in the brain, they observed that topographic order
was restored.[27, 28] Neurons expressing a given receptor,
although randomly distributed in the epithelium, project to
spatially invariant glomeruli in the olfactory bulb, thus
generating a topographic map.

Peter Mombaerts, then a research fellow in the lab,
developed a genetic approach to visualize axons from
olfactory sensory neurons, thereby expressing a given odorant
receptor as they project to the brain.[29] We modified receptor
genes by targeted mutagenesis in the germ line of mice. These
genetically altered receptor genes now encoded a bicistronic
mRNA that allows the translation of receptor along with tau-
lacZ, a fusion of the microtubule-associated protein tau with
b-galactosidase. In these mice, olfactory neurons that tran-
scribe a given receptor also express tau-lacZ in their axons,
permitting the direct visualization of the pattern of projec-
tions in the brain (Figure 2).

We observe that neurons expressing a receptor project to
only two topographically fixed loci, or glomeruli, in the bulb,
thus creating mirror-image maps in each bulb. Neurons
expressing different receptors project to different glomeruli.
The position of the individual glomeruli is topographically
defined and is similar for all individuals in a species
(Figure 3). Individual odors could activate a subset of
receptors that would generate specific topographic patterns
of activity within the olfactory bulb such that the quality of an
olfactory stimulus could be encoded by spatial patterns of
glomerular activity.

The identification of an anatomic olfactory sensory map
poses four questions. The first addresses the singularity of
receptor gene choice. What mechanism assures that a sensory
neuron expresses only a single receptor and then projects with
precision to one of 1000 topographically fixed glomerular
loci? Second, does the anatomic map translate into a func-
tional map such that different odors elicit different patterns of
activity? Third, can we relate specific spatial patterns of
glomerular activity to specific behaviors? Finally how is the
map read? How does the brain look down upon a spatial
pattern of activity and associate this pattern with a particular
odor?

4. Receptor Choice and the Topographic Map

The topographic map in the olfactory system differs in
character from the orderly representation inherent in the
retinotopic, tonotopic, or somatotopic sensory maps. In these
sensory systems, the peripheral receptor sheet is represented
in the central nervous system (CNS), such that neighboring
relations in the periphery are preserved in the CNS (for
reviews, see Refs. [30,31]). In this manner, peripheral recep-
tor cells may acquire a distinct identity that is determined by
their spatial position in the receptor sheet. Spatial patterning
in the periphery can therefore endow individual neurons with
positional information that directs their orderly representa-
tion in the brain.

The olfactory system, however, does not exhibit an
orderly representation of receptor cells in the periphery.
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Neurons expressing a given receptor are randomly dispersed
within a given zone and order is restored in the bulb where
neurons expressing a given receptor converge on discrete loci
to create a topographic map. Olfactory neurons differ from
one another not by virtue of their position in a receptor sheet,
but rather by the nature of the receptor they express. The tight
linkage between the choice of an odorant receptor and the
site of axon convergence suggests a model in which the
odorant receptor is expressed on dendrites, where it recog-
nizes odorants in the periphery, and also on axons, where it

governs target selection in the bulb. In this manner, an
olfactory neuron would be afforded a distinct identity that
dictates the nature of the odorant to which it responds as well
as the glomerular target to which its axon projects. If the
odorant receptor also serves as a guidancemolecule, this leads
to two experimental predictions. First, the receptor should be
expressed on axons as well as on dendrites, and second,
genetic modifications in the receptor sequence might alter the
topographic map.

Figure 2. Convergence of axons from neurons expressing a given receptor. Odorant receptor loci were modified by homologous recombination in
ES cells to generate strains of mice in which cells expressing a given receptor also express a fusion of the microtubule-associated protein tau with
b-galactosidase. These photographs reveal neurons expressing either the M12 (left) or P2 (right) receptors along with their axons as they course
through the cribriform plate to a single locus in the olfactory bulb. Neurons expressing different receptors converge on different glomeruli. The
genetic modifications that assure the coordinate expression of receptor and tau-lacZ are shown beneath the photographs.

Figure 3. A Topographic map of olfactory sensory axons in the bulb. The picture reveals neurons expressing two modified P2 alleles: P2-IRES-tau-
lacZ (red) or P2-IRES-GFP (green). These neurons send axons that co-converge on the same glomerulus in the olfactory bulb. Neurons expressing
other receptors converge on different glomerular loci that are shown schematically. All nuclei are stained blue with TOTO-3. The relative positions
of the different glomeruli are maintained in different mice, thus revealing an invariant topographic map in the olfactory bulb.
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The first prediction was tested by Gilad Barnea, who
generated specific antibodies against two odorant receptors
and examined the sites of receptor expression on sensory
neurons.[32] Antibodies were raised against extracellular and
cytoplasmic epitopes of the mouse odorant receptors MOR28
and MOR11-4. In the sensory epithelium, we observe intense
staining in the dendritic knobs, the site of odor binding. In the
olfactory bulb, antibody stains axon termini whose arbors are
restricted to two glomeruli (Figure 4). Antibody-staining of
the bulb from mice bearing the MOR28-IRES-tau-lacZ allele
reveals that the glomeruli stained by antibodies to MOR28
also receives the tau-lacZ fibers. Thus, the receptor is
expressed on both dendrites and the axons of sensory
neurons.

In a second series of experiments performed by my
student, Fan Wang, we provided genetic evidence suggesting
that the receptor on axons is indeed a guidance molecule. We
modified our gene-targeting approach to ask whether sub-
stitutions of the P2 receptor coding sequence alter the
projections of neurons that express this modified allele.[33]

We replaced the coding region of the P2 gene with the coding
regions of several other receptors, and examined the con-
sequences on the formation of the topographic map. Sub-
stitution of the P2 coding region with that of the P3 gene, a
linked receptor gene homologous to P2 and expressed in the
same epithelial zone, results in the projection of axons to a
glomerulus distinct from P2 that resides immediately adjacent
to the wild-type P3 glomerulus. Other substitutions that
replace the P2 coding sequences with receptor sequences
expressed either in different zones or from different chromo-

somal loci also result in the convergence of fibers to glomeruli
distinct from P2. These observations, along with recent
experiments involving more extensive genetic modifica-
tions[34,35] provide support for the suggestion that the olfactory
receptor plays an instructive role in axon targeting as one
component of the guidance process.

How may the odorant receptors participate in the
guidance process? In one model, the odorant receptor is
expressed on the axon termini along with other guidance
receptors where it recognizes positional cues elaborated by
the bulb. Each of the 1000 distinct types of sensory neuron will
therefore bear a unique combination of guidance receptors
that define a code dictating the selection of a unique
glomerular target. Such a model does not necessarily imply
that there are 1000 distinct cues, each spatially localized
within the bulb. Rather, a small number of graded cues may
cause the differential activation of the different odorant
receptors on axon termini. In this manner, the different
affinities of individual receptors for one or a small number of
cues, and perhaps different levels of receptor, might govern
target selection. Such a model is formally equivalent to
models of retinotopy in which a gradient of guidance
receptors on retinal axons is matched by a positional gradient
of guidance cues in the tectum (for a review see Ref. [31]).

5. The Singular and Stable Choice of Receptor

If the odorant receptor defines the functional identity of a
sensory neuron and also determines the site of projection in

Figure 4. The odorant receptor gene is expressed on both dendrites and axons of olfactory sensory neurons. The mouse sensory epithelium (top
picture) or olfactory bulb (bottom picture) was stained with antibody to either an extracellular (middle) or cytoplasmic (left) epitope of the
MOR28 receptor. These experiments reveal the expression of odorant receptor in the cell body and dendrites in the epithelium as well as on axon
termini within a defined glomerulus in the bulb. Antibody staining in the olfactory bulb coincides with the site of convergence of MOR28 axons.
Adapted with permission from Ref. [32].
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the brain, then the expression of a single receptor gene in a
neuron is an essential feature in models of olfactory
perception. This immediately poses the question as to what
mechanism has evolved to assure the expression of a single
receptor gene from the family of 1000 genes in the chromo-
some. One model for the control of olfactory receptor
expression invokes the existence of 1000 different sensory
neurons, each expressing a unique combination of regulatory
factors that governs the choice of a different olfactory
receptor gene. This deterministic model predicts that all
olfactory receptor genes will contain different cis-regulatory
sequences that are recognized by unique sets of transcription
factors. An alternative, stochastic model of receptor gene
selection suggests that all odorant receptor genes within a
zone contain the same cis-regulatory information and are
controlled by the same set of transcription factors. In this
model, a special mechanism must exist to assure that only one
receptor gene is chosen. Moreover, once a specific receptor is
chosen for expression, this transcriptional choice must be
stable for the life of the cell, because receptor switching after
stable synapse formation would seriously perturb odor
discrimination.

A series of transgene experiments performed by Ben
Shykind in my own laboratory, as well as by other researchers,
provide evidence for a mechanism of receptor choice that is
stochastic.[36, 37] We have generated mice in which the endog-
enous P2 allele has been replaced with the P2-IRES-tau-lacZ
allele. We have also introduced a randomly integrated P2-
IRES-GFP transgene into the chromosome of this strain. In a
deterministic model, we predict that a unique combination of
transcription factors would activate both the endogenous and

transgenic P2 alleles such that cells that express lacZ from the
endogenous P2-IRES-tau-lacZ allele should also express
GFP from the P2 transgene. Examination of the sensory
epithelium in these mice, however, reveals a singularity of
P2 expression. Cells that express the endogenous P2 allele
never express the transgene. In a conceptually similar experi-
ment, we generated transgenic mice that harbor an integrated
array of multiple P2 transgenes that include P2-IRES-tau-
lacZ and P2-IRES-GFP linked at the same chromosomal
locus. In these strains, we also observe a singularity of
transgene expression. Neurons that express the P2-IRES-tau-
lacZ transgene do not express the linked P2-IRES-GFP gene.
Taken together, these experiments provide support for a
model in which receptor choice is not deterministic, rather it
is stochastic.

Once a single receptor gene is chosen for expression, this
transcriptional choice must be stable for the life of the cell
because receptor switching after stable synapse formation
would seriously perturb odor discrimination. In recent experi-
ments, Ben Shykind in my lab along with the research groups
of Randall Reed and Hitoshi Sakano devised genetic
strategies that permit the analysis of the stability of receptor
choice.[38–40] We have employed a lineage tracer to map the
fate of sensory neurons that express either an intact or a
nonfunctional deletion of the MOR28 gene. Mature neurons
that express an intact MOR28 receptor, but have not yet
formed stable synapses in the brain, can switch receptor
expression, albeit at low frequency. Thus, we observe that
switching is an inherent property of wild-type receptor gene
choice. Neurons that choose to express a mutant MOR28
receptor subsequently extinguish its expression and switch at

Figure 5. A feedback model assuring the stable expression of a functional receptor. A) The transcriptional machinery (blue sphere) expresses only
one of 1000 odorant receptor genes (in this case, R2). R2 encodes a functional receptor that elicits a feedback signal that leads to the stabilization
of receptor choice (purple sphere). B) If the transcriptional machinery chooses the nonfunctional receptor R1, which is not competent to mediate
feedback stabilization, switching occurs. The transcriptional machine is then free to select a second receptor for expression that will ultimately
mediate feedback stabilization. This model provides a mechanism to assure that a neuron expresses a functional odorant receptor.
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high frequencies to express alternate receptors such that a
given neuron stably transcribes only a single receptor gene.
These observations suggest a mechanism of olfactory receptor
gene choice in which a cell selects only one receptor allele but
can switch at low frequency. Expression of a functional
receptor would then elicit a signal that suppresses switching
and stabilizes odorant receptor expression. Neurons that
initially express a mutant receptor fail to receive this signal
and switch genes until a functional receptor is chosen
(Figure 5).

The mouse genome contains 340 olfactory receptor
pseudogenes, whereas the human genome contains 550
pseudogenes, several of which continue to be transcribed.[12, 16]

Expression of a pseudogene would result in the generation of
sensory neurons incapable of odor recognition. A mechanism
that allows switching provides a solution to the pseudogene
problem such that if pseudogenes are chosen, another tran-
scriptional opportunity is provided, thus assuring that each
neuron expresses a functional receptor. This model of serial
monogamy assures that neurons will express a single receptor
throughout their life. This feedback model in which expres-
sion of a functional odorant receptor suppresses switching to
other olfactory receptor genes is reminiscent of one mecha-
nism of allelic exclusion in T and B lymphocytes.

6. Cloning a Mouse from an Olfactory Sensory
Neuron

What mechanism assures that a single receptor gene is
chosen stochastically in a sensory neuron? One model
invokes DNA recombination of odorant receptor genes at a
single active expression site in the chromosome. DNA
recombination provides Saccharomyces cerevisiae,[41] trypa-
nosomes,[42] and lymphocytes[43] with a mechanism to stochas-
tically express one member of a set of genes that mediate
cellular interactions with the environment. One attractive
feature shared by gene rearrangements in trypanosomes and
lymphocytes is that gene choice is a random event, a feature
of receptor gene selection in olfactory sensory neurons.
However, efforts to demonstrate a recombination event
involving receptor genes have been seriously hampered by
the inability to obtain populations of neurons or clonal cell
lines that express the same receptor. Kristin Baldwin in my
laboratory, in a collaboration with Rudy Jaenisch, Kevin
Eggan, and Andy Chess at MIT, addressed this problem by
generating ES cell lines and cloned mice derived from the
nuclei of olfactory sensory neurons expressing the P2 receptor
(Figure 6).[44] The generation of cloned mice from cells of the
nose derives from an initial insight of Woody Allen in his 1978
futuristic comedy, Sleeper. In this film, efforts are made to
resurrect a totalitarian leader by cloning from his only
surviving body part, his nose. Twenty-five years later, science
successfully imitated art with the generation of mice cloned
from a single sensory neuron from the nose.

We would predict that if DNA recombination accompa-
nies receptor gene choice, then the olfactory epithelium from
cloned mice derived from a sensory neuron expressing the
P2 gene should be clonal with respect to receptor expression,

such that all cells transcribe the rearranged P2 allele. Analysis
of the sequence and organization of the DNA surrounding the
P2 allele expressed in cloned mice revealed no evidence for
either gene conversion or local transposition at the P2 locus.
In addition, the pattern of receptor gene expression in the
sensory epithelium of cloned mice was normal. Multiple
odorant receptor genes are expressed without preference for
the P2 allele transcribed in the donor nucleus (Figure 6).
These data, along with similar experiments by Peter Mom-
baerts,[45] demonstrate that the mechanism responsible for the
choice of a single odorant receptor gene does not involve
irreversible changes in DNA. In a broader context, the
generation of fertile cloned mice that are anatomically and
behaviorally indistinguishable from wild-type indicates that
the genome of a postmitotic, terminally differentiated olfac-
tory neuron can re-enter the cell cycle and be reprogrammed

Figure 6. Cloning a mouse from olfactory sensory neurons expressing
the P2 odorant receptor. A) A genetic strategy to label P2-expressing
sensory neurons with GFP as well as to mark olfactory sensory neu-
rons by virtue of a unique deletion in DNA. B) The olfactory epithelium
of a mouse with the genetic modifications described in (A). A single
nucleus expressing the P2 odorant receptor gene was picked and intro-
duced into an enucleated oocyte. The epithelium was stained with anti-
body to Cre recombinase (red) to mark sensory neurons and GFP
(green) to identify P2-expressing cells. C) A green neuron expressing
P2-IRES-GFP was picked from dissociated olfactory epithelium of
donor animals. D) The olfactory epithelium from a mouse cloned from
a nucleus expressing the P2 receptor gene shows the normal distribu-
tion of P2-expressing cells. Axons from these neurons converge on a
single glomerulus in the olfactory bulb (E). All nuclei are stained with
TOTO-3 blue. The observation that mice cloned from a nucleus
expressing the P2 receptor gene do not preferentially express this gene
in the sensory epithelium suggests that DNA recombination events do
not accompany receptor gene choice. Adapted with permission from
Ref. [44].
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to a state of totipotency after nuclear transfer. The stochastic
choice of a single olfactory receptor gene is therefore not
accomplished by DNA recombination but rather by a rate-
limiting transcriptional process, perhaps involving a single
transcriptional machine capable of stably accommodating
only one olfactory receptor gene.

7. Olfaction in the Fly: A Functional Map in the
Antennal Lobe

The identification of an anatomic map in the olfactory
bulb immediately poses the question as to whether this map
provides a meaningful representation of odor quality that is
translated into appropriate behavioral output. Recently, we
have become interested in how the olfactory world is
represented in the brain of the fruit fly. Drosophila provides
an attractive system to understand the logic of olfactory
perception. Fruit flies exhibit complex behaviors controlled
by an olfactory system that is anatomically and genetically
simpler than that of vertebrates. Genetic analysis of olfaction
in Drosophila may therefore provide a facile system to
understand the mechanistic link between behavior and the
perception of odors. The recognition of odors inDrosophila is
accomplished by sensory hairs distributed over the surface of
the third antennal segment and the maxillary palp. Olfactory
neurons within sensory hairs send projections to one of the
multiple glomeruli within the antennal lobe of the brain.[46,47]

Leslie Vosshall and Allan Wong showed that most sensory
neurons express only one of about 80 odorant receptor genes.
Neurons expressing the same receptor project with precision
to one or rarely two spatially invariant glomeruli in the
antennal lobe, the anatomic equivalent of the olfactory bulb
of mammals (Figure 7).[48–50]

The anatomic organization in Drosophila is therefore
remarkably similar to that of the olfactory system of
mammals, suggesting that the mechanism of odor discrim-
ination has been shared despite the 600 million years of
evolution separating insects from mammals. This conserva-
tion may reflect the maintenance of an efficient solution to

the complex problem of recognition and discrimination of a
vast repertoire of odors in the environment. In both flies and
mice, the convergence of like axons into discrete glomerular
structures provides a map of receptor activation in the first
relay station for olfactory information in the brain, such that
the quality of an odorant may be reflected by spatial patterns
of activity, first in the antennal lobe or olfactory bulb and
ultimately in higher olfactory centers.

An understanding of the logic of odor perception requires
functional analysis to identify odor-evoked patterns of activity
in neural assemblies and ultimately the relevance of these
patterns to odor discrimination. We have performed two-
photon calcium imaging to examine the relationship between
the anatomic map and the functional map in the antennal
lobe.[51] Jing Wang and Allan Wong in my lab developed an
isolated Drosophila brain preparation that is amenable to
two-photon imaging and is responsive to odor stimulation for
up to five hours. We expressed the calcium-sensitive fluo-
rescent protein G-CaMP in primary olfactory sensory neu-
rons and projection neurons. G-CaMP consists of a circularly
permuted EGFP flanked at the N-terminus by the calcium-
binding site of calmodulin and at the C-terminus by the M13
fragment of myosin light chain kinase.[52] In the presence of
calcium, calmodulin interacts with the M13 fragment and
elicits a conformation change in EGFP. The resulting
elevations in fluorescent intensity reflect changes in the
intracellular calcium concentration, a presumed mirror of
electrical activity. Moreover, the ability to express G-CaMP in
genetically defined populations of neurons allowed us to
determine with certainty the locus of neural activity. Odor-
evoked changes in fluorescence intensity within the antennal
lobe are monitored by a laser-scanning two-photon micro-
scope.[53]

This imaging technique has allowed us to measure the
responsivity of 23 glomeruli to 16 different odors.[51] A
number of interesting features of the glomerular response
to odors are revealed by these experiments. First, different
odors elicit different patterns of glomerular activation and
these patterns are conserved among different animals
(Figure 8). At odor concentrations likely to be encountered
in nature, the map is sparse and glomeruli are narrowly tuned.

Second, the patterns of activity are insular, such that
neighboring glomeruli do not necessarily respond together to
a given odor. Each glomerulus visualized anatomically
appears to be a functional unit. Third, the patterns of
glomerular activity are qualitatively similar upon imaging
either sensory or projection neurons. These observations
suggest the faithful transmission of sensory input to higher
brain centers. Fourth, we have coupled genetic experiments
with imaging to demonstrate that the odor-evoked profile for
a given glomerulus directly reflects the responsivity of an
individual odorant receptor. This finding is consistent with
previous molecular and anatomic studies that reveal that
neurons that express only a single receptor in like axons
converge on a single glomerulus. Thus these studies, along
with other imaging approaches in insects,[54, 55] demonstrate
that the anatomic map is indeed functional and suggests that
each odor elicits a sparse pattern of glomerular activation that
may confer a signature for different odors in the brain.

Figure 7. An olfactory sensory map in the fly antennal lobe. Neurons
expressing the odorant receptor gene OR47b, also express the trans-
gene synaptobrevin GFP, thus revealing convergence on a single spa-
tially invariant glomerulus that is bilaterally symmetric in the antennal
lobe.
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Imaging experiments in vertebrates similarly reveal a func-
tional representation of the anatomic map.[56–58]

8. Spatial Representations and Innate Behavior

All animals exhibit innate behaviors in response to
specific sensory stimuli that are likely to result from the
activation of developmentally programmed circuits. Allan
Wong and Jing Wang in my lab, in collaboration with Greg
Suh, David Anderson, and Seymour Benzer at Caltech, asked
whether we can relate patterns of glomerular activity elicited
by an odor to a specific behavior.[59] Some time ago Benzer
observed that Drosophila exhibits robust avoidance to odors
released by stressed flies. Gas chromatography and mass
spectrometry identified one component of this “Drosophila
stress odorant (DSO)” as CO2. Exposure of flies to CO2 alone
also elicits an avoidance behavior at levels of CO2 as low as
0.1% (Figure 9).

We therefore performed imaging experiments with the
calcium-sensitive fluorescent indicator G-CaMP and two-
photon microscopy to ask whether we could discern a pattern
of glomerular activity in response to DSO and CO2. We first
examined flies in which the G-CaMP indicator is driven in all
neurons by the pan-neural activator Elav-Gal4. DSO acti-
vates only two glomeruli, DM2 and the V glomerulus,
whereas CO2 activates only the V glomerulus. Activation of
the V glomerulus was detected at CO2 levels as low as 0.05%
and this glomerulus was not activated by any of 26 other
odorants tested (Figure 9).

We demonstrated that axonal projections to the V glo-
merulus originate from sensory neurons expressing the
receptor GR21A.[50] We therefore performed calcium imaging
with flies in which the UASG-CaMP reporter was driven by a
GR21A promoter Gal4 activator. CO2, as well as DSO,
activated GR21A sensory termini in the V glomeruli. We next
asked whether the GR21A sensory neurons are necessary for
the avoidance response to CO2. Inhibition of synaptic trans-

Figure 8. Different odors elicit different patterns of glomerular activation that are conserved among different organisms. Two different flies (top
and bottom panels) bearing the GH146-Gal4 and UAS-G-CaMP transgenes were exposed to three odors. Glomerular responses reveal different
patterns of activity for the different odors that are conserved in different animals. The pre-stimulation images (left) shows the glomerlar structure
and the images on the right show the specific glomeruli schematically.

Figure 9. CO2 activates a single glomerulus and elicits avoidance behavior. A) Avoidance of air from stressed flies (CS) as well as of increasing
concentrations of CO2. Inhibition of synaptic transmission in GR21A neurons that project to the V glomerulus using shits blocks CO2 avoidance.
Red and blue bars indicate avoidance behavior at the nonpermissive (28 8C) and permissive (21 8C) temperatures, respectively. B) Two-photon
imaging in a strain harboring GR21A-Gal4 and UAS G-cAMP reveals robust activation of the V glomerulus.
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mission in the GR21A sensory neurons that innervate the
V glomerulus, using the temperature-sensitive shibire gene
shits,[60] blocks the avoidance response to CO2 (Figure 9).
Inhibition of synaptic release in the vast majority of other
olfactory sensory neurons or in projection neurons other than
those that innervate the V glomerulus had no effect on this
behavior.

The identification of a population of olfactory sensory
neurons innervating a single glomerulus that mediates robust
avoidance to a naturally occurring odorant provides insight in
the neural circuitry that underlies this innate behavior. These
observations suggest that a dedicated circuit that involves a
single population of olfactory sensory neurons mediates
detection of CO2 in Drosophila. The simplicity of this initial
olfactory processing offers the possibility of tracing the
circuits that translate odor detection into an avoidance
response.

9. How is the Map Read?

Our experiments indicate that different odors elicit
different patterns of glomerular activity within the antennal
lobe and moreover that defined patterns of activity can be
associated with specific behaviors. We can look at the pattern
of activity in the fly antennal lobe with a two-photon
microscope and discern, with a reasonable degree of accuracy,
what odorant the fly has encountered in nature. Thus, we can
determine with our eyes (and our brain) what odors the fly
has encountered, but how does the fly brain read the sensory
map?

A topographic map in which different odors elicit differ-
ent patterns of activity in the antennal lobe suggests that these
spatial patterns reflect a code defining odor quality. However,
the mere existence of a map, whether anatomic or functional,
does not prove that spatial information is the underlying
parameter of an odor code. It has been suggested, for
example, that the quality of an odor is reflected in temporal
dynamics of a distributed ensemble of projection neu-
rons.[61,62] In this model, a given odor might activate a small
number of glomeruli and a large ensemble of projection
neurons such that different odors elicit different temporal
patterns of activity in the same projection neuron. This
temporal hypothesis in its simplest form postulates that the
brain exploits circuit dynamics to create spatiotemporal
patterns of neuronal activation to achieve a larger coding
space. Whatever the code, patterns of activity in the antennal
lobe must be translated by higher sensory centers to allow the
discrimination of complex olfactory information. If odor
quality is encoded by spatial patterns, we might expect that a
representation of the glomerular map is retained in the
protocerebrum.

We have begun to address the question of how the map in
the antennal lobe is represented in higher olfactory centers by
examining the pattern of projections of the neurons that
connect the glomeruli to the protocerebrum. Allan Wong and
Jing Wang randomly labeled individual projection neurons to
visualize their processes that connect defined glomeruli with
their targets in the mushroom body and protocerebrum. We

have used an enhancer trap line in which Gal4 is expressed in
a subpopulation of projection neurons along with the “FLP-
out” technique to label single projection neurons with a CD8
GFP reporter.[63] A similar experimental approach has been
used to determine the lineage relationship of individual
projection neurons and to examine their pattern of axonal
projections.[64, 65] We observe that most projection neurons
send dendrites to a single glomerulus. Projection neurons that
receive input from a given glomerulus extend axons that form
a spatially invariant pattern in the protocerebrum (Figure 10).

Projection neurons from different glomeruli exhibit patterns
of axonal projections that are distinct, but often interdigitated
(Figure 11). Our data reveal a striking invariance in the
spatial patterns of axon arbors of projection neurons that

Figure 10. Projection neurons that innervate to the same glomerulus
have similar axonal projection patterns. Individual projection neurons
that connect to the VA1Lm glomeruli are visualized in the protocere-
brum in different flies. These images reveal a striking constancy in the
projection pattern among projection neurons that project to a given
glomerulus. These observations reveal an invariant topographic map
in the protocerebrum that differs in character from the map in the
antennal lobe (prinetd with permission from Ref. [63]).

Figure 11. Axonal projections from single projection neurons can be
visualized as they branch in the mushroom body and ultimately arbor-
ize in the protocerebrum. Projections neurons that connect to different
glomeruli exhibit different patterns of axonal projections. The axon
arbors in the protocerebrum are dispersed unlike the insular segre-
gated arbors in the glomerulus, affording the possibility for integration
in higher olfactory centers (printed with permission from Ref. [63]).
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innervate a given glomerulus, a precision of connectivity that
assures the specificity of information transfer.

The precision of projections of projection neurons reveals
a spatial representation of glomerular activity in higher brain
centers, but the character of the map differs from that
observed in the antennal lobe. Axon arbors in the protocere-
brum are diffuse and extensive, often extending over the
entire dimension of the brain hemisphere (Figures 10, 11).
This is in sharp contrast to the tight convergence of primary
sensory axons, whose arbors are restricted to a small 5–10 mm
spherical glomerulus. As a consequence, the projections from
different glomeruli, although spatially distinct, often interdi-
gitate. Thus, the point-to-point segregation observed in the
antennal lobe is degraded in the second order projections to
the protocerebrum. This affords an opportunity for the
convergence of inputs from multiple different glomeruli
essential for higher order processing. Third-order neurons in
the protocerebrum might synapse on projection neurons from
multiple distinct glomeruli, a necessary step in decoding
spatial patterns to allow the discrimination of odor and
behavioral responses.

10. Concluding Remarks

These data suggest a model in which the convergence of
information from deconstructed patterns in the antennal lobe
are reconstructed by “cardinal cell assemblies” that sit higher
up in a hierarchical perceptual system in the protocerebrum.
Olfactory processing will initially require that the structural
elements of an odor activate a unique set of receptors that in
turn result in the activation of a unique set of glomeruli. The
odorous stimuli must then be reconstructed in higher sensory
centers that determine which of the numerous glomeruli have
been activated. The identification of a spatially invariant
sensory map in the protocerebrum that is dispersive affords
an opportunity for integration of multiple glomerular inputs
by higher odor neurons.

The elucidation of an olfactory map in both the olfactory
bulb or antennal lobe and in higher olfactory centers leaves us
with a different order of problems. Though we may look at
these odor-evoked images with our brains and recognize a
spatial pattern as unique and can readily associate the pattern
with a particular stimulus, the brain does not have eyes. How
does the brain perceive the olfactory image? How is the map
read? How are spatially defined bits of electrical information
in the brain decoded to allow the perception of an olfactory
image? We are left with an old problem, the problem of the
ghost in the machine.

Finally, how do we explain the individuality of olfactory
perception? The innately configured representation of the
sensory world, the olfactory sensory maps that I have
described, must be plastic. Our genes create only a substrate
upon which experience can shape how we perceive the
external world. Surely the smell of a madeleine does not elicit
in all of us that “vast structure of recollection” it evoked for
Marcel Proust. For Proust, smell is the evocative sense, the
sense that brings forth memory and associations with a
richness not elicited by other sensory stimuli. Nowhere is this

more apparent than in the eloquent words recalling the
madeleine incident from “Remembrance of Things Past”.[66]

“… But when from a long distant past nothing subsists,
after the people are dead, after the things are broken and
scattered, still alone, more fragile but with more vitality, more
unsubstantial, more persistent, more faithful, the smell and
taste of things remain, poised a long time, like souls ready to
remind us, waiting and hoping for their moment, amid the ruins
of all the rest; and bear unfaltering in the tiny and impalpable
drop of their essence, the vast structure of recollection.”

This lecture encompasses the efforts in my laboratory over the
past 13 years to provide further insight into the molecular logic
of olfactory sensory perception. I wish to thank the Howard
Hughes Medical Institute, the National Institutes of Health,
and the Mathers Foundation for their continued gracious
support of our research. The HowardHughesMedical Institute
provided an opportunity to interface molecular biology with
neuroscience and has consistently encouraged and supported
the efforts of the laboratory in novel directions. It is this work
for which Linda Buck and I share the profound honor and
good fortune of having been awarded the Nobel Prize in
Physiology or Medicine. This award was not made to me as a
man but for my work, a science that derives from the efforts of
many brilliant students and from the incisive teachings of my
colleagues. I take equal pride in the science that has been
accomplished in the laboratory and in the scientists that have
trained with me and have contributed to our efforts. I therefore
feel that I accept this prize in trust as a representative of a
culture of science in my laboratory and at Columbia Univer-
sity. I am deeply grateful for this culture. Over the past 30 years,
Columbia has provided an atmosphere that fosters intellectual
rigor and creativity and at the same time is imbued with a spirit
of warmth and collaboration.
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Biography

SEATTLE

I was born in 1947 in Seattle, Washington, a city
surrounded by mountains, forests, and the sea. My mother
was the daughter of Swedish immigrants who had come to the
US in the late nineteenth century while my father�s family had
Irish roots on one side and ancestors extending back to the
American Revolution on the other. I was the second of three
children, all girls. My mother was a homemaker who was
exceptionally kind and witty and loved word puzzles. My
father was an electrical engineer who, at home, spent much of
his time inventing things and building them in our basement.
It may be that my parents� interest in puzzles and inventions
planted the seeds for my future affinity for science, but I never
imagined as a child that I would someday be a scientist.

During my childhood, I did the things that girls often do,
such as playing with dolls. I was also curious and easily bored
though, so I frequently embarked on what were to me new
adventures. Aside from school and music lessons, my life was
relatively unstructured and I was given considerable inde-
pendence. I learned to appreciate music and beauty from my
mother and my father taught me how to use power tools and
build things. I spent a lot of time with my maternal grand-
mother, who told me magical stories about her childhood in
Sweden and, to my delight, taught me how to sew clothes for
my dolls. I was fortunate to have wonderfully supportive

parents who told me that I had the ability to do anything I
wanted with my life. They taught me to think independently
and to be critical of my own ideas, and they urged me to do
something worthwhile with my life, in my mother�s words, to
“not settle for something mediocre”. I realize now that I
internalized those lessons and that they have influenced my
work as a scientist.

I received my undergraduate education at the University
of Washington, which was only a few miles from our home. I
had always wanted to have a career in which I would help
others, so I initially decided to major in psychology, thinking
that I would become a psychotherapist. Over time, my
interests expanded and I entertained a variety of different
career possibilities. However, none seemed ideal and I was
reluctant to embark on something that might prove to be
inappropriate. Over the next several years, I intermittently
traveled, lived on a nearby island, and took more classes in
Seattle. I finally found my direction when I took a course in
immunology, which I found fascinating. I would be a biologist.
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DALLAS

In 1975, I began graduate school in the Microbiology
Department at the UT Southwestern Medical Center in
Dallas. The department had recently undergone an expansion
in the area of immunology, making it a major center in this
still young area and a stimulating place to learn. I had done a
small amount of research at the University of Washington,
first in psychology with Walter Makous and then in immu-
nology with Ursula Storb, but it was in Texas that I truly
learned to be a scientist. I had a wonderful thesis advisor,
Ellen Vitetta, who demanded excellence and precision in
research, habits that I believe are important to learn as a
student. For my thesis, I compared the functional properties
of subsets of B lymphocytes that differed in the class of cell-
surface immunoglobulin that they used as antigen receptors.
In this work and much of my subsequent work, I thought in
terms of molecules and the molecular mechanisms underlying
biological systems, and sought to gain insight into those
mechanisms in my experiments.

NEW YORK

In 1980, I moved to Columbia University in New York
City to do postdoctoral work in immunology with Benvenuto
Pernis. As a graduate student, I had become fascinated with
the unexplained requirement for major histocompatibility
complex (MHC) proteins in immune responses, a mystery
that was later solved. I decided to explore this puzzle, focusing
on class II MHC proteins found on the surface of B lympho-
cytes. I found that, contrary to expectation, the MHC proteins
rapidly accumulated inside these cells when they were
activated. My further experiments indicated that they were
being internalized from the cell surface and were probably
being recycled to it. It was known that antigens are
endocytosed with antigen receptors and then degraded. One
possibility raised by the internalization and apparent recy-
cling of MHC molecules was that, following internalization,
they might be targeted to a specialized microenvironment
where they could interact with degraded antigen. The MHC–
antigen complexes might then be exported to the cell surface
for co-recognition by T-helper cells.

By this time, it had become clear to me that to study
molecular mechanisms underlying biological systems, which is
what interested me, I needed to learn the recently developed
techniques of molecular biology. To this end, I moved to the
laboratory of Richard Axel, at Columbia University. Richard
had begun to work in the area of neuroscience several years
earlier through collaboration with Eric Kandel, who was also
at Columbia. Their collaboration had focused on molecular
studies on the nervous system of Aplysia, a sea snail. This was
the model organism that Eric had used in many of his studies
of learning and memory, for which he received a Nobel Prize
in 2000. Perhaps not surprisingly, I was interested in searching
for genes encoding neuronal cell surface receptors. However,
at that time, Richard wanted to continue studying Aplysia, so
I agreed to a project in which I would try to develop a

technique for cloning genes expressed in one Aplysia neuron,
but not another. After spending a short time learning
molecular techniques from Jim Roberts, a student in the
lab, I started my Aplysia project. Eric Kandel�s group showed
me how to isolate giant Aplysia neurons that had been
assigned names and could be identified by their locations and,
within a relatively short time, I began to uncover genes that
were differentially expressed among Aplysia neurons.

While studying a neuropeptide gene expressed in neuron
number R15, I discovered that the gene was also expressed in
some other neurons, but that its primary transcript was
alternatively spliced in different neurons to give different
polyproteins. The two polyproteins could generate two differ-
ent combinations of peptides in different neurons, thus
suggesting a way to produce physiological or behavioral
programs with partially overlapping components. While
working on the neuropeptide gene, I encountered numerous
technical challenges that increased my knowledge of molec-
ular biology and honed my abilities. During this period, I
learned a lot of molecular biology from Richard and other
members of his lab. I also got to know Eric Kandel, who has
continued to be a wonderful source of inspiration and
encouragement for me over the years.

From my first introduction to neuroscience, I had been
fascinated by the brain�s cellular and connectional diversity.
In parallel with my Aplysia experiments, I sporadically tried
to find a way to scan the genome for genes that had
undergone gene rearrangement or gene conversion in neu-
rons, thinking that genes that showed this characteristic might
be involved in the generation of neuronal diversity. One
method that I devised showed promise in Drosophila, but was
not sensitive enough for the much larger genome of a
mammal, which is what interested me. Nonetheless, these
efforts were a great source of creative enjoyment for me as I
proceeded with the more mundane task of searching for
minute alternative exons in the Aplysia genome.

I was grateful that Richard was tolerant of my high-risk
endeavors. He was an unusual mentor in that he gave people
in his lab extensive independence in charting their own course
once they had established themselves. During this time, I had
many colleagues at Columbia with whom I enjoyed long
discussions about science. Among these were George Gaita-
naris, who has remained a close friend over the years, as well
as Tom Jessell and Jane Dodd, neuroscientists from whom I
learned a great deal about neural development.

As I was nearing the end of my Aplysia project, I read a
paper that changed my life. It was a 1985 publication from Sol
Snyder�s group that discussed potential mechanisms under-
lying odor detection. This was the first time I had ever thought
about olfaction and I was fascinated. How could humans and
other mammals detect 10000 or more odorous chemicals, and
how could nearly identical chemicals generate different odor
perceptions? In my mind, this was a monumental puzzle and
an unparalleled diversity problem. It was obvious to me that
the first step to solving the puzzle was to determine how
odorants are initially detected in the nose. This meant finding
odorant receptors, a class of molecules that had been
proposed to exist, but had not been found. I decided that
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this is what I had to do as soon as my neuropeptide work was
completed.

In 1988, I embarked on a search for odorant receptors,
staying on in Richard�s lab for this purpose. In a recent
commentary in the journal Cell, I described what was known
about odor detection at that time and the approaches that I
tried in the quest to find the elusive odorant receptors. In
short, it was known that odorants depolarize, and thereby
activate, olfactory sensory neurons in the nose. Although
there were varied proposals as to what kind of molecules
might interact with odorants, there was compelling evidence
that olfactory transduction involved G-protein-induced
increases in cAMP. After trying several different approaches,
I identified the odorant receptor family by designing experi-
ments based on three assumptions: First, since odorants vary
in structure and can be discriminated, there would be a family
of varied, but related odorant receptors, which would be
encoded by a multigene family. Second, odorant receptors
would be at least distantly related to the relatively small set of
G-protein-coupled receptors whose sequences were known at
that time. Finally, odorant receptors would be selectively
expressed in the olfactory epithelium, where olfactory
sensory neurons are located. It took some time to devise
and develop the methods I used in my search, but in the end
they succeeded. Looking at the first sequences of odorant
receptors obtained from rats, I was moved by nature�s
marvelous invention. This work showed that the rat has a
multigene family that codes for in excess of one hundred
different odorant receptors, all related, but each one unique.
The unprecedented size and diversity of this family explained
the ability of mammals to detect a vast array of diverse
chemicals as having distinct odors. In 1991, Richard Axel and
I published the identification of odorant receptors.

BOSTON

In 1991, I departed for Boston to be an assistant professor
in the Neurobiology Department at Harvard Medical School.
There, I was immersed in an environment in which I could
broaden my understanding of the nervous system. I received
excellent support frommy chairman, Gerry Fischbach, as I set
up my lab. I also acquired many excellent colleagues,
including David Hubel, whose pioneering studies of the
visual system with Torsten Wiesel (for which they received a
Nobel Prize in 1981) had always been an inspiration to me. In
1994, I became an Investigator of the Howard Hughes
Medical Institute, which has generously supported our work
for the past 11 years. Over the next decade, I remained at
Harvard, gradually rising through the ranks to become
associate and then full professor. In 1994, I met Roger
Brent, a marvelous intellect and fellow scientist who has been
my partner and an important part of my life ever since.

The discovery of odorant receptors had explained how the
olfactory system detects odorants. My next goal was to learn
how signals from those receptors are organized in the brain to
generate diverse odor perceptions. I was joined in this
endeavor by a series of excellent students and postdoctoral

fellows. The discoveries on the organization of the olfactory
system that were cited by the Nobel Foundation were made
over a period of ten years, during which I was a faculty
member at Harvard.

The first question we asked was how odorant receptors
are organized in the olfactory epithelium of the nose. This
work was begun by Kerry Ressler, an MD/PhD student who
came to the laboratory for a few months just as the equipment
and supplies I had ordered began to arrive in January 1992. I
had decided to switch from the rat to the mouse as a model
organism because of the advantage of using isogenic inbred
strains for dissecting a multigene family, and the possibility of
generating transgenic mice. After cloning and sequencing a
series of mouse odorant receptor genes, Kerry did our first
in situ hybridization experiments to examine patterns of
receptor gene expression. By June, Kerry had returned as a
full-time student and Susan Sullivan had joined the lab as a
postdoctoral fellow. At this point, we began to precisely
analyze gene-expression patterns and to compare them in
different individuals. Prior to the present era of digital
photographs that can be stored and analyzed on a computer,
this was painstaking work that involved displaying photo-
graphic slides on a desktop viewer and recording, on trans-
parencies, the locations of individual labeled cells in different
animals. Our studies showed that each receptor gene is
expressed in about 1/1000 olfactory sensory neurons, that the
olfactory epithelium has several spatial zones that express
non-overlapping sets of odorant receptor genes, and that
neurons with the same odorant receptor are randomly
scattered throughout one zone. This indicated that signals
derived from different odorant receptors are segregated in
different sensory neurons and in the information they trans-
mit to the brain. It further indicated that, in the olfactory
epithelium, neurons that detect the same odorant are
dispersed and those that detect different odorants are
interspersed. Thus, there is a broad organization of sensory
information into several zonal sets in the epithelium, but,
overall, information is encoded in a highly distributed
manner. We published these findings in 1993. Similar
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observations in rats by Richard Axel and his colleagues were
also reported that year.

Having determined how inputs from different odorant
receptors are organized in the nose, we asked how they are
arranged at the next structure in the olfactory pathway, the
olfactory bulb. In the bulb, the axons of olfactory sensory
neurons synapse in about 2000 spherical structures, called
glomeruli. Kerry began to use retroviral vectors to investigate
how the axons of neurons expressing specific receptors are
organized in the bulb, but then we inadvertently found
another way to address the question. While using in situ
hybridization to identify a number of receptor genes
expressed in each epithelial zone for chromosomal mapping
studies, Susan found that, in one tissue section, a receptor
probe labeled a single spot in the bulb, which proved to be a
glomerulus. Using probes that recognized single receptor
genes rather than subfamilies of related receptor genes, we
found that each probe labeled odorant receptor mRNAs in
sensory axons that were confined to one or a few glomeruli at
only two sites, one on either side of the bulb. Different probes
labeled different glomeruli and those glomeruli had virtually
identical locations in different individuals. I still remember a
meeting with Kerry and Susan in my office in which I asked
Kerry how many sections separated different labeled glomer-
uli in different bulbs. All of us were stunned by his answer,
because it provided the first hint that the bulb might have a
stereotyped map of receptor inputs and we could not imagine
how this could be generated given the organization of
receptor gene expression in the epithelium. This mystery
still has not been solved. These studies indicated that while
thousands of neurons expressing the same receptor are highly
dispersed in the epithelium, their axons all converge in a few
specific olfactory bulb glomeruli. The result is a stereotyped
map of receptor inputs in which signals derived from different
receptors are segregated in different glomeruli and in the bulb
projection neurons whose dendrites innervate those glomer-
uli. Remarkably, Bob Vassar in Richard Axel�s lab had
concurrently found that different receptor probes labeled
different glomeruli in the rat bulb. Our two groups published
these findings in 1994.

Several years later, we began to investigate how the
receptor family and the patterning of receptor inputs encode
the identities of different odorants. By using single-cell RT-
PCR (reverse transcriptase–polymerase chain reaction), Bet-
tina Malnic, a fellow in the lab, had been comparing gene
expression in single olfactory sensory neurons. Her work
demonstrated that each neuron expresses only a single
receptor gene, something that we had previously suspected,
but that needed to be verified. Bettina was initially focused on
the identification of genes that might be involved in receptor
gene choice or axon targeting in the bulb, but we decided to
change course when Takaaki Sato visited our lab and told us
about his calcium imaging studies of odor responses in the
olfactory epithelium. This was the beginning of a highly
successful collaboration in which Takaaki used calcium
imaging to define the odor response profiles of individual
neurons and Bettina then used RT-PCR to identify the
receptor expressed by each responsive neuron. These studies

demonstrated that the receptor family is used in a combina-
torial manner. Different neurons are recognized, and thereby
encoded, by different combinations of receptors, but each
receptor is used as one component of the combinatorial
receptor codes for many different odorants. These studies also
provided explanations for several intriguing features of
human odor perception, including how a slight change in
the structure of an odorant can dramatically change its
perceived odor quality.

As soon as we had determined how receptor inputs are
organized in the olfactory bulb, we began to explore how they
are arranged at the next structure in the olfactory pathway,
the olfactory cortex. Lisa Horowitz, an MD/PhD student in
the lab, initially investigated connections between the bulb
and cortex using classical anatomical techniques. By deposit-
ing different tracers in the dorsal and ventral bulb, she
determined that these areas project axons to the same regions
of the cortex. In agreement with previous findings, this
indicated that there could not be a point-to-point patterning
of connections between the bulb and cortex. We decided to
abandon traditional approaches and to instead ask whether
we could chart neural pathways genetically by expressing a
gene encoding a transneuronal tracer in olfactory sensory
neurons. Lisa found that this was indeed possible. When she
made transgenic mice that expressed barley lectin in all
olfactory sensory neurons, the lectin crossed two synapses,
labeling second-order neurons in the bulb, and then third-
order neurons in the cortex. This work, which we published in
1999, opened the way to investigating a wide array of
questions concerning neural circuits, including those that
carry olfactory information.

We then went on to use the genetic tracer to examine how
inputs from individual types of receptors are organized in the
olfactory cortex. To do this we used gene targeting to generate
mice that coexpressed barley lectin with a single receptor
gene. Lisa, together with a fellow in the lab, Jean-Pierre
Montmayeur, prepared the DNA constructs for gene target-
ing. Zhihua Zou, another fellow, then generated and analyzed
mice that coexpressed the tracer with different receptor
genes. The approach worked, but was difficult, with Zhihua
investing almost a year in perfecting the conditions needed to
detect minute amounts of the tracer in cortical neurons. These
studies revealed that the olfactory cortex has a stereotyped
map of receptor inputs, but one that is radically different from
that in the bulb. The segregation of receptor inputs in
different glomeruli and neurons in the bulb gives way in the
cortex to a complex array of receptor inputs in which signals
from different receptors partially overlap and single cortical
neurons appear to receive signals from combinations of
different receptors. This offers a means by which the
individual components of an odorant�s receptor code could
be integrated at the level of single neurons. This could serve as
an initial step in the reconstruction of an odor image from its
deconstructed features, which are conveyed by the receptor
elements of the receptor code. We published our findings on
the cortex in 2001.

During the ten-year period at Harvard in which we did the
work described above, my laboratory also investigated a
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number of other questions. These included studies of the
chromosomal organization of receptor genes and the evolu-
tion of the receptor gene family by Susan Sullivan, studies of
the development of receptor gene expression patterns by
Susan and Staffan Bohm, and bioinformatic studies by
Bettina Malnic and Paul Godfrey that defined and compared
the receptor gene repertoires of humans and mice. We also
conducted a series of studies on the detection of pheromones
in the vomeronasal organ, including studies by Emily Liman
and Anna Berghard that revealed differences between trans-
duction molecules involved in odor versus pheromone
detection, the discovery of zonal patterns of transduction
molecules likely to be involved in pheromone detection by
Anna, analyses of vomeronasal responses to pheromones and
odorants by Mehran Sam, and the discovery, by Hiroaki
Matsunami, of a family of candidate pheromone receptors.
During the latter part of this period, Hiroaki Matsunami,
Jean-Pierre Montmayeur, and Stephen Liberles also began to
explore the mechanisms underlying taste detection, in the
process discovering candidate receptors for both bitter and
sweet tastes, both of which were also found by other groups at
about the same time.

SEATTLE

In 2002, I returned to Seattle to be a Member of the
Division of Basic Sciences at the Fred Hutchinson Cancer
Research Center and Affiliate Professor of Physiology and
Biophysics at the University of Washington. I had always
intended to someday return to the West Coast and had
already stayed longer in Boston than I had anticipated. When
Mark Groudine, then Director of the Basic Sciences Division
at Fred Hutchinson, offered me a faculty position there, I
gladly accepted. The Hutchinson Center had a reputation for
cutting-edge science as well as a high level of collegiality, both
of which were important to me. In addition, by moving to
Seattle, I would be closer to my partner, Roger, who lived in
Berkeley, and to my family and friends in Seattle.

In Seattle, we are continuing to explore the mechanisms
underlying odor perception as well as the means by which

pheromones elicit instinctive behaviors. We have also become
interested in the neural circuits that underlie innate behaviors
and basic drives, such as fear, appetite, and reproduction. We
are currently developing molecular techniques to uncover
those circuits and to define their composite neurons and the
genes they express. In a different vein, we have developed a
high-throughput approach in which we are using chemical
libraries to identify genes that control aging and lifespan, our
chief interest being whether there might be a central
mechanism that determines lifespan and regulates the aging
of cells throughout the body.

LOOKING BACK

Since Richard Axel and I published the discovery of
odorant receptors in 1991, it has been immensely satisfying
for me to see many laboratories using these receptors in a
large-scale effort to dissect the mechanisms that underlie the
sense of smell and the developmental processes that shape the
organization of the olfactory system.Molecular approaches to
studying olfaction have extended to other vertebrates as well
as to invertebrate species, with Cori Bargmann�s group
discovering a large variety of chemosensory receptors in the
nematode worm C. elegans, and several groups, including
Richard Axel�s, identifying families of odorant and taste
receptors in the fruit fly D. melanogaster.

Looking back over my life, I am struck by the good
fortune I have had to be a scientist. Very few in this world
have the opportunity to do everyday what they love to do, as I
have. I have had wonderful mentors, colleagues, and students
with whom to explore what fascinates me, and have enjoyed
both challenges and discoveries. I am grateful for all of these
things and look forward to learning what nature will next
reveal to us.

As a woman in science, I sincerely hope that my receiving
a Nobel Prize will send a message to young women every-
where that the doors are open to them and that they should
follow their dreams.

1. Introduction

The subject of my lecture is the sense of smell, one of the
five senses through which we perceive the world. Through the
sense of smell, humans and other mammals can perceive a
vast number and variety of chemicals in the external world. It
is estimated that humans can sense as many as 10000 to
100000 chemicals as having a distinct odor. All of these
“odorants” are small, volatile molecules. However, they have
diverse structures and somehow those different structures are
perceived as having different odors (Figure 1).

The sense of smell is mediated by the olfactory system, a
system that is characterized by exquisite sensitivity and
discriminatory power. Even a slight change in the structure

of an odorant can change its perceived odor. For example, the
close relative of a chemical that is perceived as pear can have
the scent of an apple. In addition to odorants, the olfactory
system detects pheromones, chemicals that are released from
animals and act on members of the same species, stimulating
hormonal changes or instinctive behaviors, such as mating or
aggression. The olfactory system also detects predator odors,
which can elicit innate fear responses.

Over the past 16 years, our work has focused on two
questions: First, how do mammals detect so many different
environmental chemicals? And second, how does the brain
translate those chemicals into diverse odor perceptions and
behaviors?
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Odorants are initially detected by olfactory sensory
neurons, which are located in the olfactory epithelium lining
the nasal cavity (Figure 2). These neurons transmit signals to

the olfactory bulb of the brain, which then relays those signals
to the olfactory cortex. From there, olfactory information is
sent to a number of other brain areas. These include higher
cortical areas thought to be involved in odor discrimination as
well as deep limbic areas of the brain, which are thought to
mediate the emotional and physiological effects of odors. In
contrast to odorants, pheromones are detected primarily in
the vomeronasal organ (VNO), a separate olfactory structure
in the nasal septum. From VNO neurons, signals are relayed
through the accessory bulb to the medial amygdala and then
the hypothalamus, areas implicated in hormonal and behav-
ioral responses to pheromones.

The olfactory epithelium contains millions of olfactory
sensory neurons. It also contains supporting cells and a basal
layer of stem cells. Olfactory sensory neurons are short-lived
cells that are continuously replaced from the stem-cell layer.
At the surface of the epithelium, each neuron extends cilia
into the nasal lumen, allowing it to come in contact with

odorants dissolved in the nasal mucus. Each neuron commu-
nicates with the brain through a single axon that it extends to
the olfactory bulb.

2. Odorant Receptors

In our initial experiments, Richard Axel and I asked how
it is that these neurons detect odorants. Beginning in 1965
with the work of Robert Gesteland,[1] numerous electro-
physiological studies had shown that different olfactory
sensory neurons are depolarized, or activated, by different
odorants. John Amoore proposed that these neurons had
odorant receptor proteins that varied in their affinity for
different odorants.[2,3] In the mid 1980s, hints started to
emerge about signal transduction in the cilia of the olfactory
neurons. Doron Lancet, Sol Snyder, and their colleagues
showed that odorants induce GTP-dependent increases in
adenylyl cyclase activity in the cilia, thus suggesting the
involvement of intracellular G proteins,[4,5] and Randy Reed
identified Gaolf, a G protein that could mediate this response
and was highly expressed in olfactory sensory neurons.[6]

In 1988, Richard Axel and I embarked on a search for
odorant receptors. The strategy we devised was based on
three assumptions. First, odorant receptors would be selec-
tively expressed in the olfactory epithelium. Second, since
odorants vary in structure, there would be a family of varied,
but related receptors, and those receptors would be encoded
by a multigene family. Third, odorant receptors would be
related to other types of receptors that interact with intra-
cellular G proteins. By 1989, molecular cloning had revealed
the structures of about 20 of these G-protein-coupled
receptors (GPCRs). All of these receptors had seven poten-
tial transmembrane domains and they shared a few amino
acid sequence motifs.

On the basis of these assumptions we set out to search for
a family of GPCRs expressed in the rat olfactory epithelium.[7]

To do this, we first used the polymerase chain reaction (PCR)
to look for receptors expressed in the olfactory epithelium
that were related to known GPCRs. We designed 11
degenerate oligonucleotide primers that matched amino
acid sequences in transmembrane domains 2 and 7 of
known GPCRs. We then used these primers in all 30 pairwise
combinations to amplify related sequences in cDNA prepared
from rat olfactory epithelium RNA. From the 30 PCR
reactions, we obtained 64 different PCR products in the
appropriate size range. Each of these appeared as a distinct
band by agarose gel electrophoresis.

We then asked whether any of the 64 PCR products
contained multiple members of a multigene family. To do this
we cut the DNA in each PCR product with a restriction
enzyme. Most of the bands were cut into a small number of
fragments that added up to the original in size. However, one
band, no. 13, was cut into a large number of fragments, thus
suggesting that it might contain multiple members of a
multigene family. When we cloned and sequenced five of the
DNAs in this band, we found what we had been looking for:
all five encoded novel proteins with the hallmarks of GPCRs.
Moreover, all five were related, but each one was unique.

Figure 1. Humans and other mammals perceive a vast number of
chemicals as having distinct odors.

Figure 2. The olfactory pathway. Odorants are detected by olfactory
sensory neurons in the olfactory epithelium. Signals generated in
those neurons are relayed through the olfactory bulb to the olfactory
cortex and then sent to other brain areas.
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By using these DNAs as probes, we isolated a series of
related cDNAs from an olfactory epithelium cDNA library.
We initially examined the proteins encoded by ten of the
cDNAs. All ten proteins had the seven potential transmem-
brane domains characteristic of GPCRs. In addition, they had
several amino acid sequence motifs seen in other GPCRs.
However, the ten receptors all shared sequence motifs not
seen in any other GPCRs, thus indicating that they were
members of a novel receptor family.

Figure 3 shows a model of one of these receptors in the
membrane with individual amino acids represented as balls.
Red balls indicate amino acids that were especially variable

among the ten receptors. Importantly,
though related, the ten olfactory receptors
varied extensively in amino acid sequence.
This hypervariability was consistent with
an ability of the receptors to interact with
odorants of different structures.

Consistent with the selective expression
of these receptors in the olfactory epithe-
lium, a mixed olfactory receptor DNA
probe hybridized to RNA from the olfac-
tory epithelium, but not other tissues.
Moreover, enriching for olfactory sensory
neurons also enriched for receptor RNAs,
thus suggesting that the receptors were
expressed predominantly or exclusively by
olfactory sensory neurons.

On Southern blots of genomic DNA,
single receptor probes hybridized to multi-
ple bands, and a mixed receptor probe
hybridized to a large number of bands. This further indicated
that the receptors we had found were encoded by a large
multigene family. Genomic library screens indicated that the
multigene family contained in excess of 100 members. In later
studies, we obtained evidence for about 1000 different
olfactory receptor genes in mice.

On the basis of these results, we concluded that the
receptor family we had identified coded for odorant receptors

(ORs) expressed by olfactory sensory neurons in the nose.[7]

Subsequent studies showed that homologous families of
odorant receptors are present in vertebrate species ranging
from fish to humans.[8] In 1991, after publishing our work on
odorant receptors,[7] I left Richard Axel�s lab to join the
faculty of Harvard Medical School.

A decade later, the sequencing of human and mouse
genomes made it possible to determine the number of OR
genes in these species. This was done by Lancet and Zozulya
for human[9,10] and by Firestein and Trask for mouse,[11, 12] and
in my lab it was done for both species by Bettina Malnic and
Paul Godfrey.[13,14] These studies indicate that humans have
about 350 different ORs and mice have about 1000. This
result indicates that roughly 1–5% of the genes in the genome
are devoted to the detection of odorants. Odorant receptor
genes are highly distributed across the genome. In our studies
of the human genome, we found OR genes on 21 different
chromosomes and at 51 different chromosomal loci, where
they are found singly or in clusters (Figure 4).[14]

In the mid 1990s, two additional families of receptors were
found in the olfactory system. These receptors, called V1Rs
and V2Rs, are unrelated to ORs in protein sequence, but both
types have the characteristic seven-transmembrane domain
structure of GPCRs. V1R and V2R genes are selectively
expressed in the VNO, thus suggesting that they might be
pheromone receptors. Both receptor families have more than
100 members. The V1R family was identified in 1995 by
Dulac and Axel,[15a] and the V2R family was identified in 1997
by Hiroaki Matsunami in my lab and also by the laboratories
of Catherine Dulac and Nicholas Ryba.[15b,16,17]

3. Organization of Odorant Receptors in the
Olfactory Epithelium

The discovery of odorant receptors explained how the
olfactory system detects a vast array of chemicals in the
external world. It also did something else that was important:
it provided a set of molecular tools to explore how the
nervous system translates chemical structures into odor

Figure 3. Topology of an odorant receptor in the membrane. Individual
amino acid residues are indicated by balls. Red balls indicate residues
that were hypervariable among ten odorant receptors. Adapted from
Ref. [7].

Figure 4. The chromosomal distribution of human odorant receptor genes. Intact receptor
genes are shown in red and pseudogenes in green. Adapted from Ref. [14].
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perceptions. This is what we set out to do in my lab at
Harvard.

In the mouse, we found evidence for as many as 1000
different OR genes. We first asked how information from
different ORs is organized in the olfactory epithelium.[18] In
these experiments, Kerry Ressler, a graduate student in the
lab, and Susan Sullivan, a postdoctoral fellow, hybridized
labeled OR gene probes to sections through the mouse nose
(Figure 5). These studies showed that the olfactory epithelium

has distinct spatial zones that express non-overlapping sets of
OR genes (Figure 6). Each OR gene is expressed in about 1/
1000 neurons and those neurons are randomly scattered
within one zone. Similar findings were made in Richard
Axel�s lab in rats.[19] The OR expression zones form stripes
that extend along the anterior–posterior axis of the nasal
cavity.

These findings told us two important things. First, input
from one type of OR is highly distributed in the epithelium.
Therefore, neurons with receptors for one odorant (for
example, a strawberry odorant) must be interspersed with
neurons that have receptors for another odorant (such as a

lemon one). Second, each neuron may express only one OR
gene. We later confirmed this by examining gene expression
in single neurons.[20] Thus, in the nose, inputs from different
ORs are segregated in different neurons, and the information
that each neuron transmits to the brain is derived from a
single receptor type.

4. Combinatorial Receptor Codes for Odors

In later studies, we asked how the OR family encodes the
identities of different odorants. To explore this question, we
searched for ORs that recognize specific odorants.[20] This
work was done by Bettina Malnic in my lab in collaboration
with Takaaki Sato and Junzo Hirono at the Life Electronics
Research Center in Japan. We first exposed single mouse
olfactory sensory neurons to a series of odorants, using
calcium imaging to visualize their responses. We then isolated
each responsive neuron and used reverse transcriptase–PCR
(RT-PCR) to determine the OR gene it expressed. In every
case, we identified only one expressed OR per neuron, thus
confirming that each neuron expresses a single OR gene.

For test odorants, we used four different classes of linear
aliphatic odorants with different functional groups and
carbon chains ranging in length from four to nine carbon
atoms. Each neuron was imaged as it was exposed sequen-
tially to different odorants (Figure 7). If a response was seen,
the neuron was retested with a lower concentration of the
same odorant.

Figure 8 shows the response profiles of 14 neurons and
therefore the recognition properties of the ORs expressed in
those neurons. These data make three important points. First,
each OR can recognize multiple odorants, something pre-
viously shown by Stuart Firestein for one rat OR.[21] Second,
each odorant can be detected by multiple different ORs.
Finally, and most importantly, different odorants are recog-
nized by different combinations of ORs.

Figure 5. Expression patterns of odorant receptor genes in the mouse
olfactory epithelium. Tissue sections through the mouse nose were
hybridized to four different receptor gene probes. Adapted from
Refs. [18,30].

Figure 6. The organization of odorant receptor inputs in the olfactory
epithelium and olfactory bulb. Sensory neurons expressing the same
receptor are scattered within one epithelial zone, but their axons
converge in specific glomeruli in the olfactory bulb. Adapted from
Refs. [18,22,30].

Figure 7. Responses of a single olfactory sensory neuron to different
odorants. Fluorescence emission was monitored during sequential
exposure of a neuron containing an indicator dye (Fura-2) to a series
of odorants (C4–D9). Responses to lower odorant concentrations are
shown below. Adapted from Ref. [20].
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These results indicated that ORs are used combinatorially
to encode odor identities.[20] Different odorants are detected
and thereby encoded by different combinations of ORs.
However, each OR serves as one component of the codes for
many odorants. Different odorants have different “receptor
codes”. Given the number of possible combinations of 1000

different ORs, this combinatorial coding
scheme could allow for the discrimination of
an almost unlimited number of odorants. Even
if each odorant were detected by only three
ORs, this scheme could potentially generate
almost one billion different odor codes.

These studies also provided insight into
several puzzling features of human odor per-
ception.[20] Changing the structure of an odor-
ant even slightly can alter its perceived odor.
Sometimes the change in odor can be dramatic.
The aliphatic acids and alcohols that we used in
our studies are excellent examples of this
phenomenon (Figure 9). All of the acids have
unpleasant odors, such as rancid, sour, or
sweaty. In contrast, all of the alcohols have
pleasant odors, such as herbal, woody, or
orange. In our studies, pairs of acids and
alcohols that differed by a single functional
group invariably had different receptor codes
(Figure 9).

Our studies showed that a change in the
concentration of an odorant can also change its
receptor code. At higher concentrations, addi-
tional ORs were invariably recruited into the
odor response. This may explain why changing
the concentration of an odorant can alter its
perceived odor.

5. A Stereotyped Map of Odorant
Receptor Inputs in the Olfactory
Bulb

These studies indicated that, in the nose,
different odorants are detected by different
combinations of ORs, and that the different
combinations of ORs ultimately generate dif-

ferent odor perceptions. How is this accomplished? How does
the brain translate an odorant�s combinatorial receptor code
into a perception?

Each olfactory sensory neuron in the olfactory epithelium
sends a single axon to the olfactory bulb of the brain. Here the
sensory axon enters a spherical structure called a glomerulus,
where it synapses with the dendrites of bulb neurons. The
mouse olfactory bulb has about 2000 glomeruli, each of which
receives input from several thousand olfactory sensory
neurons. Each sensory neuron synapses in only one glomer-
ulus. Similarly, each mitral cell in the bulb receives input from
a single glomerulus. Mitral cells are relay neurons that
transmit signals to the olfactory cortex.

In the bulb, we found something very different from what
we had seen in the nose.[22] Here, single receptor probes
labeled receptor mRNA in sensory axons in only a few
glomeruli, and those glomeruli were located at only two spots,
one on either side of the bulb (Figure 10A). We found that
different receptor probes labeled different glomeruli, and
surprisingly, those glomeruli had nearly identical locations in
different individuals (Figure 10B). These findings were made

Figure 8. Odorant receptors are used combinatorially to detect odorants and encode their
identities. The recognition profiles of individual odorant receptors to a series of odorants were
determined by calcium imaging and single-cell RT-PCR. The sizes of circles reflect response
intensity. Adapted from Ref. [20].

Figure 9. Closely related odorants with different perceived odors are
detected by different combinations of receptors. Adapted from
Ref. [20].
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by Kerry Ressler and Susan Sullivan in my lab. In independ-
ent experiments in rats, Vassar and Axel obtained similar
results, although individual receptor probes generally labeled
a larger number of glomeruli at more locations in the bulb in
their studies.[23]

Our studies in mice indicated that the axons of thousands
of sensory neurons with the same OR converge in only 2–4
glomeruli, each of which is likely to be dedicated to one OR
(Figure 10).[22] They further indicated that sensory informa-

tion that is broadly organized into four zonal sets in the nose is
transformed in the bulb into a stereotyped sensory map
(Figure 6). In this map, inputs from different ORs are
targeted to different glomeruli and the bulb neurons associ-
ated with those glomeruli. Remarkably, this map is virtually
identical in different individuals.

The olfactory epithelium and bulb have one important
thing in common, however: At both sites, inputs from
different ORs are segregated. Each sensory neuron in the
epithelium, and each glomerulus and relay neuron in the bulb,
appears to be dedicated to only one type of OR.

The structure of the bulb map is likely to be important in
at least two respects. First, it is likely to maximize sensitivity
to low concentrations of odorants. Signals from 5000 or so
neurons with the same OR converge on 2–4 glomeruli and
about 50 mitral cells, thus allowing a high degree of signal
integration. Second, the bulb map is likely to be important for
the stimulation of odor memories. Sensory neurons in the
epithelium are short lived and are continuously replaced.
However, the bulb map remains constant over time. Thus, the
neural code for an odor remains intact, assuring that odorants
can elicit distant memories.

6. Odor Coding in the Olfactory Epithelium
and Bulb

Given our finding that each odorant is recognized by a
combination of ORs,[20] these results imply that the code for
an odor in the nose is a dispersed ensemble of neurons, each
expressing one OR component of the odorant�s receptor code
(Figure 11). In the bulb, the code is a specific combination of

glomeruli that receive inputs from those ORs and have a
similar spatial arrangement in different individuals. This
arrangement is consistent with many studies of odor-induced
activity in the epithelium and bulb, beginning in the 1950s
with the studies of Lord Adrian, who discovered that different
mitral cells in the rabbit bulb respond to different sets of
odorants.[24–26]

7. Stereotypy, Divergence, and Convergence in
Olfactory Cortex

What happens to this information at higher levels of the
nervous system to ultimately generate diverse odor percep-
tions?

Mitral cell relay neurons in the bulb extend axons to the
olfactory cortex, a large area that stretches along the ventral–
lateral part of the brain. The olfactory cortex is composed of a
number of distinct anatomical areas, at least some of which
are likely to have different functions. The largest area is the
piriform cortex, which itself has morphologically distinct
anterior and posterior halves.

In the 1980s, Lewis Haberly and others showed that a
tracer placed in one small region of this cortex would back-
label mitral cells in many parts of the bulb.[27] This clearly

Figure 10. The olfactory bulb has a stereotyped map of OR inputs.
A) A single OR gene probe hybridized to sensory axons in only one or
two glomeruli on either side of the olfactory bulb. B) Different OR
probes (A16, M50, M71) hybridized to different glomeruli and those
glomeruli had similar locations in six different bulbs.

Figure 11. Odor coding in the olfactory epithelium and olfactory bulb.
In this schematic representation, inputs from different ORs that
recognize an odorant are indicated by different colors. In the olfactory
epithelium (OE), the code for an odorant is a dispersed ensemble of
neurons, each expressing one component of the odorant’s receptor
code. In the olfactory bulb (OB), it is a specific combination of
glomeruli whose spatial arrangement is similar among individuals.
Partially overlapping combinations of OR inputs generate distinct odor
perceptions.
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indicated that the organization of sensory infor-
mation in the olfactory bulb could not be reca-
pitulated in the cortex, but how olfactory infor-
mation is organized in the olfactory cortex was a
mystery.

We were initially interested in three questions
regarding the olfactory cortex. First, do different
areas of the olfactory cortex, which may have
different functions, receive signals derived from
different subsets of ORs or, alternatively, does
each area receive input from the entire OR
repertoire? Second, is input from one OR scat-
tered in the cortex (as in the nose), is it targeted to
unique, stereotyped sites (as in the bulb) or is it
organized in some other way? Finally, given that
each odorant is recognized by multiple ORs, are
inputs from different ORs combined in individual
cortical neurons, or are they segregated in differ-
ent neurons as in the nose and bulb?

To determine how OR inputs are organized in the cortex,
we first asked whether it would be possible to trace neural
circuits genetically. In those studies, Lisa Horowitz, a
graduate student in the lab, made transgenic mice that
expressed a plant protein, barley lectin, in all olfactory
sensory neurons in the nose. In those mice, the expression of
barley lectin (BL) was controlled by the promoter of the
OMP gene, a gene that is selectively expressed by olfactory
sensory neurons.

Using BL-specific antibodies, we detected BL in olfactory
sensory neurons in the olfactory epithelium, glomeruli, and
relay neurons in the bulb, and also in neurons in the olfactory
cortex.[28] This indicated that BL produced by olfactory
sensory neurons in the nose could travel across two synapses
to label connected neurons first in the olfactory bulb and then
in the olfactory cortex.

Having developed a genetic method for charting neural
circuits, we were able to move to the next step. That was to ask
how inputs from individual ORs are organized in the cortex.
Our goal was to coexpress BL with only one of the 1000
different OR genes. To do this, Lisa Horowitz and Jean-Pierre
Montmayeur in our lab altered individual OR genes by
inserting, 3’ to their coding regions, an internal ribosome entry
site (IRES) sequence followed by a BL coding sequence.
Using gene targeting in embryonic stem cells, Zhihua Zou, a
postdoctoral fellow in the lab, then made “knockin” mice that
contained an altered allele of either the M5 or M50 OR
gene.[29] In these knockin mice, BL was produced only in
neurons that expressed the M5 or M50 OR.

In the olfactory cortex, the axons of bulb neurons branch
and form synapses in layer Ia with the dendrites of pyramidal
neurons located in layers II and III. In PompBL mice, which
express BL in all olfactory sensory neurons,[28] we saw labeled
neurons in layers II and III throughout the olfactory cortex
(Figure 12). In the M5 and M50 knockin mice, we also
detected labeled cortical neurons, but they were located in
distinct clusters (Figure 12).[29] Moreover, the clusters
appeared to have similar locations in different individuals.

In each knockin strain, we detected 2–3 clusters of labeled
neurons in the anterior piriform cortex (Figure 12). Most of

these clusters were bilaterally symmetrical in the left and right
brain. We also found clusters of labeled neurons in several
other areas of the olfactory cortex. In each cluster, the highest
density of labeled neurons was in the center, but even in the
center, only about half of the resident pyramidal neurons
were labeled with the BL tracer.

Detailed analysis of the clusters in the anterior piriform
cortex revealed that they had similar locations and similar
dimensions in different individuals and, in most cases, they
were bilaterally symmetrical.[29] The clusters had different
locations in the two knockin strains, but one of theM5 clusters
appeared to partially overlap with one of the M50 clusters.

These results showed that the olfactory cortex has a
stereotyped map of OR inputs (Figure 13). In this map,
signals derived from one type of OR are targeted to several
loose clusters of cortical neurons. The clusters of neurons that
receive input from a particular OR are found at specific
locations, which are virtually identical among individuals.

These studies clearly indicated that input from one OR
diverges to multiple areas of the olfactory cortex. This

Figure 12. Inputs from one OR are targeted to two to three clusters of neurons in
the anterior piriform cortex. Coronal sections through the anterior piriform cortex of
mice in which barley lectin was expressed in all olfactory sensory neurons
(PompBL) or only in neurons expressing the M5 (M5iBL) or M50 (M50iBL) odorant
receptor. Asterisks indicate the outer limits of the piriform cortex (Pir). The distance
from an anterior–posterior landmark is shown in mm. Adapted from Ref. [29].

Figure 13. The olfactory cortex has a stereotyped map of OR inputs.
Organization of inputs from the M5 (yellow) and M50 (pink) odorant
receptors in the olfactory epithelium, bulb, and cortex. Black lines and
abbreviations indicate different areas of the olfactory cortex. AON:
anterior olfactory nucleus; PC: piriform cortex; OT: olfactory tubercle;
Amg: olfactory nuclei of amygdala; EC: lateral entorhinal cortex.

L. B. BuckNobel Lectures

6138 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6128 – 6140

http://www.angewandte.org


divergence of OR inputs may allow a parallel processing of
OR signals in which signals from the same ORs are combined
or modulated in different ways prior to transmission to other
brain regions that have different functions.

We found that in the anterior piriform cortex, the clusters
of neurons that receive input from one OR occupy about five
percent of the total area along the anterior–posterior and
dorsal–ventral axes.[29] In PompBL mice, which express BL in
all olfactory sensory neurons, there were about 180000 BL-
labeled neurons in the anterior piriform cortex. If each
cortical neuron received input from only one of 1000 different
ORs, one might expect to see about 180 labeled neurons in
this area in each knockin mouse. However, we detected about
4000–6000 BL-labeled neurons in the anterior piriform cortex
in each knockin strain.[29]

These results indicated that the map of OR inputs in the
olfactory cortex is markedly different from that in the
olfactory bulb. First, while inputs from different ORs are
spatially segregated in different glomeruli in the bulb, they
are likely to overlap extensively in the cortex (Figure 14A).

Second, while signals from different ORs are segregated in
different neurons in both the nose and bulb, each cortical
neuron is likely to receive signals derived from multiple
different ORs (Figure 14B). Since each odorant is recognized
by a combination of ORs, this may permit an initial
integration of multiple components of an odorant�s receptor
code that is critical to the generation of diverse odor
perceptions.

These findings raise the possibility that neurons in the
olfactory cortex function as coincidence detectors that are
activated only by correlated combinatorial inputs from
different ORs. For example, in a simple model, signals from
different ORs that recognize vanillin would be targeted to
partially overlapping locations in the cortex, but the only
neurons activated by vanillin would be those that receive
coincident signals derived from more than one of the vanillin
ORs.

In sensory systems, environmental stimuli are decon-
structed and then reconstructed in the brain to create

perceptions. The organization of receptor inputs seen in the
olfactory cortex may serve as an initial step in the recon-
struction of an odor image from its deconstructed features.

I would like to acknowledge the very talented students and
postdoctoral fellows in my lab who did the experiments that I
discussed today. Kerry Ressler and Susan Sullivan did all of the
early studies onOR inputs in the olfactory epithelium and bulb.
Hiroaki Matsunami identified and characterized the V2R
family of candidate pheromone receptors. Bettina Malnic
conducted the studies of OR specificities in collaboration with
Takaaki Sato and Junzo Hirono at the Life Electronic
Research Center in Japan. Bettina and Paul Godfrey defined
the OR gene repertoires of humans and mice. Lisa Horowitz
developed the genetic method for tracing neural circuits, and
Zhihua Zou, in collaboration with Lisa and Jean-Pierre
Montmayeur, conducted the studies of OR inputs in the
olfactory cortex.
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Highly anisotropic metal surfaces can drive the formation of
metal–organic coordination chains, as shown by scanning tunneling
microscopy analysis and density functional calculations. For details
about the templated coordination of Cu and Fe atoms with trimesitylic
acid on a Cu(110) surface, see the Communication by T. Classen,
S. Fabris, K. Kern, and co-workers on the following pages.
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Metal–organic coordination networks (MOCNs) formed by
coordination bonding between metallic centers and organic
ligands can be efficiently engineered to exhibit specific
magnetic, electronic, or catalytic properties.[1–6] Instead of
depositing prefabricated MOCNs onto surfaces, it has been
recently shown that two-dimensional (2D) MOCNs can be
directly grown at metal surfaces under ultrahigh vacuum
(UHV), thus creating highly regular 2D networks of metal
atoms.[7–12] These grids have been pointed out to be potentially
relevant for devices that involve sensing, switching, and
information storage.[13, 14] We show here that this approach
offers the additional advantage to predefine the geometry of
the MOCN by using the substrate as a template to direct the
formation of novel 1D metal–organic coordination chains
(MOCCs).

The templating role of substrates is well known in the field
of surface epitaxial growth.[15–19] Among the highly aniso-
tropic substrates, the Cu(110) surface is one of the most
commonly used (Figure 1a and b). To demonstrate its strong
1D templating effect on organic molecules, a ligand with a
triangular symmetry was selected, namely 1,3,5-benzenetri-
carboxylic acid (trimesic acid, TMA; Figure 1c). The three-

fold rotation symmetry of TMA supports the formation of
hexagonal 2D and 3D architectures,[20–22] therefore strongly
disfavoring the linear geometry. On the isotropic Cu(100)
surface, TMA forms 0D carboxylate complexes and 2D
networks.[9,10]

The deposition of TMA on Cu(110) under UHVat 300 K
results in the formation of 1D chains along the h11̄0i
direction, as observed by scanning tunneling microscopy
(STM). This deposition temperature is high enough to
provide mobile Cu adatoms through evaporation from kinks
and steps onto the terraces.[23] Analysis of similar systems by
X-ray photoelectron spectroscopy[24,25] showed that these
adatoms catalyze the deprotonation of molecular carboxylate
groups. The adatoms are furthermore necessary for the
formation of copper carboxylate complexes.[23,24,26] Deposi-
tion at lower temperatures, 210 K and 250 K, resulted in
disordered structures with a tip-to-tip bonding motif. This
signature, which is never observed above 300 K, is character-
istic for intermolecular dimeric hydrogen bonds of carboxyl-
ate groups,[20–22,24] thus indicating that the carboxylate groups
are protonated at temperatures below 300 K. Upon annealing
to 300 K, these structures yield to the same 1D chains
described above. The chains formed at 300 K typically show
irregular kinks and poor long-range order. These inhomoge-
neities are removed by post-annealing to 380–410 K to yield
straight and highly periodic chains, referred to as MOCC-I
hereafter (Figure 2). At low coverage, chains predominantly
attach to step edges, whereas upon increasing the coverage
chain nucleation takes place also on terraces.

These findings allow the substrate templating effect to be
rationalized as follows: Upon deprotonation, the molecule–
molecule interaction (favoring hexagonal geometries) is
overcome by the molecule–substrate interaction, which
effectively controls the 1D character of these MOCCs.

The chains consist of triangles alternating with round
protrusions (Figure 2b and c). The apparent height of the two
units is significantly different, 140� 30 pm and 75� 20 pm,
respectively, when scanning at �1 V and 1 nA. Following
previous analysis,[9,10,20–22] the triangles are identified as flat-
lying TMA molecules. The round protrusions can be attrib-

Figure 1. a) High-resolution STM image in 3D representation and
b) structural model of the Cu(110) surface. c) Trimesic acid (TMA).

Figure 2. Representative STM images of [-Cu-TMA-Cu-]n chains
(MOCC-I) on Cu(110) for TMA coverages of a) 0.36 and b) 0.13 mono-
layers (ML), respectively. Comparison of c) the high-resolution STM
image of MOCC-I, d) the atomistic MOCC-I model, and e) the corre-
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uted to Cu adatoms,[7,9, 10] coordinated by two of the carbox-
ylate groups of the TMAmolecule. The third functional group
of TMA is pointing out of the chain with no preferential up or
down orientation (Figure 2b).

The periodicity of MOCC-I along h11̄0i is five Cu lattice
spacings (12.70� 0.15 >). High-resolution STM images indi-
cate that the distance between the Cu protrusions and the
oxygen atom of the molecular carboxylate groups is approx-
imately 2.8 >, a rather large value when compared to the
typical Cu�O bond length of 1.9–2.2 >.[27] The simplest
[-TMA-Cu-]n chain model for the adsorption geometry of
MOCC-I seems therefore to be outruled by these observa-
tions.

Indeed, the lowest energy structure of MOCC-I as
predicted by density functional theory (DFT) calculations is
a [-Cu-TMA-Cu-]n chain in which a dimer of Cu metal
adatoms forms unidentate Cu–carboxylate bonds with adja-
cent TMA molecules (Figure 2d). The dimer binds to the
surface by 6.3 eV with respect to isolated Cu atoms, and each
adatom is fivefold coordinated to the substrate. This structure
has the correct 5 @ periodicity. Its simulated STM image
(Figure 2e) closely agrees with that found experimentally,
with the Cu–Cu dimer imaged as a single spot centered
between the adatoms. The resulting Cu–O distance is 2.02 >,
which lies in the range of typical Cu�O bond lengths. Also the
calculated apparent heights, 170 pm for the TMA unit and
90 pm for the Cu adatom unit, are in good agreement with
those determined experimentally.

The theoretical analysis provides an unprecedented level
of insight into the adsorption geometry of surface MOCNs.
The phenyl ring of TMA and the Cu adatoms are located on
the short-bridge and hollow sites, respectively (Figure 2d).
The molecule stands 1.14 > above the outermost Cu layer,
with the carboxylate groups bending towards the surface by as
much as 0.69 >. With respect to a neutral Cu atom, surface
complexation of Cu weakly reduces the metal center occu-
pations of both the s and d electronic states by approximately
0.2 electrons.

[-Cu-TMA-Cu-]n chains are the intrinsic nanostructures
on Cu(110), but functional MOCCs also require different
elements than Cu as metallic centers. Extrinsic [-TMA-Fe-]n
chains (MOCC-II) were created by holding the Cu(110)
crystal at 230 K—thus preventing the formation of Cu–TMA
complexes—and by depositing first TMA and then Fe at
coverages higher than 0.04ML. The sample was then
annealed to 390 K for one minute. The number of chains
increased with the amount of deposited Fe and saturation was
reached for a coverage of around 0.08ML of Fe. Further
deposition of Fe results in the nucleation of Fe islands.

The 4 @ in-chain periodicity of these chains (Figure 3)
leaves space for just one Fe metal center between TMA
molecules. The TMA–TMA distances are therefore shorter
when linked by Fe than when linked by Cu, similar to that
reported for 2D MOCNs on the Cu(001) surface.[9, 10] Accord-
ing to DFT calculations the geometry of the adsorbed TMA
molecule is weakly dependent on the metal center, with the
phenyl ring lying 0.09 > higher in the case of Fe. The metal–
carboxylate bond is still unidentate and the Fe–O distance is
1.95 >, thus 0.07 > shorter than the Cu–O distance in

MOCC-I. Single metal centers lead to very weak features in
the simulated STM image (Figure 3d), in agreement with
experiment (Figure 3b). With respect to a neutral Fe atom,
surface complexation of Fe strongly reduces the occupations
of the Fe s states by 1.3 electrons while it increases that of the
d states by 0.5 electrons.

Insight into the potentially interesting magnetic proper-
ties of Fe-complexed MOCC-II can be gained by projecting
the electron density on the atomic Fe d orbitals (Figure 4b).

The projected density of electronic states (DOS) displays a
large splitting between the majority spin-up and minority
spin-down electronic d states. The former are completely
filled and well hybridized with the substrate Cu d states,
extending from �5 to �1 eV in the total DOS of the [-TMA-
Fe-]n chain (Figure 4a). The latter spin-down states are only
partially filled and extend in the energy region dominated by
the substrate s states. As a consequence, the Fe atoms are
strongly magnetized with a spin polarization of 3.3 mB per Fe
atom. The polarization of a Fe adatom isolated on the
Cu(110) surface is very similar, 3.2 mB, and the corresponding
projected DOS is shown in Figure 4c. The comparison shows
that the coordination with the carboxylate group does not
affect the electron localization at the Fe adatoms and thus

Figure 3. [-TMA-Fe-]n chains (MOCC-II): a) Overview image of the co-
ordination chains formed upon deposition of 0.04 ML Fe and 0.40 ML
TMA. Comparison of b) the high-resolution STM image, c) the atom-
istic MOCC-II model, and d) the corresponding simulated STM image.

Figure 4. a) Total density of electronic states (DOS, in [eV] with respect
to the Fermi energy EF) of the [-TMA-Fe-]n chain (MOCC-II). Projected
DOS (PDOS) on the atomic d states of b) the Fe center in MOCC-II
and c) an Fe atom isolated on the Cu(110) surface.
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does not produce any relevant quenching of the spin magnetic
moment. This is a necessary (although not sufficient)
condition for the emergence of intriguing magnetic properties
induced by the low dimensionality, such as a giant magnetic
anisotropy.[28,29] Because of their high thermal stability,
MOCNs similar to those presented here could thus be
convenient model systems to explore the occurrence of low-
dimensional magnetism.

In conclusion, metal–organic coordination chains were
created in situ by self-organized growth at a metal surface
under UHV. The 1D anisotropy of the substrate was
effectively transferred to the resulting metal–organic coordi-
nation chains. This strategy was shown to work for intrinsic as
well as for extrinsic metal–carboxylate systems. The precise
atomic configuration of the structures was revealed by a
combined use of STM and DFT. Spin-polarized DFT suggests
that Fe centers within the 1D chains have magnetic properties
similar to those of isolated Fe adatoms. This renders such
regular and unidirectional arrangement of magnetic centers
attractive candidates for the investigation of low-dimensional
magnetism in thermally stable structures.

Experimental Section
Methods: The sample was prepared in a standard UHV preparation
chamber with a base pressure of less than 2@ 10�10 mbar. The Cu(110)
single crystal was cleaned by cycles of Ar+ sputtering (900 eV) and
annealing to 830–850 K. Commercially available TMA (Fluka
Chemie AG, purity> 97%) was evaporated from a ceramic crucible
at 460 K for sample temperatures between 130 K and 300 K. The
sample was then transferred under UHV conditions to a STM
chamber (base pressure of 6@ 10�11 mbar) that comprised a commer-
cial variable-temperature STM apparatus. Measurements were car-
ried out at 300 K and 130 K with typical tunneling conditions of �1 V
and 1 nA (filled-state imaging).

The computer simulations were based on DFT, in the generalized
gradient approximation of Perdew–Burke–Ernzerhof.[30] The calcu-
lations were performed in the pseudopotential plane-wave frame-
work (plane-wave cutoff of 326.4 eV) using ultrasoft pseudopoten-
tials[31] as implemented in the PWscf simulation package.[32] A three-
layer slab provided a simplified model of the Cu(110) surface. The
atomic positions were determined by relaxing the upper layer and
keeping the distance between the others fixed at the bulk value. Metal
adatoms and deprotonated TMA molecules were positioned on the
upper surface of the slab and were structurally relaxed according to
the Hellmann–Feynman forces. STM images were simulated by
means of the Tersoff–Hamann method,[33] that is, by a spatially
resolved DOS integrated in energy from a bias potential (�1.0 eV) to
the Fermi energy.
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Transition-metal-catalyzed reactions of 1,6-enynes proceed
via two general pathways (Scheme 1).[1, 2] If the metal
coordinates selectively to the alkyne 1, cyclopropyl–metal

carbenes 2 are initially formed, which can react with alcohols
or water to give products of alkoxy- or hydroxycyclization,[1,2]

whereas in the absence of nucleophiles, skeletal rearrange-
ment forms dienes 3 (single cleavage) and/or 4 (double
cleavage).[1,3] Alternatively, coordination of MXn to the
alkyne and the alkene (as in 5) is followed by oxidative
cyclometalation to form 6, which usually evolves by b-
hydrogen elimination to give Alder–ene-type products.[2]

Formation of products 3 could also occur by conrotatory
ring-opening of cyclobutenes 7,[4,5] which are formed either
from 2 or by reductive elimination of 6.

A pathway for the formation of 3 via ring-opening of 7 is
favored by most authors.[4,6] However, the formation of dienes
4 requires a different mechanistic rationalization. An earlier
mechanistic proposal by Oi et al.[3] suggested a direct pathway
for the skeletal rearrangement via intermediates of type 2.
Herein we report experimental and theoretical results that
shed new light into this complex mechanistic issue. In
particular, this work strongly suggests that cyclobutenes 7
are not necessary intermediates in the skeletal rearrangement
of enynes.

Alder–ene-type products have not been observed in AuI-
catalyzed reactions, which is consistent with the selective
coordination of cationic [Au(L)]+ complexes to the
alkyne.[2c,7,8] In the presence of catalysts formed from 8a–c
and AgSbF6,

[7b] or new cationic complexes 9a,b, enyne 10

undergoes a single cleavage rearrangement to form 11
quantitatively at a temperature as low as �63 8C
(Scheme 2). On the other hand, enyne 12 undergoes a

double cleavage rearrangement with [Au(PPh3)]SbF6 to give
exclusively 13.[3, 9] These are the skeletal rearrangements
occurring at the lowest temperatures. Reaction of enyne 10
with catalyst 9a (�63 to �26 8C) or 9b (�43 to �28 8C) was
monitored by 1H NMR spectroscopy in CD2Cl2. Under these
conditions, smooth and quantitative formation of diene 11
was observed without the build up of any intermediate. The
rearrangement is pseudo-first order in 10, which allowed us to
determine the thermodynamic parameters shown in
Scheme 2.

The large and negative activation entropies suggest that
an associative ligand substitution[10] (diene 11 by incoming
enyne 10) is the rate-determining step of the process. These
results establish a very low activation energy (Ea) for the

Scheme 1.

Scheme 2. Z=C(CO2Me)2. DG
�
298 and DH� in kcalmol�1; DS� in

calK�1mol�1.
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hypothetical conrotatory ring-opening of a cyclobutene of
type 7, which therefore should be a fast process at temper-
atures as low as �63 8C. This is not consistent with the ring-
opening of bicycle 14 and its 6,7-dimethyl derivatives,[11] for
which activation energies of 29.0–32.7 kcalmol�1 and low
entropies of activation (1.4–2.2 calK�1mol�1) have been
determined. DFT calculations predict an Ea of 25.6 kcalmol�1

for the conrotatory ring-opening of bicyclo[3.2.0]hept-5-ene
(15) to 1-vinyl-1-cyclopentene (DG298K=�22.5 kcalmol�1).

It is important to note that 15 has a lower olefin strain
(OS= 16.7 kcalmol�1) than 14 (OS= 20.5 kcalmol�1), which
is stable up to 118 8C.[12] Additional evidence against the ring-
opening of a cyclobutene in the low temperature skeletal
rearrangement of 10 is provided by the isolation of bicycle 16
as a stable compound.[13]

DFT calculations[14] support pathways for the skeletal
rearrangement that do not involve the intermediacy of
cyclobutenes 7. Thus, complex 17a evolves via TS1 to form
cation 18, which could furnish dienes 3 by elimination of
[Au(L)]+ (Scheme 3). Alternatively, a 1,2-shift gives gold

carbene 19a via TS2 in an almost flat potential surface. Dienes
4 would result from 19a by b-hydrogen elimination and
demetalation. In the case of 20, which is the intermediate in a
reaction of an enyne of type 12, a double-cleavage rearrange-
ment was found to give 19b directly, in agreement with the
experimental results. This remarkable process involves a 1,2-

shift of a metal carbene with concomitant cleavage of the
distal C�C bond of the cyclopropane and formation of a
double bond.

No direct pathway for the formation of a cyclobutene
from 17a was found. In contrast, syn-17’a forms 22a via TS5,
although the anti to syn isomerization from 17a to 17’a
requires a rather high activation energy (Scheme 4).[14] This

high activation energy of 24.7 kcalmol�1 can be attributed to
the loss of conjugation between the gold carbene and the
cyclopropane, as shown by the significant shortening of the
cyclopropane and C=Au bonds and the lengthening of the C�
C bond connecting the cyclopropane and the gold carbene in
TS4. This isomerization process is rather unlikely under the
reaction conditions, as the initially formed anti-17a would
undergo a more facile rearrangement via 18 (DG�= 9.1 kcal -
mol�1, Scheme 3). However, an alternative pathway has been
found for a more direct formation of complexes 17’a,b by a
syn-type attack of the alkene, via TS5, to the (alkyne)gold
moiety of 21a,b (Scheme 4).

Although the anti attack of the alkene is more favora-
ble,[7a] the syn attack could compete if substitution at the
alkene and/or the alkyne disfavors the skeletal rearrange-
ment. In particular, this should be more favorable for the
formation of bicyclo[3.2.0]oct-6-enes from 1,7-enynes, in
accordance with the calculations (17’b!22b, Scheme 4) and
experiments.[4] Significantly, cationic gold complexes catalyze
the [2+2] cycloaddition of 1,7-enynes. Thus, enynes 23 and 24

Scheme 3. L=PH3. DG at 298 K (energies in kcalmol�1).

Scheme 4. L=PH3. DG at 298 K (energies in kcalmol�1) and selected
bond lengths [K] for 17a, 17’a, and TS4.
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react with complexes [Au(L)]+ at room temperature to give
25 and 26,[4b,d] respectively (Scheme 5).

Tricycles 25 and 26 do not undergo ring-opening at 120–
150 8C to form 1,3-dienes.[15] To study the possible effect of
transition metals in the ring-opening of the cyclobutene,[16] 25

was heated in MeCN at 120 8C in the presence of 5 mol%
PtCl2 (Scheme 5). Interestingly, under these conditions,
PtII,[1,3, 4d,f,g] which is a known catalyst for the skeletal
rearrangement, does not promote the ring-opening of the
cyclobutene but rather promotes isomerization to form the
less-strained tricycle 27.[17]

In summary, calculations on the AuI-catalyzed skeletal
rearrangement of enynes support the earlier proposals
suggested by Oi et al.[3] and others,[1, 4] although Scheme 3
provides a more rigorous and concise mechanistic picture. An
alternative pathway has been found for the formation of
cyclobutenes via syn-cyclopropyl–metal carbenes, formed by
a syn electrophilic addition of the metal and the alkene to the
alkyne. Kinetic experiments indicate that if a conrotatory
ring-opening of a cyclobutene intervenes in the skeletal
rearrangement, its Ea value would be unreasonably low.
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Real-Time Observation of Ionization-Induced
Hydrophobic!Hydrophilic Switching**

Shun-ichi Ishiuchi, Makoto Sakai, Yuji Tsuchida,
Akihiro Takeda, Yasutake Kawashima, Masaaki Fujii,*
Otto Dopfer,* and Klaus M!ller-Dethlefs*

Noncovalent interactions are responsible for fundamental
properties of complex molecular systems that occur in our
macroscopic world.[1] In particular, the structure, dynamics,
and function of supramolecular systems such as DNA are
entirely governed by noncovalent interactions.[2, 3] Most of our
understanding of noncovalent forces has come from quantum
chemical calculations.[1,2] For example, a sophisticated ab ini-
tio treatment of intermolecular interactions in DNA base
pairs has elucidated the competition between specific hydro-
gen-bonding and aromatic p-stacking interactions.[2] For the
total stabilization energy of DNA, the stacking contribution
was estimated to be about two-thirds of that of the hydrogen-
bond contributions, substantially higher than it was previously
thought.[2] This competition between hydrogen bonding and
p stacking[4] can also be viewed as competition between
hydrophilic and hydrophobic binding sites. Experimental
work in the area of intermolecular forces is challenging and
employs specific model systems to provide the detailed
answers required to understand complex noncovalent inter-
actions at the molecular level. Molecular clusters are one such
model system,[5] and their spectroscopic characterization in
molecular beams provides currently the most direct and most

detailed experimental access to the intermolecular interaction
potential[1, 6] and excited-state dynamics.[7] In particular,
clusters of acidic aromatic molecules with rare-gas atoms,
such as phenol···Ar, constitute the simplest model systems to
study the competition between hydrophobic and hydrophilic
binding motifs, as they exhibit both dispersion interactions
(binding to the p ring) and hydrogen bonding to the acidic
functional group, which are essential forces for chemical and
biological recognition.[2,3] As an example of such a chemical
recognition process at the molecular level, we report here the
first direct observation of a hydrophobic!hydrophilic site-
switching process induced by ionization. This switching is
initiated in the phenol···Ar2 trimer by resonant photoioniza-
tion. When the cation is prepared by photoionization, it is
produced in the p-bound geometry of the neutral precursor,
with argon binding to the hydrophobic ring site. On the
timescale of a few picoseconds, one of the Ar atoms switches
from the hydrophobic ring site to the hydrophilic OH site and
creates a hydrogen bond. The dynamics of this isomerization
process is monitored in real time by a change in the OH
stretch vibrational wavenumber using time-resolved pico-
second UV/IR pump-probe ionization depletion
spectroscopy.

The competition between p bonding and hydrogen bond-
ing in the phenol···Ar dimer cluster has been studied in the
neutral ground electronic state (S0), the electronically excited
state (S1), and the cation ground state (D0).

[4,8] In the neutral
S0 state, only the p-bound isomer is observed because
dispersion forces between Ar and the aromatic p-electron
system dominate the attraction. In contrast, in the ionic D0

state the hydrogen-bound isomer is more stable, as the
additional induction forces between Ar and the acidic OH
group that arise from the excess charge override dispersion.
Hence, Ar binds preferentially to the hydrophobic site in the
neutral cluster and to the hydrophilic site in the cationic
cluster. Figure 1 shows the two binding sites for the argon
atom and the relevant potential energy diagrams along with
the available energetic data.[4,8]

How does the system switch between the hydrophobic and
hydrophilic sites? When the cation is prepared by photo-
ionization, it is produced in the geometry of the neutral
precursor (Franck–Condon principle), that is, argon binds to
the hydrophobic site. Energetically, this p-bound cation is a
metastable local minimum and could, in principle, switch by
itself to the hydrogen-bound global minimum. However, the
substantial energetic barrier between both minima[4] prevents
this isomerization for the phenol···Ar dimer. In contrast, in
the phenol···Ar2 trimer the energetics change in a subtle way
that enables us to present the first direct evidence for
ionization-induced hydrophobic!hydrophilic site switching.
The spectroscopic method employed is a sophisticated
extension of the IR hole-burning technique[9] using three
tuneable picosecond lasers. The excitation/ionization/deple-
tion scheme is shown in Figure 2. Two UV lasers provide
resonant ionization of phenol···Ar2 via the S1 state.

[8] The first
UV photon (UV1) excites the phenol···Ar2 complex from the
neutral S0 state to its excited S1 state. The second UV photon
(UV2) ionizes phenol···Ar2 from the excited S1 state, thus
producing the phenol···Ar2 cation in its electronic ground

[*] Dr. S. Ishiuchi, Dr. M. Sakai, Y. Tsuchida, A. Takeda, Y. Kawashima,
Prof. M. Fujii
Chemical Resources Laboratory, Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503 (Japan)
Fax: (+81)45-924-5250
E-mail: mfujii@res.titech.ac.jp

Priv.-Doz. Dr. O. Dopfer
Heisenberg Stipendiat der DFG, Institut fAr Physikalische Chemie
UniversitCt WArzburg
Am Hubland, 97074 WArzburg (Germany)
Fax: (+49)931-888-6378
E-mail: dopfer@phys-chemie.uni-wuerzburg.de

Prof. Dr. K. MAller-Dethlefs
The Photon Science Institute, Simon Building
The University of Manchester, Manchester, M139PL (UK)
Fax: (+44)161-275-1001
E-mail: k.muller-dethlefs@manchester.ac.uk

[**] O.D. and M.F. thank the Japan Society for Promotion of Science for
support of the international collaboration. K.M.-D. gratefully
acknowledges support from the Royal Society for a joint UK–Japan
research project. This work is supported in part by a Grant-in-Aid for
Scientific Research (KAKENHI) in the priority area “Molecular Nano
Dynamics” from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.

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

Angewandte
Chemie

6149Angew. Chem. Int. Ed. 2005, 44, 6149 –6151 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



state, D0. Two different colors for the UV photons are
required to prevent the dissociation of the cluster cation upon
ionization. The energy of the second photon results in an
excess energy of less than 300 cm�1, which is sufficiently small
to prevent direct dissociation of the doubly p-bonded
phenol···Ar2 trimer cation. After an adjustable delay, the IR
laser is fired to probe if one of the Ar atoms of the cation
produced by the twoUV lasers has moved from the ring to the
OH group. To this end, the IR laser is tuned from 3400 to
3600 cm�1 through the range of the OH stretch wavenumber,
ñOH, to distinguish between the free OH (ñOH= 3537 cm�1)
and the hydrogen-bonded OH···Ar vibration (ñOH=

3467 cm�1).[4] The nOH wavenumber is substantially reduced
by hydrogen bonding of argon to the OH group, whereas p-
bound ligands have virtually no effect.[4] When the IR laser is
resonant to the OH stretch vibration, the trimer is vibration-
ally excited and subsequently dissociated. Thus, the wave-
number of the OH stretch vibration, that is, the spectroscopic
signature of the binding site of the Ar atom, is detected in the
experiment by the depletion of the signal of the parent ion.

Figure 3 shows the results of the UV-UV(pump)-IR-
(probe) experiment for pump-probe delay times between 1
and 50 ps. Because ionization occurs in the geometry of the
neutral cluster, in which the OH bond is free (both Ar atoms
are p-bound), the cation is initially produced in the same

geometry (Franck–Condon principle). This “free OH” struc-
ture is indeed detected immediately after ionization for IR
probe delay times of up to 3 ps, for which only the free OH
band is observed at ñ= 3537 cm�1. With increasing probe
delay, from around 7 ps onwards, an additional peak is
observed at ñ= 3467 cm�1. This peak corresponds to hydro-
gen-bonded OH···Ar and it grows with delay time, whereas
the free OH band disappears. For delay times of 10, 20, and
50 ps, only the “bound OH” structure is seen. This result can
only be explained by switching of one Ar atom from the p-
bonding hydrophobic to the hydrogen-bonding hydrophilic
site, which has been initiated by the ionization and is
completed after around 10 ps. Such a timescale for the p-to-
hydrogen-bonding isomerization is consistent with a (nearly)
barrierless intermolecular isomerization process.

This first observation in real time of the dynamics of a
molecular hydrophobic!hydrophilic switch represents a
fundamental example of molecular recognition dynamics.
The direct observation of this intermolecular reorganization
process has been possible because the change in the charge
state of the aromatic molecule phenol from 0 to + 1 induces
the switch in the preferred aromatic solvent recognition motif

Figure 1. Hydrophobic ring site (p bonding) and hydrophilic OH site
(hydrogen bonding) in the phenol···Ar cluster, along with potential dia-
grams[4,8] for the neutral S0 ground state, the S1 excited state, and the
D0 cation ground state.

Figure 2. Excitation scheme for time-resolved picosecond UV-UV-
(pump)-IR(probe) ionization depletion spectroscopy of phenol···Ar2.

Figure 3. Time-resolved IR spectra of phenol···Ar2 at various pump-
probe delay times as indicated beside each spectrum. The vertical axis
shows the signal for the phenol···Ar2 ion, while the horizontal axis pres-
ents the wavenumber of the IR laser. When the IR laser is resonant to
the OH stretch vibration, the ion signal is depleted because of vibra-
tional predissociation of the parent cluster. Least-squares fits to the
experimental data are included to guide the eyes.
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from p bonding to hydrogen bonding.[10] Thus, these experi-
ments represent a milestone in the characterization of
dynamical processes of noncovalent interactions and solute–
solvent binding-site specificity. The experimental approach
will be used to investigate the dynamics of other molecular
recognition mechanisms, such as the ionization-triggered p-
to-hydrogen-bonding switch in the fundamental benzene–
water interaction.[10, 11]

Experimental Section
Phenol···Ar2 complexes were produced in a supersonic molecular
beam expansion of phenol seeded in Ar carrier gas. The UV1 and
UV2 lasers were tuned to 36280 and 32260 cm�1 to prepare
phenol···Ar2 cations through resonant ionization via the S1 origin
with an excess energy of ca. 300 cm�1 above the ionization threshold.
After an adjustable delay time, the phenol···Ar2 cations interacted
with a tuneable IR laser. Resonant vibrational excitation induces
cleavage of one of the intermolecular bonds, leading to a depletion of
the phenol···Ar2 ion current. Ions were extracted in a time-of-flight
(TOF) mass spectrometer and monitored as a function of the IR laser
wavenumber to obtain the IR depletion spectrum. Further details of
the experimental setup and the three-color picosecond laser system
are provided in the Supporting Information.
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SOLARIA: A Protocol for Automated Cross-Peak
Assignment and Structure Calculation for Solid-
State Magic-Angle Spinning NMR Spectroscopy

Michele Fossi, Federica Castellani, Michael Nilges,
Hartmut Oschkinat,* and Barth-Jan van Rossum*

Recently, it has been shown that structures of proteins can be
determined by magic-angle-spinning (MAS) solid-state NMR
spectroscopy.[1,2] Central to most structure-determination
procedures is the collection of a set of distance restraints
that is sufficiently large to achieve convergence in the
calculations. In our previous solid-state NMR spectroscopic
structure investigation on a microcrystalline preparation of
the a-spectrin SH3 domain these distance restraints were
obtained by manual assignment of cross-peaks from 2D and
3D proton-driven spin diffusion (PDSD) correlation experi-
ments.[1, 3] Extensively 13C-labeled preparations obtained by
protein expression on a medium containing either [1,3-
13C]glycerol or [2-13C]glycerol as the carbon source were
used for all the experiments. In such preparations, only a few
amino acid types have 13C labels in adjacent positions, which
led to a substantial suppression of dipolar attenuation
effects[4, 5] and enabled a straightforward detection of long-
range 13C-13C correlations (Figure 1). The spectra used in
these studies displayed a high level of resonance overlap,
which resulted in many assignment options per signal and led
to the exclusion of a large fraction of ambiguous cross-peaks
that could not be assigned manually. Automation of the cross-
peak assignment would be beneficial to avoid this problem
and to speed-up the structure-determination process.

In liquid-state NMR spectroscopy, software packages such
as ARIA,[6–10] CANDID,[11] DYANA,[12] KNOWNOE,[13]

NOAH,[14,15] and AUTOSTRUCTURE[16,17] have provided a
way to handle ambiguous cross-peaks to derive distance
restraints in an automated fashion. In ARIA, ambiguous
NOE interactions are handled by treating them as “ambig-
uous distance restraints” (ADR).[18, 19] The calculated struc-
tures are then refined in an iterative manner, each time using
the structures of the latest round of calculations to find new
assignments as the input for the next round.

We developed SOLARIA,[¼j ] a MAS NMR-dedicated
version of ARIA for solid-state NMR spectroscopic studies.
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The two programs share the same overall architecture
consisting of nine iterations of cross-peak assignment and
structure calculations. However, there are also significant
differences. First, SOLARIA can handle peak lists containing
not only 1H-1H, but also typical solid-state 13C-13C, 15N-15N,
and 13C-15N correlations. Second, in
contrast to solution NMR spectroscopy,
it is very difficult to find a satisfying
relationship between experimental vol-
umes and distances in solid-state NMR
spectroscopy. Peak volumes do not
depend exclusively on the distance;
they are strongly affected by mobility,
which interferes with dipolar couplings.
This situation can significantly alter the
dipolar polarization transfer efficiency
and often makes it difficult to achieve a
uniform excitation of all the relevant
spins. The proton environment may also
influence the efficiency of mixing. Fur-
ther complications may arise through
offset-dependent transfer processes,
interference with heteronuclear decou-
pling schemes, and sample heterogene-
ity. Finally, even with the reduced label-

ing, dipolar attenuation effects are not fully suppressed and
the transfer efficiency between two spins can still be largely
affected by coupling to other nearby spin systems. For these
reasons, the program does not use volumes to set the
boundaries for distance restraints, as done in ARIA. There-
fore, all distance constraints are represented by the same
lower boundary and the same generous upper boundary, and
input peak lists do not require the presence of cross-peak
volumes or intensities. Third, the labeling pattern in samples
made by using 2- or 1,3-labeled glycerol is exploited by
SOLARIA for better convergence of the automated assign-
ment process. This is achieved by removal of all assignment
options which are not allowed according to the labeling
pattern. In principle, other labeling patterns can be easily
implemented, for example, for proteins obtained from growth
media containing selectively 13C-labeled succinic acid as a
precursor.[20]

We tested SOLARIA on lists with the coordinates of
manually picked peaks from PDSD-type spectra of the a-
spectrin SH3 domain. Intermolecular cross-peaks were iden-
tified previously on an experimental basis[1] and removed
from the lists. To face the computational difficulties inherent
to the use of highly ambiguous solid-state peak lists (the
average number of assignment candidates per signal was
approximately 6 for the two 3D spectra, and 16 and 19 for the
2-CC and 1,3-CC 2D spectra, respectively) and very loose
boundaries (all constraints are restrained between 2.5 and
6.5 C, independent of the peak volume), we decided to
enhance the convergence capability of the software by
substantially increasing the number of cooling steps.[21] We
raised the number from 9000, which is the commonly used
value, to 100000. Under these conditions and using standard
ARIA1.2 input values for all other parameters SOLARIA
produced convergent results. The 11 lowest-energy structures
(blue) overlaid with the X-ray structure (red) as reference are
shown in Figure 2. Despite the use of extremely generous
boundaries for the distance restraints, well-defined (0.73-C
ensemble backbone rmsd) and accurate (1.3-C backbone
rmsd to the X-ray reference) structures could be obtained.

Figure 1. Labeling patterns for the different amino acids in the a-spectrin
SH3 domain preparations used in these studies. Schematic representation
of the effective 13C enrichment for the different residues, as obtained by
protein expression in E. coli BL21 (DE3). The green color corresponds to
the degree of 13C labeling obtained by growth of the bacteria on [1,3-13C]-
glycerol; the opposite labeling pattern, obtained by growth on [2-13C]gly-
cerol, is represented in red. There are two groups of amino acids (A and
B). In group A, the various carbon sites are either approximately 100% or
0% labeled, in group B the residues show fractional labeling. This frac-
tional labeling is the result of the production of isotopomers of residues
with different labeling patterns, as illustrated for arginine at the bottom.
These percentages were estimated from extensive solution NMR studies
using 2D and 3D heteronuclear NMR techniques.

Figure 2. Stereoview of the 11 lowest-energy solid-state NMR structures of the a-spectrin SH3
domain calculated by SOLARIA (blue). For comparison, the X-ray reference structure is included
(PDB entry: 1SHG; red) and overlaid with the family of solid-state structures by fitting the back-
bone atoms to the average solid-state structure. The calculations were performed on peak lists
where intermolecular cross-peaks were manually removed.
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These structures were calculated in approximately 12 h, which
is in striking contrast to the several months required in our
previous work for the manual assignment of the same
spectra.[1] More importantly, SOLARIA allowed the assign-
ment of approximately 20% more cross-peaks than in the
previous manual assignment procedure (Figure 3). All

manual assignments obtained from the evaluation of 2D
and 3D spectra are indicated in Figure 3a, displayed in a
region of a 2D experiment, and all automatically assigned
peaks are indicated in Figure 3b.

In summary, the program SOLARIA produced, in a few
hours, accurate structures (1.3 C rmsd to the X-ray reference)
using unassigned peak lists from 2D and 3D MAS-NMR
spectra of the a-spectrin SH3 domain, where intermolecular
cross-peaks were discarded prior to the calculation. These
structures exemplify a first successful attempt to introduce
automation to structure determination of solid proteins by
MAS NMR spectroscopy. The automation of the cross-peak
assignment resulted in a dramatic speed-up of the whole
procedure and, most importantly, provided a way to handle
ambiguous cross-peaks in MAS NMR spectra. Hence, we
expect that this work will open new possibilities for the use of
MAS NMR to determine the structures of larger systems,
such as membrane proteins, where the number of cross-peaks
may become unmanageably large for manual assignment
methods. For these reasons, we believe that SOLARIA

represents an important step forward for the rapidly devel-
oping MAS NMR technique.

Experimental Section
Sample preparation and solid-state MAS NMR spectroscopy: The
main characteristics of the SH3 domain and the spectra used in this
work are summarized in Table 1. The sample preparation is described

in detail elsewhere.[22] Peak lists for the structure calculations were
generated from solid-state 2D 13C-13C and 3D 15N-13C-13C correlation
spectra.[1,3]

Structure calculations: The software SOLARIA was used to
perform the automatic assignment of manually picked cross-peaks
and to generate structures. The calculations were performed on a SGI
Origin 2100 cluster at the FMP, Berlin. The chemical shift tolerances
were set to 0.4 ppm for carbon and 0.5 ppm for nitrogen dimentions.
The number of calculated structures was 20 for the first eight
iterations and 100 for the final one. The results of the calculations
were evaluated by computing a pairwise backbone rmsd (precision)
and a backbone rmsd (accuracy) to the X-ray reference-structure[23]

(PDB entry: 1SHG) of the 15 lowest-energy structures.
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Figure 3. Visualization of the assignments. A strip of a two-dimen-
sional PDSD spectrum recorded using [1,3-13C]glycerol-grown a-spec-
trin SH3 domain sample is shown.[1] In (a), the cross-peaks that could
be assigned manually using 2D and 3D data are indicated. In (b),
cross-peaks assigned and used for the structure calculations by
SOLARIA using the same dataset are indicated.

Table 1: Spectra used in the calculation.[a]

Spectrum Dimensionality Labeling Number of peaks

1,3-CC 2D 1,3-glycerol 566
2-CC 2D 2-glycerol 461
1,3-NCOCX 3D 1,3-glycerol 477
2-NCACX 3D 2-glycerol 377

[a] Peaks were picked manually. The numbers in parenthesis refer to the
total number of peak list entries after the manual removal of
intermolecular cross-peaks. No manual assignment was included in
the lists.
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Synthetic multifunctional pores are constructed from abiotic
scaffolds and not only mediate molecular translocation across
the membranes of lipid bilayers but also act as hosts or as
catalysts.[1,2] Synthetic multifunctional pores became acces-
sible with the discovery of synthetic access to artificial, rigid-

rod b barrels. Their practical usefulness as detectors of
chemical reactions has been demonstrated,[1, 2] and applica-
tions towardmulticomponent sensing in complexmatrixes are
in progress.[3] Structural studies naturally have low priority in
research focusing on the creation and application of advanced
function.[4] Nevertheless, structural studies on molecular
recognition by synthetic multifunctional pores under condi-
tions relevant for function indicated that pore blockage
occurs by the physical insertion of the guest into the
transmembrane host.[4] These findings implied the formation
of inclusion complexes with small guests and of pseudorotax-
anes[5–11] with macromolecular guests. Herein, we report on
atomic force microscopy (AFM) studies in which single
polyacetylene-blocked rigid-rod b-barrel pores were imaged
as giant, supramacromolecular pseudorotaxanes.

AFM imaging of molecular recognition by synthetic
multifunctional pores became a realistic prospect only
because of steady progress made in terms of both pores and
blockers. The availability of a fine-tuned set of pores covering
the complete spectrum of thermodynamic and kinetic stabil-
ities,[12] for example, promised a rapid identification of the
optimal characteristics for the self-assembly of barrels on
mica during drying from a buffer solution. As in the formation
of synthetic multifunctional pores,[12] the unstable but inert,
namely, “self-repairing”, rigid-rod b-barrel 1with internal KH
dyads and external LLL triads (Figures 1 and 2a) gave the
best AFM images rather than stable/inert barrels with
internal RH dyads or stable/labile barrels with internal HH
dyads.[13] Consistent with previous AFM results,[13] the
obtained objects had an average height of approximately
3.6 nm that matched the height of the barrels standing on the
mica surface. The heterogeneous height distribution of 2.3–
4.1 nm was suggestive of the additional presence of barrels
lying sideways on the surface. In this case, barrel widths of up
to about 4 nm were conceivable for the “square-type”
conformation 1S that was presumed to be observed in
single-channel measurements.[12] However, a “diamond-
type” conformation 1D could exhibit a barrel width down to
about 2 nm. The flattened appearance of vesicles, for
example, in tapping-mode AFM images[14] suggests that it
was conceivable that external pressure by the AFM tip could
compress the square 1S conformation into the local energy
minimum of the diamond 1D conformation. Possible stabili-
zation of diamond-like conformations 1D by interactions with
the mica surface could neither be excluded nor confirmed.

Previously, anionic polyacetylene blockers such as 2 have
served as probes to study molecular recognition by synthetic
multifunctional pores in lipid bilayer membranes by circular
dichroism (CD) spectroscopy.[15] It now transpires that prob-
lems of imaging extended linear polymers on mica with
classical blockers such as a-helical or random-coil polygluta-
mate could also be solved by using the more shape-persistent
polyacetylene blockers. Poly(ethyl(4-ethynylphenyl)phos-
phonate)s 2[16] were detected as wormlike objects with an
average height of 0.66 nm and a local maximal height of 1.1–
1.5 nm (Figure 2b). Both values were independent of the
molecular-weight distribution, whereas the average length
found of course increased from low- to high-molecular-weight
polymers.
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These characteristics suggested that molecular recogni-
tion by synthetic multifunctional pores could be studied by
AFM using barrel 1 and polymer 2. The ability of polymer 2 to
block pore 1 in lipid bilayers was confirmed by using methods
described previously. The dose/response curve revealed an
effective inhibitory concentration (IC50) of 40 nm for a low-
molecular-weight polymer 2. This excellent molecular recog-
nition was confirmed in AFM images of mixtures of pore 1
and blocker 2. The ratio of bound to free barrels in the above
example was 8:1 (Figure 2c); at higher polymer concentra-
tions all the barrels were bound. On average, every second
barrel was located at the end of the polymers (Figure 2c, e).
Although the probability of observing pseudorotaxane motifs
with barrels located more than half of the average polymer
length from one terminus should decrease rapidly, the value
was still far above the low number of end-on complexes
expected for statistical ion pairing along the polymer template
(Figure 2e). Under the studied conditions, excluding, for
example, the experimentally inaccessible excess barrels, only
a few examples with more than one barrel per polymer were
found (see, for example, Figure 3, panels d1–d3 and c2).

End-on preference over rotaxane motifs suggested that
molecular recognition occurs within the hollow supramole-
cule and that it is strong enough to hinder the continuing
motion of the sticky polymer through the barrel. Consistent
with earlier results on blockage and catalysis[12] by synthetic
multifunctional pores in bilayer membranes,[4] this result

Figure 1. Notional structures and geometry-minimized models of pore 1 in a vertical (? ) and horizontal position relative to a mica surface in open,
“square-like” (1S) and closed, “diamond-like” conformations (1D) with pseudorotaxane 3DR, and indication (red) of the expected S!D contraction by external
pressure from the AFM tip and internal templation by blocker 2.
b Sheets are given as solid (backbone) and dotted lines (hydrogen
bonds, 1S, 1D, 3DR) or as arrows (N!C, 1?). External amino acid resi-
dues are shown in white circles, internal ones in dark circles (single-
letter abbreviations).

Figure 2. AFM images of a) barrel 1, b) polymer 2, and c) 1 and 2 together
with object heights indicated in nm. d) Collection of possible structures as
a function of their object height. Detected motifs are shown in a solid box,
possibly detected in a dotted box, and undetected without a frame. For 1,
3, ? , S (square-like), D (diamond-like), and R (pseudorotaxane), see
Figure 1; E : “end-on” complexes, L : “lateral” complexes, C : crossovers.
e) 2D Histogram with the relative abundance A as a function of object
height h and distance l from the nearest polymer terminus (n=20); red:
eccentric barrel position, see Figure 3e.
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demonstrated that molecular recognition by synthetic multi-
functional pores occurs by threading of the polymer guest
through the barrel host to form supramolecular pseudorotax-
ane complexes 3R. This key finding explained the absence of
polyrotaxanes under the studied conditions (namely, more
than two barrels per polymer; Figure 3, panels d1–d3 and
c2).[5–11] Moreover, it excluded the existence of nonspecific
interactions with monomeric rods and at the external barrel
surface (that is, lateral complexes 3DL, 3?L, and 3SL as well as
crossover motifs 3DC, 3SC, and 3?C, Figure 2d).

On average, barrels at the end of the polymer were clearly
higher than barrels in the middle (Figure 2c, e). The height
distribution of end-on objects 3E implied that different
conformers are likely to exist in different orientations relative
to the mica surface (for example, vertical in 3?E, horizontal in
3DE, and perhaps the square-type 3SE, Figure 2d). The
accumulation of pseudorotaxane motifs with low object
height in the middle of the polymer (Figure 2e) excluded
the existence of crossover motifs (3DC, 3SC, 3?C) as well as
pseudorotaxanes with vertical (3?R) and horizontal barrels in
a square-type conformation (3SR, Figure 2d). Pseudorotaxane
3DR remained as the only meaningful suprastructure of the
frequently found rotaxane-type objects with low height
(Figure 2d).

The formation of pseudorotaxane 3DR suggested that
template effects[5–11] may contribute to molecular recognition
by synthetic multifunctional pores. Namely, as a polymer
guest 2 enters into an open pore 1S, the square-type barrel 1S

may flip into the energetically higher local minimum of the
diamond-type barrel 1D to firmly bite into the internal thread.
This experimental evidence for guest templation could,
however, not be considered as unambiguous because contri-
butions from the external pressure of the AFM tip to the low
barrel width in most rotaxane motifs could not be excluded.
However, optimizations of the average geometries obtained
during the last 50 ps of a short molecular dynamics simulation
revealed the separate local minima of the square- and

diamond-shaped conformers of b barrels and of rotaxanes.
The conformational change of the square- to diamond-shaped
barrel was associated with a pronounced shrinkage of the
rod–rod barrel width from 3.5 nm for 1S to 1.8 nm in the
optimized structure of 1D. In the computed structure of the
diamond-shaped rotaxane 3DR (Figure 4), the rod–rod width

Figure 3. Gallery of rotaxane and “end-on” motifs (a–d, arbitrary scales) with magnification and height profile for eccentric (e) and centered rotaxanes (f).

Figure 4. Fully optimized cutaway structures of diamond-shaped
pseudorotaxane 3DR in axial view (top, 2 : 20-mer, backbone in red) and
in side view (bottom: 2 : 40-mer, Connolly surface in red). b Sheets are
highlighted as arrows (green), p-octaphenyl groups as ball-and-stick
models (silver); 100% phosphonate deprotonation, 100% K and 0% H
protonation.
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was also reduced to 2.2 nm. This finding corroborated the
proposal of guest templation and was in agreement with the
nonstatistical height distribution in the AFM images (Fig-
ure 2e). Similar guest templation has been observed in
previous molecular dynamics simulations with a-helical
blockers.[4]

The few rotaxane motifs observed with object heights
exceeding the range of 2–3 nm expected for diamond-type
pseudorotaxanes 3DR could not be interpreted convincingly
(Figure 2e). The eccentric position of the barrel with respect
to the polymer was consistent with lateral complexes 3?L or
3SL (Figures 2d, 3e). The existence of nonspecific surface-to-
surface association was, however, incompatible with the
observed nonstatistical location of the barrel on the polymer.
These infrequent rotaxane motifs with eccentric and high
barrels may, therefore, be considered either as diamond-type
pseudorotaxanes 3DR with imperfect barrel positioning or as
an “accidental” detection of unfavored lateral complexes 3?L/
3SL at the single-molecule level without relevance to the
average of the ensemble. The interpretation and significance
of this exception—but not of the more important and
unambiguous end-on preference and low-height pseudoro-
taxanes—deserve further reservation considering the low
number of complexes observed as well as unexplored alter-
native conditions.

In summary, AFM snapshots of molecular recognition by
synthetic multifunctional pores provide experimental evi-
dence that the host–guest complexes formed between rigid-
rod b-barrel pore and polymer blockers are pseudorotaxanes.
The nonstatistical location of the barrel on the polymer
indicates that entry of the polymer into the pore is favored
over the motion of the polymer through the sticky pore.
Although the clearly different conditions call for cautious
interpretation,[4] it can be considered as structural support for
the possibility of blocker efflux through blocked, “blocker-
selective” pores, a concept central to the understanding of
synthetic multifunctional pores that has been verified pre-
viously at the functional level.[17] Predicted[4] and supported
in silico, the nonstatistical object height distribution can be
considered, with similar caution, as the so far elusive
structural evidence for guest templation during molecular
recognition by synthetic multifunctional pores.
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The gambieric acids A–D are potent antifungal agents, first
isolated by Yasumoto and co-workers from a culture of the
marine dinoflagellate Gambierdiscus toxicus (GII1 strain)
collected near the Gambier Islands in French Polynesia
(Scheme 1).[1] The structures of these complex fused poly-
ether natural products and the relative stereochemistry of the
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trans-fused ring system (rings B–J) were determined by using
NMR spectroscopic analysis in conjunction with mass-spec-
trometric analysis.[1b] Absolute stereochemical assignments
were later established by NMR spectroscopic analysis of
compounds obtained by derivatization as the Mosher ester
followed by oxidative cleavage of the side chain attached to
the J ring, and by functionalization of the carboxylic acid
functionality by using a chiral anisotropic reagent.[1c]

The gambieric acids are potent and selective antifungal
agents—they display significant activity against filamentous
fungi but are inactive against yeasts—that exhibit up to 2000-
fold higher activity against some fungi than amphotericin B in
certain assays.[2] The gambieric acids are also cytotoxic, but
they do not possess the significant neurotoxicity associated
with most other large marine fused-polyether natural prod-
ucts, such as the brevetoxins, ciguatoxins, yessotoxins, and
maitotoxins.[2] Interestingly, although the gambieric acids do
not function as potent neurotoxins, gambieric acid A does
inhibit binding of the brevetoxin B derivative PbTx-3 to site 5
of voltage-gated sodium channels of excitable membranes.[3]

The obvious synthetic challenges presented by the gam-
bieric acids, coupled with their potent antifungal activity,
make them alluring targets for total synthesis. Recently,
elegant total syntheses of the related marine polyether
natural products brevetoxin A,[4] brevetoxin B,[5] ciguatoxin
CTX-3,[6] gambierol,[7] and gymnocin[8] have been reported. In
contrast, there is a paucity of published work that concerns
the synthesis of the polycyclic ether framework of the
gambieric acids or even small subunits of these natural
products.[9]

We recently initiated a program to synthesize the gam-
bieric acids based on the ring-closing metathesis (RCM)
methodology that we had developed to address the general
problem of fused-polyether construction[10] and have recently
described a concise synthesis of the A ring fragment of the
gambieric acids by using copper-carbenoid chemistry.[11] To
construct the full ten-ring polyether system of the gambieric
acids, we intend to pursue a highly convergent synthetic
strategy in which the target will be constructed by the union of
a tetracyclic A–D fragment and a pentacyclic F–J fragment
followed by final closure of the E ring. Retrosynthetic
disconnection of the F–J fragment I by removal of the side
chain (R1) and functional group interconversion suggests the
enol ether II as an advanced precursor (Scheme 2). Scission of
the F and J rings then leads to the tricyclic intermediate III,
and removal of the acyclic ether substituents leads to the diol

IV. Removal of the methyl group and retrosynthetic dehy-
dration then reveals the bis(enol ether) V, and scission of the
G and I rings leads to the monocyclic intermediate VI, which
corresponds to the H ring. The tetrahydropyran unit can then
be straightforwardly disconnected through the diol VII to
reveal d-glucal as the chiral-pool starting material.

The use of a two-directional double-RCM reaction twice
in the synthetic sequence to construct the tetrahydropyran G
and I rings simultaneously and then the nine-membered F
ring and the six-membered F ring and the six-membered J
ring simultaneously is intrinsic to the retrosynthetic analysis
shown in Scheme 2. In the forward direction, this approach
would involve double RCM of a bis(enol ether) VI and then
hydroboration of the tricyclic product V to give the diol VIII
after oxidative work-up (Scheme 3).[10a,e,12] The diol VIII
would then be converted into the triene enol ether III ; a
second double two-directional RCM reaction would then
deliver the pentacyclic F–J fragment to which the requisite
side chain could be attached.

The anticipated strategy involves two-directional synthe-
sis by iterative double simultaneous (as opposed to sequen-
tial) ring closure. Although there have been some early
examples of two-directional synthesis, the potential of simul-
taneous two-directional homologation has only been fully
appreciated within last decade.[13] Some of the most elegant
examples of this approach have been reported by Schreiber
and co-workers in connection with their syntheses of the
polyol-containing natural products mycotycins and hizikimy-
cin.[14] The implementation of a synthetic strategy that
involves simultaneous two-directional homologation is attrac-
tive because such a reflexive approach can, in principle,
improve the efficiency of both linear and convergent synthe-
ses.[15] However, unless the target molecule is entirely sym-
metrical, it must be possible to perform reactions simulta-

Scheme 1. The structures of the gambieric acids A–D.

Scheme 2. Retrosynthetic analysis of the F–J fragment of the gambieric
acids.
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neously at both ends of the molecule while being able to
differentiate the termini at various stages along the synthetic
route.

We have recently demonstrated that it is possible to
construct tricyclic polyether fragments that possess a variety
of ring sizes in good-to-excellent yield by performing
simultaneous double ring construction by using RCM.[16]

Substrates bearing enol ethers, allylic ethers, and alkynyl
ethers or mixtures of these functional groups were employed
as substrates for the double-RCM reactions. The objective of
the investigation described herein was to demonstrate that
the F–J fragment of the gambieric acids could be assembled
by a two-directional approach, in which simultaneous double-
RCM reactions are used twice, and that many of the other
reactions used to assemble the pentacyclic unit could be
performed in a simultaneous or sequential two-directional
fashion.

The two-directional synthesis of the F–J fragment of the
gambieric acids commenced with deacetylation of the com-
mercially available triacetate 1 (Scheme 4). Conversion of the
resulting d-glucal into ether 2was accomplished by protection
of the primary and proximal secondary hydroxy groups with a
di-tert-butylsilylene group and benzylation of the remaining
hydroxy group.[16,17] The enol ether 2 was then subjected to
highly diastereoselective oxidation with dimethyldioxirane[18]

and the resulting anomeric epoxide underwent ring opening
with allylmagnesium chloride to give the alcohol 3 in good
yield.[19] Swern oxidation followed by treatment of the
resulting ketone with methyllithium at low temperature
afforded the tertiary alcohol 4 in good yield and with a
reasonable level of diastereocontrol (d.r.= 6:1). Subsequent
removal of the di-tert-butylsilylene protecting group afforded
the corresponding triol 5 in high yield, and sequential
treatment of this triol with trifluoromethanesulfonic anhy-
dride and triethylsilyl trifluoromethanesulfonate in the pres-
ence of 2,6-lutidine in a one-pot procedure gave the primary
triflate with concomitant protection of the secondary hydroxy
group. Introduction of the alkene side chain was then
accomplished in a single operation by displacement of the

triflate group with the higher-order cyanocuprate, generated
from vinyllithium (formed in situ by transmetalation from tri-
n-butylvinylstannane) and copper(i) cyanide at low temper-
ature,[20] and the diol 6 was obtained in good yield thereafter
by desilylation of the secondary hydroxy site. The alkenyl side
chain was also constructed by displacement of the triflate with
lithium trimethylsilylacetylide followed by treatment of the
alkyne product with fluoride and partial hydrogenation using
the Lindlar catalyst in the presence of quinoline. The overall
yield of the diol 6 obtained by using the less-direct route was
similar to that obtained by using the higher-order cyanocup-
rate to displace the triflate directly. Diol 6 was then converted
into the bis(alkynyl ether) 7 by using the one-pot alkynylation
procedure developed by Greene and co-workers.[21] The
alkynylation reaction was the first two-directional reaction
in our synthetic sequence, and it is noteworthy that both
alkynyl ethers were generated simultaneously in excellent
yield and that the highly hindered tertiary alcohol underwent
reaction cleanly.

The bis(enol ether) required for the first double-RCM
reaction was prepared from the bis(alkynyl ether) 7 by using
sequential carbocupration reactions (Scheme 5).[22] The first
side chain was introduced by a completely regioselective
addition of a homocuprate reagent at the less sterically
encumbered alkynyl ether. An acetal-containing side chain
was then installed by reaction of the remaining hindered
alkynyl ether with an excess of the cyanocuprate generated
from equimolar amounts of the Grignard reagent 1,3-
dioxolan-2-ylethylmagnesium bromide and copper(i) cya-

Scheme 3. The use of iterative double-RCM reactions to construct the
F–J fragment of the gambieric acids. Scheme 4. Synthesis of the armed H-ring fragment 7. a) NaOMe,

MeOH, RT; b) tBu2Si(OTf)2, DMF, pyridine, �40 8C; c) NaH, BnBr,
THF/DMF, 0 8C!RT (85%, 3 steps); d) DMDO, CH2Cl2, 0 8C, then
CH2CHCH2MgCl, THF, 0 8C (82%); e) (COCl)2, DMSO, Et3N, CH2Cl2,
�78 8C!RT; f) MeLi, PhMe, �78 8C (76%, 2 steps); g) (HF)3·NEt3,
THF, 0 8C (98%); h) Tf2O then Et3SiOTf, 2,6-lutidine, CH2Cl2, �78 8C
(88%); i) nBu3SnCHCH2, nBuLi, CuCN, THF, �78 8C then TBAF, THF,
0 8C (78%); j) HCCSiMe3, nBuLi, DMPU, THF, 0 8C, then TBAF, THF,
0 8C (96%); k) H2, the Lindlar catalyst, quinoline, EtOAc, RT (82%);
l) KH, Cl2CCHCl, THF, 0 8C then nBuLi, Et2O, �78!�40 8C (88%).
DMF=dimethylformamide, DMDO=dimethyldioxirane, DMSO=di-
methyl sulfoxide, TBAF= tetrabutylammonium fluoride, DMPU=N,N’-
dimethyl-N,N’-propyleneurea.
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nide.[23] The yields for both carbocupration reactions were
excellent and the exceptionally high level of regiocontrol
obtained during the first carbocupration reaction of the
sequence is remarkable.

The bis(enol ether) 8 was subjected to double RCM by
treatment with ruthenium catalyst 14,[24] and the tricyclic
product 9 was obtained in excellent yield from this two-
directional ring-closure reaction (Scheme 5).[16] Double
hydroboration of the metathesis product 9 was accomplished
by using an excess of thexylborane, and mild oxidation of the
intermediate organoborane with sodium perborate delivered
the required diol in 62% yield.[25] Treatment of the diol with
para-toluenesulfonic acid in methanol yielded the tetracyclic
acetal 10 in excellent yield and resulted in differentiation of
the two secondary hydroxy groups. The free secondary
alcohol was then protected as its tert-butyldimethylsilyl
ether and the para-methoxybenzyl ether side chain was
cleaved with CAN. The resulting alcohol 11 was a crystalline
solid, and both the structure and relative stereochemistry of
this tetracyclic intermediate were confirmed by X-ray crys-
tallographic analysis.[26]

The alkene required for the second double-RCM reaction
was installed by dehydration of the side chain (Scheme 5).
Thus, the primary alcohol 11 was treated with ortho-nitro-

phenyl selenocyanate and tri-n-butylphosphine followed by
oxidation of the intermediate selenide with buffered hydro-
gen peroxide and thermal elimination of selenoxide in situ.[27]

Removal of the silicon protecting group afforded the alcohol
12, and subsequent oxidation and stereoselective addition of
methylmagnesium iodide to the intermediate ketone deliv-
ered the tertiary alcohol 13 in a highly diastereoselective
manner.

Acetal 13 was then elaborated to give the F–J ring
fragment of the gambieric acids by using the sequence shown
in Scheme 6. Acetal 13 was converted into the corresponding

cyclic hemiacetal by treatment with aqueous acid, and
subsequent reduction with sodium borohydride gave diol 15.
Dehydration of the side chain was effected by formation of
selenide, oxidation, and elimination of selenoxide (cf. 11!12,
Scheme 5), but protection of the secondary alcohol was not
required in this case. Selective monoalkylation of the
secondary hydroxy group of diene 16 was accomplished by
sequential treatment with sodium hydride and 5-bromo-1-
pentene in the presence of tetra-n-butylammonium iodide.
The remaining hydroxy group of triene 17 was then converted
into the requisite vinyl ether by sequential alkynyl ether
formation and Lindlar reduction,[16] thus giving the second
double-RCM precursor 18 in reasonable yield. The final
crucial double-RCM reaction to give the required nine- and
six-membered cyclic ethers was then effected by treatment of
the tricyclic compound 18 with the ruthenium complex 14.[24]

The pentacyclic array 19, which corresponds to the F–J ring
fragment of the gambieric acids, was obtained from the
reaction in 60% yield. Analysis of partially cyclized material
isolated from the reaction suggested that ring closure of the
enol ether proceeds at a much faster rate than formation of
the nine-membered ring.

Scheme 5. Synthesis of the tricyclic G–I fragment 13. a) PMBO-
(CH2)3MgBr, CuBr, LiBr, THF, �95!�78 8C (85%);
b) (OCH2CH2O)CH(CH2)2MgBr, CuCN, LiCl, THF, �78 8C (84%);
c) catalyst 14 (10 mol%), PhMe, 70 8C (89%); d) thexyl borane, THF,
0 8C!RT then NaBO3·4H2O, pH 7 buffer (62%); e) TsOH, MeOH, RT
(71%); f) tBuMe2SiCl, DMAP, Et3N, CH2Cl2, RT; g) CAN, MeCN, H2O,
RT (56%, 2 steps); h) o-O2NC6H4SeCN, nBu3P, THF, RT then H2O2,
NaHCO3 aq., 40 8C; i) TBAF, THF, RT (83%, 2 steps); j) Dess–Martin
periodinane, CH2Cl2, 0 8C; k) MeMgI, PhMe, �78 8C (83%, 2 steps).
PMB=pentamethylbenzyl, Cy=cyclohexyl, Mes=mesityl, Bn=benzyl,
TBS= tert-butyldimethylsilyl, Ts=para-toluenesulfonyl, DMAP=4-di-
methylaminopyridine , CAN=cerium(iv) ammonium nitrate.

Scheme 6. Completion of the pentacyclic F–J fragment 19. a) HCl aq.,
THF, 60 8C; b) NaBH4, MeOH, 0 8C (84%, 2 steps); c) o-O2NC6H4-
SeCN, nBu3P, THF, RT then H2O2, NaHCO3 aq., 40 8C (96%);
d) CH2CH(CH2)3Br, nBu4NI, THF/DMF, reflux (66% (81% brsm));
e) KH, Cl2CCHCl, THF, 0 8C then nBuLi, Et2O, �78!�40 8C; f) H2,
Lindlar catalyst, quinoline, EtOAc, RT (49%, 2 steps); g) catalyst 14
(10 mol%), PhMe, 80 8C (60%).

Communications

6160 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6157 –6162

http://www.angewandte.org


In summary, we have demonstrated that the F–J fragment
of the gambieric acids can be assembled by a rapid and
efficient two-directional approach in which simultaneous
double-RCM reactions are employed in an iterative
manner. The formation of alkynyl ethers and carbocupration
have also been performed in a two-directional manner, and it
should be noted that by reordering some of the steps in the
synthetic sequence, other reactions (e.g., the formation of
selenide, oxidation, and elimination of selenoxide) could also
be performed simultaneously, thus leading to an even more
efficient route. The synthesis of the F–J fragment with the
appropriate functionalities for the attachment of the A–D
fragment is currently in progress, and results of these
synthetic studies will be reported in due course.
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Direct Synthesis of a Thiolato-S and Sulfinato-S
CoIII Complex Related to the Active Site of Nitrile
Hydratase: A Pathway to the Post-Translational
Oxidation of the Protein**

Emilie Bourles, Rodolphe Alves de Sousa,
Erwan Galardon, Michel Giorgi, and Isabelle Artaud*

A group of sulfur-oxidized species found in biological systems
includes sulfenic, sulfinic, and sulfonic acids derived from
cysteine.[1, 2] Currently “sulfur-oxidized” proteins are known
to carry only one type of modification at a time, except for
nitrile hydratase (NHase), which is the only system known to
contain thiolate, sulfenate, and sulfinate groups in close
proximity through coordination to a metal center.[3] Despite

intense studies,[4] the origin of the post-translational modifi-
cation of NHase remains unclear. The prevalent hypothesis
for cysteine sulfur oxidation involves a two-step reaction in
which iron or cobalt is bound by the protein ligands within the
consensus sequence Cys-X-Y-Cys-Ser-Cys. This results in the
formation of an [Fe(N2S3)]

2� or a [Co(N2S3)]
2� species which is

followed by oxidation of the two bound thiolate groups in the
equatorial plane trans to two deprotonated amides to give
sulfinate and sulfenate. The design of all models synthesized
to mimic the NHase active site follows this hypothesis.[5] The
result is that only a few iron[6] or cobalt[7, 8] complexes show
dissymmetrically oxidized thiolate groups, and most of these
contain two sulfinate groups irrespective of whether the
oxidant used is O2,

[5,9–11b] H2O2,
[5,11c,d] or dimethyl dioxi-

rane.[11a] This prompted us to find another route to prepare
a dissymmetrically oxidized complex. Herein, we describe a
new and simple strategy toward mixed thiolate/sulfinate
complexes which involves the metalation of a thiosulfinate
following cleavage of the S�S bond with HO� . By using a
cyclic pseudopeptidic thiosulfinate, we prepared and struc-
turally characterized a six-coordinate CoIII bisamidato/thio-
lato/sulfinato complex with two axial isonitrile ligands. This
enables us to propose an alternate pathway for the post-
translational modification of the cysteine residues in NHase,
thus extending the implication of disulfide S-oxides, a second
emerging group of sulfur-oxidized species, in biological
systems.[2]

The cyclic disulfide S-monoxide 3 shown in Scheme 1 was
synthesized in two steps from dithiol 1, which was previously
used to prepare both dithiolato [CoN2S2](Et4N) and disul-

finato [CoN2(SO2)2(tBuNC)2](Et4N) complexes.[11a] Oxidative
cyclization of dithiol 1 with iodine in the presence of
triethylamine[12] afforded the cyclic disulfide 2. Oxidation of
2 with 1 equivalent of 2,2-dimethyl dioxirane (DMD) in
acetone at �20 8C afforded the thiosulfinate 3 selectively and
in high yield.

Thiosulfinates are very sensitive to nucleophiles, which
cleave the S(O)�S bond, and nucleophilic attack can occur at
the sulfenyl or sulfinyl sulfur atom.[13] However, alkaline

Scheme 1. Synthesis and Co metalation of a cyclic thiosulfinate.
DMD=2,2-dimethyl dioxirane, DMF=N,N-dimethyl formamide.
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hydrolysis of thiosulfinate has been described as quite
selective for sulfinyl sulfur to afford a thiolate and a sulfinate
as the predominant products [Eq. (1), route (a)].[13a] We used

a combination of alkaline hydrolysis of compound 3 and
metalation with a CoIII salt, Na3[Co(NO2)6], to trap the open
species. Incorporation of a CoII salt followed by a single-
electron oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone is also possible, but the final purification of the
complex is very tedious. This is why the use of the new
hexanitritocobalt(iii) sodium salt is much more convenient.
Typically, the addition of 2 equivalents of Et4NOH to a
solution of 3 in DMF at �40 8C is followed by 1 equivalent of
the CoIII salt. At this stage, the amide nitrogen atoms are
likely coordinated in their imine tautomer form. After the
addition of tert-butylisocyanide in excess, two other base
equivalents are required to deprotonate the amides. The final
complex is stable as a six-coordinate species with two
isonitrile groups as axial ligands as previously observed for
the disulfinate complex.[11a]

Complex 4 (Scheme 1) was thoroughly characterized. All
the spectroscopic data are in agreement with a dissymmetrical
thiolate/sulfinate structure, [CoN2S(SO2)(tBuNC)2](Et4N),
with an S-bonded sulfinate, as in Co-NHase.[3b] There is no
evidence for a disulfenate species resulting from the cleavage
of the S(O)�S bond by HO� group attack at the sulfenyl
sulfur atom [Eq. (1), route (b)]. The IR spectrum of 4
(Supporting Information) exhibits the two SO2 stretching
frequencies expected for an S-bound sulfinate at 1185
(ñas(SO2)) and 1047 cm�1 (ñs(SO2)). There is no strong
absorption around 950 cm�1 that could be attributed to the
stretching frequency of a disulfenate species.[11c] ESI MS
(negative ion) analysis of 4 shows a molecular peak at m/z=
426.9, which corresponds to the mass of the anion of 4 with
loss of the two isonitrile axial ligands. Further MS–MS
analysis of this peak gives a daughter peak at m/z= 363.1
resulting from the loss of SO2. As with all six-coordinate CoIII

complexes in this series, 4 is diamagnetic. In contrast to the
previously characterized [CoN2(SO2)2(tBuNC)2](Et4N) spe-
cies, which is completely symmetrical and exhibits only one
resonance in its 1H NMR spectrum for the methyl groups and
another for the CH2 protons,

[11a] both the methyl and the CH2

protons of 4 are split and each appears at two different
chemical shifts. The cyclic voltammogram of 4 in CH3CN with
NBu4BF4 as supporting electrolyte exhibits an oxidation step
at + 510 mV versus standard calomel electrode (SCE). This
oxidation wave is located between that observed for [CoN2-
(SO2)2(tBuNC)2](Et4N) (Epa=++ 640 mV (vs. SCE)) and
[CoN2S2(tBuNC)2](Et4N) (Epa=++ 390 mV (vs. SCE)).[11a]

The anodic shift is about 125 mV for each addition of two
oxygen atoms. The same trend has been observed upon
sequential thiolate oxygenation of Ni complexes.[14]

The dissymmetry of the coordination sphere is further
supported by the crystal structure of the anion of 4 (Figure 1)

and by comparison with the disulfinate complex.[11a] The CoIII

center exhibits an octahedral geometry as does the disulfinate
complex, but with one thiolate group and one S-bonded
sulfinate group trans to the two carboxamido nitrogen atoms
in the equatorial plane. The Co�S distances show significant
variation (2.221–2.259 A), which underscores the inequiva-
lence of the two sulfur sites; these distances are almost equal
in the disulfinate complex owing to the equivalence of the
sulfur atoms. Whereas 1H NMR analysis reveals a plane of
symmetry in solution, the aromatic ring and the lateral chains
relating N5 to S3 and N6 to S4 are on either side of the N2S2

plane, and the molecule is asymmetrical in the solid state. This
can be related to the fact that the complex crystallizes with
two enantiomers in the asymmetric unit (Experimental
Section). The crystal structure of 4 also reveals the presence
of hydrogen bonds between the co-crystallized water mole-
cules and the oxygen atoms of the amides and one sulfinate, as
previously observed in the crystal structure of the disulfinate
complex.

Our results show that cyclic pseudopeptidic thiosulfinates
can be efficiently trapped by a metallic cation under basic
conditions. The alkaline cleavage occurs upon reaction of
HO� at the sulfinyl sulfur atom to give the selective formation
of the thiolate/sulfinate complex. As in other six-coordinate
CoIII complexes,[9, 11] the sulfinate has a strong preference for a

Figure 1. Thermal ellipsoid plot (50% probability level) of the anion of
4. The hydrogen atoms, countercation, and solvent molecules have
been omitted for clarity. Only one anionic enantiomer is shown.
Selected bond lengths [D]: Co2�C43 1.872(4), Co2�C48 1.870(4), Co2�
N5 1.980(3), Co2�N6 1.997(3), Co2�S3 2.2205(11), Co2�S4
2.2505(12), S3�O8 1.463(4), S3�O9 1.467(4), N7�C43 1.143(5), N8�
C48 1.142(5). Selected bond angles [8]: C48-Co2-C43 177.31(18), C48-
Co-N5 89.84(15), C48-Co2-N6 87.55(15), C43-Co2-N6 92.60(15), C43-
Co2-N5 92.84(15), N5-Co2-N6 81.90(13), N5-Co2-S3 95.53(10), N5-
Co2-S4 178.63(10), N6-Co2-S4 96.87(10), O8-S3-O9 113.9(2).
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sulfur-to-cobalt binding mode. Clearly, this is the only route to
selectively prepare such a complex, as H2O2 oxidation of the
dithiolate [CoN2S2(tBuNC)2](Et4N) affords a mixture of
sulfur-oxygenated species, whereas DMD oxidation gives
the S-bonded disulfinate complex.[11a] Such a reaction could
be biologically relevant and could probably be extended to
alkaline hydrolysis and metalation of cyclic pseudopeptidic
thiosulfonates. Disulfide S-dioxides are much more sensitive
to nucleophiles such as oxy anions than are disulfide S-
monoxides; their alkaline hydrolysis has been described as
selective for the sulfenyl sulfur atom [Eq. (2), route (a)].[13]

The higher selectivity of thiosulfonates towards hydrolysis
relative to thiosulfinates results from the fact that the sulfenyl
sulfur is much more readily accessed than is the sulfonyl
sulfur, and from the fact that a sulfinate is a better leaving
group than a thiolate.[13]

X-ray analysis of both Fe- and Co-NHases,[3] as well as
enzymatic inhibition studies[4c] support the presence of a
sulfenate group in the metal environment of NHase. More-
over, a Co complex with two S-bonded sulfenates has been
shown recently to promote nitrile hydration.[11d] With the aim
of isolating a mixed sulfinate/sulfenate complex, the reactivity
of 4 toward oxidants was studied. The products were
identified by 1H NMR spectroscopy. Oxidation of 4, even at
low temperature and with less than 1 equivalent of H2O2 or
DMD, provides the previously isolated S-bonded disulfinato
species, either alone or as a mixture with the starting
product.[11a]

On the basis of our results with a thiosulfinate, we can
propose an alternate pathway for the specific thiolate
oxidation of NHases into sulfinate and sulfenate species
(Scheme 2). This sequence involves a post-translational
modification of the protein prior to metal insertion as follows:
the two cysteine residues of the consensus sequence that are

separated by a serine residue are initially oxidized to a
disulfide, then to a disulfide S-dioxide. This is followed by
alkaline hydrolysis and then by iron or cobalt insertion. A
selective HO� attack at the sulfenyl sulfur should directly
afford the mixed sulfenate/sulfinate in the mean plane of the
active site. Indeed, there is now clear evidence that disulfide
S-oxides have important biological implications.[2] Their
production is either mediated by reactive oxygen, nitrogen
species generated under oxidative stress conditions,[2] or
catalyzed by monooxygenases[15a] or dioxygenases.[15b] These
disulfide oxides, mainly studied as their glutathione deriva-
tives, lead to (gluta)thionylation of proteins or metallothio-
nein by reaction of the free or zinc-bound cysteinate group at
the sulfenyl sulfur atom of the disulfide S-oxide.[16] We suggest
that these disulfide oxides might also result from a post-
translational oxidation of proteins, with NHase possibly being
the first example. Finally, we have shown that the reactivity of
disulfide S-oxides is not limited to reaction with thiolates in
proteins, but that they can also react with metallic cations
after hydrolytic cleavage of the S�S bond. A more complete
study of such reactions of thiosulfinates and thiosulfonates is
in progress.

Experimental Section
All procedures were carried out under argon with standard Schlenk
techniques. Solvents were dried following standard procedures and
stored under argon.

3 : Elemental analysis (%) calcd for C16H22N2O3S2·0.33H2O
(360.49): C 53.31, H 6.34, N 7.77; found: C 53.50, H 6.21, N 7.48.
1H NMR (250 MHz, CDCl3): d= 1.52 (s, 3H), 1.63 (s, 3H), 1.67 (s,
3H), 1.79 (s, 3H), 2.66–2.74 (m, 2H), 2.92–2.99 (m, 2H), 7.23 (m, 2H),
7.41 (m, 2H), 8.02 (s, 1H), 8.33 ppm (s, 1H). IR (neat): ñ= 3253 (N�
H), 1665 (C=O), 1069 cm�1 (S=O).

4 : The sodium hexanitrocobaltate(iii) salt is not soluble in DMF,
but a solution was prepared as follows: DMF (3 mL) and trimethy-
lorthoformate (10 mL) as a dehydrating agent were added to an
aqueous solution (1.5 mL) of Na3[Co(NO2)6] (114 mg, 0.282 mmol).
After stirring for 30 min, excess orthoformate as well as CH3OH and
HCOOCH3 (products derived from the reaction of HC(OMe)3 with
H2O) were removed under controlled vacuum to prevent the
complete evaporation of DMF. Then, Et4NOH (1.4m in MeOH,
405 mL, 2 equiv) and the CoIII solution were added to a solution
(2 mL) of 3 (100 mg, 0.282 mmol) in DMFat�40 8C. After stirring for
a few minutes, a large excess of tBuNC (1 mL in 1 mL DMF) and
2 further equivalents of Et4NOH (405 mL) were added to the mixture.
The solution was then allowed to warm to room temperature. After
evaporating to dryness in vacuo, the residue was dissolved in CH3CN
(1 mL) and a powder containing 4, NaNO2, and Et4NNO2 was isolated
upon precipitation with Et2O. This powder was dissolved in acetone
(2 mL) and nitrite salts were removed through careful precipitation
by dropwise addition of Et2O. After centrifugation, the supernatant
was slowly poured into Et2O while stirring to afford 4 as a brown
powder. Yield: 130 mg (60%). Crystals suitable for X-ray crystallo-
graphic analysis were grown by diffusion of Et2O into a CH3CN
solution of 4. Elemental analysis (%) calcd for C34H58CoN5O4S2·
3H2O (777.96): C 52.49, H 8.29, N 9.00; found: C 52.77, H 8.17,
N 9.29. 1H NMR (250 MHz, CD3CN): d= 1.01 (m, 12H, CH3), 1.15 (s,
6H, CH3), 1.3 (s, 18H, tBuNC), 1.39 (s, 6H, CH3), 2.55 (s, 2H, CH2),
2.69 (s, 2H, CH2), 2.95 (m, 8H, CH2, Et4N), 6.54 (m, 2Har), 7.94 ppm
(m, 2Har). IR (neat): ñ= 2200 (C=N), 1538 (C=O), 1185 and 1047 (ñs
and ñas SO2), 1173, 1002 cm

�1 (Et4N
+). Cyclic voltammetry (vs. SCE,

nBu4NBF4 (0.1m), 20 mVs–1, CH3CN): Epc=�1860 mV, Epa=
+ 510 mV. FABMS (positive ion): m/z (%)= 853.39 (100) {[CoN2S-

Scheme 2. Alternate pathway to the post-translational oxidation of
nitrile hydratase.
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(SO2)(tBuNC)2](Et4N)2}
+; ESI MS (negative ion): m/z (%)= 426.9

(40) [CoN2S(SO2)]
� , 363.1 (100) [M�SO2]

� .
Crystal data for complex 4 : (C26H38CoS2O4N4)2(C8H20N)2-

(C2H3N)2(H2O)3, Mw= 1583.96, pale-yellow crystal (0.6 I 0.4 I
0.15 mm3), triclinic, space group P1̄, a= 11.727(4), b= 20.031(9), c=
20.614(9) A, a= 116.804(2)8, b= 90.384(3)8, g= 95.913(3)8, V=

4291.3(3) A3, Z= 2, 1= 1.226 gcm�3, m(MoKa)= 5.43 cm�1, T=
223 K, q= 1.18–28.628. 47639 reflections measured at on a Bruker–
Nonius Kappa CCD diffractometer, 20515 unique reflections, 946
parameters refined on F2 (20515 reflections) using SHELXL-97 to
final indices R[F2>4s(F2)]= 0.099, wR= 0.149 [w= 1/[s2(F2

o)+
(0.0001P)2+ 12.4629P] in which P= (F2

o+ 2F2
c)/3]. Compound 4

crystallized as two independent anionic monomers in the asymmetric
unit, with two Et4N cations, two molecules of acetonitrile, and three
water molecules. The anionic moiety was found to be a disordered
mixture of two isomers corresponding to the two possible sulfur
oxidation sites that afford sulfinates. The refinement was therefore
carried out by considering two positions for the sulfinate group on
each monomer: the occupancy factors for both the oxygen atoms of
the sulfinate group were fixed to 0.8 and 0.2 on the two sites for the
first monomer and to 0.2 and 0.8 on the two sites for the second
monomer. Most of the H atoms, including one hydrogen of one water
molecule, were found experimentally. The remaining H atoms
(excluding those on the water molecules) were introduced in
theoretical positions. They were all included in the calculations but
not refined. The final residual Fourier positive and negative peaks
were equal to 0.91 and �0.804 eA�3, respectively. CCDC-262627
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.
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Tetraarylphosphonium Halides as Arylating
Reagents in Pd-Catalyzed Heck and Cross-
Coupling Reactions**

Lee Kyoung Hwang, Youngim Na, Junseong Lee,
Youngkyu Do, and Sukbok Chang*

Transition-metal-catalyzed olefination and cross-coupling
reactions have become one of the most powerful tools in
organic synthesis.[1] While aryl, alkenyl, alkynyl, and, more
recently, alkyl halides are typically employed as coupling
reagents, a variety of different types of pseudohalide species
have been also investigated as useful electrophiles. Among
these, representative recent examples are carboxylic acids,[2]

acid anhydrides,[3] aryl esters,[4] sulfonates,[5] phosphonic
acids,[6] sulfonium ions,[7] and ammonium salts.[8] Although
metal-mediated C�P bond cleavage of organophosphorus
species was previously investigated,[9] the use of such com-
pounds in cross-coupling reactions has been relatively under-
developed. Yamamoto and co-workers suggested that quater-
nary phosphonium iodide (Ph4P

+I�) oxidatively adds to Pd0

complexes through P-aryl bond cleavage and they showed
briefly that one phenyl group was transferred to react with
activated olefins, although in low yields (32–36%).[10] Reetz
et al. reported that the efficiency of the Heck reaction with
normally unreactive aryl halides was significantly improved
by the presence of phosphonium halides.[11] Additionally,
several research groups described mechanistic details for the
observed aryl–aryl interchange process between phosphinyl-
and Pd-bound aryl groups in cross-coupling reactions that
relied on the composition of the products[12] and theoretical
considerations.[13] Herein, we describe our recent studies on
the utility of tetraarylphosphonium halides as arylating
reagents in Heck and cross-coupling reactions, as well as
providing spectroscopic details on the activation process.[14]

At the outset of our studies, we attempted to optimize the
reaction conditions for the Pd-catalyzed olefination reaction
using tetraarylphosphonium ions. When tetraphenylphospho-
nium chloride (1) was treated with n-butyl acrylate (3.0 equiv)
in the presence of Pd(OAc)2 (10 mol%) and sodium acetate
(3.0 equiv), n-butyl trans-cinnamate was isolated in 85% yield
[Eq. (1)], which thus clearly suggested that the C�P bond of 1

is activated catalytically in agreement with the previous
report.[10] We envisioned that the employment of electrospray
ionization mass spectrometry (ESI-MS) could lead us to trace
the activation process because it allows facile detection of
highly unstable and/or sensitive metal-containing
intermediates.[15]

When 1 was treated with 0.5 equivalents of [Pd2(dba)3]
(dba= trans,trans-dibenzylideneacetone) at 100 8C, a set of
ion peaks were detected in the ESI-mass spectra which were
attributed to transient metal species resulting from the
activation of the P�phenyl bond of 1 (Figure 1). It was
observed that a dba ligand in the complex was gradually
displaced by acetonitrile to give a series of peaks for
[(PPh3)2PhPd(CH3CN)m] (m= 1–3) at the expense of phos-
phonium ion (Figure 1, all m/z values are reported on the
basis of the 106Pd isotope).[16] When Pd(OAc)2 was employed
instead of [Pd2(dba)3], the activation process occurred more
slowly and the corresponding peaks started to appear only
after a few hours under the same conditions. The fact that a
complex of Pd0 is more active than a PdII species for the
activation is in a good agreement with the generally accepted
assumption that PdII precursors are reduced initially into Pd0

complexes, which are catalytically active in most cross-
coupling reactions.[17]

Pd-mediated cleavage of the P�C bond of tetraarylphos-
phonium ions was further supported by the isolation and
characterization of an oxidatively inserted palladium species.
When Ph4P

+Cl� (1) was treated with 0.5 equivalents of
[Pd2(dba)3] in the presence of PPh3, a transparent solid 2
was isolated (54%) that revealed a square-planar geometry
with two triphenylphosphine groups positioned trans to each
other (Figure 2). The bond lengths and angles of 2 are within
comparable range of those previously reported, although the
same palladium species was prepared starting from a different
precursor by a ligand-exchange method.[18] When the isolated
Pd complex 2 was treated with n-butyl acrylate,[19] reaction
occurred readily in the presence of sodium acetate at
temperatures over 80 8C to afford butyl cinnamate in
55%.[20] This result led us to postulate that phosphonium
species play a dual role, as a source of the arylating group and
as a stabilizing ligand on palladium complexes, upon release
of phosphine from the phosphonium ions.
During the course of optimization of the conditions for

olefination with phosphonium halides, it was found that
higher yields (ca. 20%) were obtained when the reaction was
carried out under atmospheric oxygen relative to those
performed under N2.

[21] It is thought that oxygen oxidizes
liberated triphenylphosphine into its oxide, thus driving the
reaction to completion more readily. Indeed, a side product of
triphenylphosphine oxide was seen to be generated (> 80%)
during the olefination reaction under an O2 atmosphere
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[Eq. (1)]. Whereas sodium acetate turned out to be most
effective of the various bases examined, it was interesting to
observe that olefination proceeds even in the absence of an
external base, albeit with moderate yields (53% from the
reaction of Equation (1) under such conditions).[22] Addition-
ally, the efficiency of the reaction was dependent on the
nature of the counteranions of the phosphonium salts
[Eq. (2)]. Whereas reactions with phosphonium species that
bear chloride ions gave the highest yield, other halide salts
such as bromide and iodide resulted in reduced yields.
However, upon addition of LiCl (2.0 equiv) in a reaction
with Ph4P

+Br� , the efficiency was recovered to the same level
as with Ph4P

+Cl� .
Under the optimized conditions, the olefination of 1 was

examined with a range of alkenes (Table 1).[23] Whereas
reactions with acrylic esters, amides, vinyl sulfone, and vinyl
phosphonate proceeded efficiently to afford the correspond-
ing olefinated products exclusively in the E form, olefination
with acrylonitrile produced cinnamonitrile with modest

selectivity (E/Z= 4:1). Notably, acrylic acid was also readily
coupled with 1 to afford (E)-cinnamic acid in good yield.[24]

The use of phosphonium species in the Suzuki–Miyaura
reaction was next investigated (Table 2). While electronic and
steric variations on organoboron compounds have negligible

Figure 1. ESI mass spectra obtained from the treatment of tetraphenylphosphonium chloride (1) with [Pd2(dba)3] (0.5 equiv) at 100 8C.

Figure 2. Preparation and X-ray crystal structure of 2.

Table 1: Heck olefinations with 1.[a]

Entry Alkene Yield [%][b]

1 72

2 85

3 98

4 74

5[c] 76

6 70[d]

7 71

8 59

9 70

[a] Reaction conditions: alkenes (3.0 equiv), catalyst (10 mol%), NaOAc
(3.0 equiv), 130 8C, 12 h under O2 (1 atm). [b] Yield of isolated product.
[c] 3.0 equivalents of Cs2CO3 was used instead of NaOAc. [d] E/Z=4:1.
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effects on efficiency, several functional groups were tolerated
under the reaction conditions. As demonstrated in entry 9, a
boronic ester derived from catechol was also employed as an
efficient coupling partner with 1. Although the exact reason is
not clear at present, the effect of oxygen observed in the Heck
olefination was not observed in case of Suzuki and Sonoga-
shira reactions (see below).[25]

In the Sonogashira-type reaction, tetraarylphosphonium
halides were also readily employed as efficient arylating
reagents with a wide range of alkynes (Table 3). In a similar

manner as observed in Heck and Suzuki reactions, the
alkynylation was not significantly affected by aryl substitu-
ents. Note that coupling of 1 with 1-phenyl-2-(trimethylsilyl)-
acetylene, an internal alkyne, was also carried out efficiently
(98% yield) when 1,3-bis(2,4,6-trimethylphenyl)imidazolium
chloride was employed as an additive (10 mol%).
When differently substituted tetraarylphosphonium hal-

ides[26] were used in olefinations, a selective aryl transfer was

not observed [Eq. (3)]. Independent of the electronic nature
of the aryl substituents, a mixture of unsubstituted (major)
and substituted cinnamates (minor) were produced with a
ratio of 3–4:1. The rather statistical aryl transfer in the Heck
olefination was also observed in Suzuki and Sonogashira
reactions. These results can be presumably attributed to fast
aryl–aryl interchange processes between phosphinyl- and Pd-
bound aryl groups that are generated upon cleavage of the C�
aryl bond of the heterogeneously substituted phosphonium
species.

In summary, conditions have been optimized for the Pd-
catalyzed reactions of tetraarylphosphonium halides with
olefins, organoborons, and alkynes that demonstrate the
utility of the phosphonium species as facile arylating reagents.
Characterization of reaction intermediates by ESI mass
spectrometry and X-ray crystallography add important
knowledge to the Pd-mediated activation pathway of the C�
P bond of phosphonium precursors.
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Highly Diastereoselective Alkylation of
Aziridine-2-carboxylate Esters: Enantioselective
Synthesis of LFA-1 Antagonist BIRT-377**

Aniruddha P. Patwardhan, V. Reddy Pulgam, YuZhang,
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Aziridines are important synthons in organic chemistry as
they provide convenient entry to optically pure amines, a-
amino acids, amino alcohols, diamines, and a variety of other
amino compounds that are useful both in industrial and
academic endeavors. In the past, most optically pure azir-
idines were derived from acyclic members of the chiral pool,
however, methods are emerging for the direct synthesis of
optically pure aziridines through catalytic asymmetric reac-
tions.[1] We have developed a process for the catalytic
asymmetric synthesis of aziridines from the reaction of
benzhydryl imines with diazo compounds mediated by a
chiral boron Lewis acid prepared from the VAPOL and
VANOL ligands.[2–4] This asymmetric aziridination (AZ)
proved general for a range imines including those prepared
from a variety of aryl aldehydes and also from primary,
secondary, and tertiary aliphatic aldehydes (90–99% ee).
Much lower enantioselectivities were observed with N-
benzyl imines.[2d]

a-Amino acids which are tetrasubstituted at the a-carbon
are very popular tools that are used to control conformation
in peptides, and hence their biological and pharmaceutical
properties. A large number of methods have been developed
for the synthesis of tetrasubstituted a-amino acids, and this
subject has been reviewed.[5] Interestingly, aziridines have
rarely been used for the synthesis of tetrasubstituted a-amino
acids and this may be partly due to the fact that the alkylation
of aziridine-2-carboxylates is virtually an unknown reaction.
Typically, attempts to alkylate aziridine-2-carboxylate esters
leads to either ring opening or to self-condensation.[6,7] The
only known examples involve the use of either thioesters of
aziridine-2-carboxylates[6] or the use of a nitrogen substituent
on the aziridine that can chelate a metal enolate.[7]

A direct application of the AZ reaction to the synthesis of
tetrasubstituted a-amino acids could be envisioned through
the asymmetric aziridination of imine 1 with diazo compound
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procedures and spectral data for all new compounds and X-ray
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4 followed by the reductive opening of the aziridine ring
(route a, Scheme 1). However, we found that substituted
diazoesters of the type 4 (R2¼6 H) are sluggish substrates in
the AZ reaction. Thus route B, which involves the less readily
available and sterically hindered diazo compound 4, is not
viable. Herein, we report the development of an alternative
method (route A, Scheme 1) that utilizes commercially
available ethyl diazoacetate and a subsequent stereoselective
alkylation of an aziridine-2-carbox-
ylate. This strategy has led to the
first examples of alkylations of
aziridine-2-carboxylate esters with
nonchelating N substituents. The
synthetic utility of the sequential
AZ reaction and aziridine alkyl-
ation is illustrated in the asymmet-
ric catalytic synthesis of the leu-
kointegrin LFA-1 antagonist BIRT-
377.[8]

Aside from thioesters,[6] the only
known examples of aziridine-2-car-
boxylate alkylations employ a 2-
methoxy-1-phenylethyl substituent
on nitrogen to stabilize the metal
enolate intermediate.[7] Thus it was
not clear if the desired alkylation of
3 to 5 would be feasible. Indeed,
initial attempts to alkylate the azir-
idine 3a with methyl iodide met
with failure. Both the lithium and
potassium amides of hexa-
methyldisilazane failed to deproto-
nate aziridine 3a. Methylation was
successful with lithium diisopropy-

lamide (LDA). The optimal conditions involved the treat-
ment of 3awith 2.0 equivalents of LDA at�78 8C followed by
addition of 3 equivalents of methyl iodide, and then allowing
the reaction mixture to warm to room temperature to give 5a
in 82% yield (1.1 equiv of LDA gave a 48% yield of 5a). We
screened the reactions in Table 1 with a mixture of DME (1,2-
dimethoxyethane) and diethyl ether (5:1) as solvent,[7] but
have subsequently found that comparable yields of 5a can be
achieved with either DME (79%) or THF (85%). Interest-
ingly, the use of diethyl ether led to a complicated reaction
mixture with the formation of only a trace amount of the
product. The aziridine 5a was formed as a single diaste-
reomer, as determined by 1H NMR spectroscopy (> 99%
d.r.). The assignment of the stereochemistry of 5a was made
on the basis of NOE experiments and by an X-ray diffraction
analysis of a single crystal of 5a.

The scope of the alkylation reaction was investigated with
a number of different aziridines and electrophiles (Table 1).
In all cases a single C2 epimer was observed and, on the basis
of the structure of 5a, was assigned as that formed from
retention at the 2-position. Attempts to epimerize the enolate
of 3a failed. Deprotonation of 3a at�78 8C and then warming
to 0 8C for 2 h before quenching with water at �78 8C led to
98% recovery of 3a with complete retention of stereochem-
istry. Primary alkyl iodides gave moderate yields, while
aldehydes gave high yields but with no selectivity at the
alcohol sterogenic center. The only electrophile that gave a
mixture of isomers at the aziridine was tributyltin chloride,
and in this case the minor product was assigned as the O-
alkylated product.

The alkylations of aziridine-2-carboxylates with a benz-
hydryl group on the nitrogen have never been reported, nor
have the alkylations of aziridine-2-carboxylates with a

Scheme 1. Application of the AZ reaction to the synthesis of tetrasub-
stituted a-amino acids.

Table 1: Alkylation of 3.[a]

Entry R Substrate EX Product Yield [%]

1 Ph 3a H2O 3a 98
2 Ph 3a H2O 3a 98[b]

3 Ph 3a CH3I 5a 82
4 Ph 3a n-C8H17I 5b 50
5 Ph 3a CH2=CHCH2Br 5c 61
6 Ph 3a PhCH2Br 5d 33
7 Ph 3a MOMCl 5e 63
8 Ph 3a PhCHO 5 f 95[c]

9 Ph 3a n-C3H7CHO 5g 89[c]

10 Ph 3a Bu3SnCl 5h 73[d]

11 2-naphthyl 3b CH3I 5 i 70
12 p-PhC6H4 3c CH3I 5 j 64
13 p-BrC6H4 3d CH3I 5k 86
14 c-C6H11 3e CH3I 5 l 70
15 tBu 3 f MOMCl 5m 66

[a] Unless otherwise specified, the reaction was performed with 2 equivalents of LDA in a solution of 3
(0.06m) in DME/Et2O (5:1). Only one isomer of 5 was observed except for entries 8–10. [b] Reaction
mixture warmed to 0 8C for 2 h and then quenched at �78 8C. [c] A 1:1 mixture of diastereomers at the
carbinol carbon. [d] Includes an 18% yield of a product tentatively assigned as an O-alkylated isomer.
MOM=methoxymethyl.
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substituent in the 3-position. Thus, we decided to investigate
the alkylations of aziridines 9 and 11 in an effort to see which
has the greater influence (Scheme 2). The results indicate that
the benzhydryl group has the most significant impact.
Whereas the cyclohexyl-substituted aziridine 3e is methyl-
ated cleanly in 70% yield with methyl iodide (Table 1,
entry 14), the benzyl analogue 9 gives a complicated reaction
mixture under the same conditions and none of the expected
alkylated aziridines could be detected or isolated from the
crude reaction mixture (all starting material was consumed).
The only product that was isolated and identified from this
reaction mixture was the pyrrole 10, whose origin is unclear
but whose structure was confirmed by X-ray diffraction
analysis. It is also clear that the presence of a substituent at
the 3-position of the aziridine is important. Aziridine 11which
has no substituent in the 3-position gives only a 15% yield of
the alkylated aziridine 12 while all of the aziridines in Table 1
can be alkylated with methyl iodide in 64–82% yield under
the same conditions. The major product in the methylation of
11 is the Claisen condensation product 13, which is the only
product that has been seen from the attempted alkylation of
ethyl esters of aziridine-2-carboxylates.[7]

Interestingly, the optical purity of the methylated azir-
idine 12 (81% ee) is less than the starting aziridine 11 (94%
ee). The loss of optical activity (47% ee) is greater for the
protonation of the enolate of 11 which occurs with retention
of configuration. This result suggests that the loss of optical
activity is dependent on the electrophile. The enolate of 11
was allowed to age for only 2 minutes before methyl iodide
was added, and the optical purity of 12 was found to be

73% ee. Thus, there does not seem to be a time
dependence on the loss of optical activity. The
normal aging time of the enolate is 30 minutes,
and in this case its optical purity is not lower but
in fact slightly higher (81% ee). Increasing the
time of addition of 11 to LDA leads to only a
slight increase in the proportion of the alkyl-
ated product 12 to the Claisen product 13.
Seebach and co-workers previously observed
that the enolates of aziridine thioesters can also
be alkylated with retention and that the enolate
must either exist as theC-metalloenolate 14a or
the O-metalloenolate 14b, which is substan-
tially pyramidal at the enolate carbon (Sche-
me 3).[6b] We interpret the above results as
involving a configurationally stable enolate
(drawn as the C-enolate 15a but could also be
the pyramidal O-enolate 15b) that does not
epimerize with time but rather reacts with
either retention or inversion, the proportion
of which is electrophile dependent. This would
be consistent with the observation that all of the
cis-3-substituted aziridines shown in Table 1
give exclusively alkylated products with reten-
tion of configuration. The R group in enolate
16a would be expected to disfavor alkylation
with inversion by approach of the electrophile
from the rear side.

The utility of the alkylation of aziridine-2-carboxylates in
the synthesis of tetrasubstituted a-amino acids is demon-
strated in the synthesis of BIRT-377 (Scheme 4). BIRT-377
has been developed as an agent for the treatment of
inflammatory and immune disorders.[8] The asymmetric syn-
thesis was achieved through the aziridine 3d, which was
prepared by the AZ reaction with 1 mol% catalyst in 87%
yield and with 94% ee with greater than 50:1 selectivity for
the cis isomer. A single recrystallization gave material with
over 99% ee (72% recovery, first crop). The methylation of
3d followed from the above procedure to give 5k in 86%
yield as a single diastereomer. Reductive ring opening was
performed with borane–trimethylamine complex in the
presence of trifluoroacetic acid (TFA) to give the amino
ester 19 in 87% yield (BH3·Me3N with TFA gave a 6:1
mixture of 19 and 22).[9] Ring opening by hydrogenolysis
under a variety of conditions including Pd-C/HCO2H occur-
red with simultaneous bromide reduction. Surprisingly, the

Scheme 2. Influence of substituents on aziridine-2-carboxylates in alkylation reactions.

Scheme 3. Alkylation of aziridine thioesters. E=electrophile.
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reductive ring opening of 5k with triethylsilane and TFA gave
mainly the amino alcohol 22, which results from ring opening
with trifluoroacetate. Cleavage of the benzhydryl group in 19
with triethylsilane in the presence of trifluoroacetic acid gave
the amine 20 in 95% yield. The conversion of amine 20 into
BIRT-377 (21) follows methods employed in previous syn-
theses.[8d]

The fact that benzhydryl-protected aziridine-2-carboxy-
lates can be readily alkylated at the 2-position greatly
enhances the synthetic utility of the asymmetric aziridination
(AZ) reaction, as illustrated by the synthesis of BIRT-377.
Additional studies with other electrophiles and applications
in other syntheses will be reported in due course.
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Scheme 4. Reagents and conditions: a) Ph2CHNH2 (1.0 equiv), CH2Cl2,
MgSO4, room temperature, 24 h; b) ethyl diazoacetate (1.1 equiv), (S)-
VAPOL-B catalyst (1 mol%; see footnote 3), CCl4, room temperature,
20 h; c) LDA (2 equiv), DME/Et2O (5:1), �78 8C, 0.5 h; MeI (3 equiv),
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General Catalysts for the Suzuki–Miyaura and
Sonogashira Coupling Reactions of Aryl
Chlorides and for the Coupling of Challenging
Substrate Combinations in Water**

Kevin W. Anderson and Stephen L. Buchwald*

Metal-catalyzed cross-coupling methodology to form carbon–
carbon bonds has inarguably advanced organic synthesis.[1]

The Suzuki–Miyaura coupling is one of the preeminent
methods for formation of carbon–carbon bonds and has
been used in numerous synthetic ventures.[2] We recently
reported a new catalyst system that manifested high activity
paired with extremely broad scope.[3] There remained, how-
ever, a need to develop reaction conditions for the coupling of
water-soluble aryl chlorides and for the combination of
difficult coupling partners in aqueous conditions. Addition-
ally, substrates containing hydrophilic functional groups,
which are insoluble in organic solvents and are present in
many pharmaceutically interesting compounds, may be trans-
formed, obviating the need for additional protection/depro-
tection steps. Furthermore, reactions conducted in water are
attractive as water is nontoxic, nonflammable, and inexpen-
sive, and is easily separated from organic products.[4]

Very few examples have been reported concerning
palladium-catalyzed cross-coupling reactions of hydrophilic
aryl chlorides with aryl boronic acids using purely aqueous
reaction conditions.[5–9] Several sulfonated phosphine deriva-
tives have been prepared and used in cross-coupling reactions
conducted in water or water/organic biphasic solvent sys-
tems.[10,11] Shaughnessy and coworkers reported that use of
sterically demanding, water-soluble, alkylphosphine salts in
the Suzuki–Miyaura, Sonogashira, and Heck coupling reac-
tions of unactivated aryl bromides provided products derived
from carbon–carbon bond formation in excellent yields.[12]

Limitations to this methodology include a lengthy synthesis
and poor thermal and air stability of the ligand. Furthermore,
only a single example of a substituted aryl chloride was
described. The activated aryl chloride 4-chlorobenzonitrile
was combined with phenylboronic acid in a reaction that

required 4 mol% of the palladium catalyst. Very recently, a
Pd/glucosamine-based dicyclohexylarylphoshine catalyst was
reported that displayed modest activity in Suzuki–Miyaura
couplings of activated aryl chlorides when conducted in a
mixture of water, toluene, and ethanol.[13] This system, as
reported, was not general and the ligand was not readily
available.

We felt that the electron-rich lower aromatic ring on 1
would be readily amenable to the incorporation of a water-
solubilizing sulfonate group. In fact, treatment of 1 with
concentrated H2SO4 at 40 8C for 24 h gave 2 with exclusive
monosulfonation at the 3’-position in 99% yield after treat-
ment with NaOH and workup [Eq. (1)]. With 2, excellent
yields were obtained in Suzuki–Miyaura couplings of highly
functionalized aryl chlorides or heterocyclic chlorides/bro-
mides (containing carboxy, amino, hydroxy, sulfonamide, or
sulfonate groups) and aryl or alkyl boronic acids in aqueous
media.

Using a catalyst system based on 2, we investigated the
coupling of hydrophobic and hydrophilic substrates (Table 1).
The coupling of electronically neutral 1-chloro-3,4-dimethyl-
benzene and phenylboronic acid at room temperature using
water as the solvent provided the corresponding biaryl
product in 99% yield (Table 1, entry 1). A temperature of
100 8C was necessary for successful coupling of 3-chlorobenz-
amide and hindered 2,6-dimethylphenylboronic acid resulting
in 99% yield of the biaryl amide (Table 1, entry 2). Using
microwave irradiation (150 8C), the same coupling product
was obtained in 94% yield in 10 minutes.[14,15] This result
indicates that the catalyst system based on 2 exhibits high
thermal stability. We found that coupling of 3-chlorobenzoic
acid with phenylboronic acid proceeds at room temperature
using 0.5% Pd and at 100 8C using 0.1% Pd to provide the
coupled product in 97% yield in both cases (Table 1, entry 3).
Similar catalytic activity was observed in the coupling of 3-
chlorobenzoic acid and 2-methylphenylboronic acid using
0.5% Pd at room temperature and 0.1% Pd at 100 8C to give
the desired product in yields of 95% and 96%, respectively
(Table 1, entry 4). Using microwave irradiation (150 8C) and
0.1% Pd, the same coupling product was obtained in 98%
yield in 10 minutes. The combination of 5-chloro-2-hydroxy-
benzoic acid and 2-methylphenylboronic acid, while slower,
provided an excellent yield of the biaryl product using 2% Pd
(room temperature) or 0.1% Pd (100 8C; Table 1, entry 5).

The Suzuki–Miyaura coupling of hydrophobic aryl bro-
mides in aqueous media has been reported to occur with an
assortment of catalysts including those that operate without a
supporting ligand. Successful application to moderately
hindered substrate combinations, however, has not been
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disclosed or possible.[11,12,15] To ascertain whether our Pd-
(OAc)2/2 catalyst system could address this limitation, we
examined two reasonably hindered substrate combinations
using water as the solvent at room temperature: the reactions
of 2-bromomesitylene with 2-methylphenylboronic acid and
2-bromotoluene with 2,6-dimethylphenylboronic acid to form
biaryl products that contain three substituents ortho to the
aryl–aryl connection (Table 1, entries 6, 7).[16] To our knowl-
edge, this represents the first successful coupling of a hindered
substrate combination conducted using a water or water/
organic biphasic solvent at room temperature.

To determine the scope of this process, we examined the
reaction of chlorobenzoic acids with 3-carboxyphenylboronic
acid, 2-hydroxyphenylboronic acid, 2-aminophenylboronic
acid, 2-acetylphenylboronic acid, and 2-formylphenylboronic
acid. These coupling processes all proceeded in excellent
yields using 1% catalyst (Table 2, entries 1–3). Using micro-
wave irradiation (150 8C), 4-chlorobenzoic acid and 3-
carboxyphenylboronic acid were coupled in 10 minutes with
1% Pd to provide the product in 95% yield (Table 2, entry 1),
again demonstrating catalyst stability at higher temperatures.

We next turned our attention to Suzuki–Miyaura cou-
plings of functionalized hydrophilic aryl chlorides and sub-
stituted arylboronic acids. Chlorobenzoic acids containing

hydroxy (Table 2, entry 4) and amino (Table 2, entry 5)
groups on the aromatic ring were effectively coupled with
substituted arylboronic acids (4-cyanophenylboronic acid and
3-aminophenylboronic acid, respectively) to generate the
biaryl products in high yields (92% and 99%, respectively).
4-Chlorobenzenesulfonic acid successfully coupled with
methylboronic acid to give the sulfonic acid derivative in
96% yield, (Table 2, entry 6). To the best of our knowledge,
this is the first reported Suzuki–Miyaura coupling of an aryl
halide bearing an unprotected sulfonic acid.[17]

Applications of heterocyclic compounds in cross-coupling
processes remain a challenge. To the best of our knowledge,
very few examples of aqueous-phase Suzuki couplings of
water-soluble heterocyclic halides have been published.[18] We
have examined the use of 2 as a supporting ligand in the
Suzuki–Miyaura coupling with a variety of challenging
hydrophilic heterocyclic halides (Table 3). As is shown, the
method worked well for a number of different carboxy-group-
containing heterocyclic chlorides and bromides, including
indole (with a free N�H bond), pyridine, and thiophene
derivatives (Table 3, entries 2, 3, 5). Even 2-amino-5-chloro-
pyridine, which can potentially chelate to metal centers such
as PdII, was successfully coupled with 3-pyridylboronic acid in
93% yield (Table 3, entry 4).[19]

Table 1: Suzuki–Miyaura coupling of aryl halides using ligand 2.[a]

Entry Halide Boronic acid Product Pd [mol%] Conditions Yield [%][b]

1 2 RT, 10 h 99

2
1
1

100 8C, 8 h
150 8C, 10 min

99
94[c]

3

2
0.5
0.1
0.1

RT, 2 h
RT, 8 h
100 8C, 5 h
150 8C, 10 min

96
97
97
98[c]

4
0.5
0.1

RT, 8 h
100 8C, 6 h

95
96

5
2
0.1

RT, 12 h
100 8C, 12 h

99[d]

96[d]

6 2 RT, 22 h 94

7 2 RT, 22 h 97

[a] Reaction conditions: 1.0 equiv aryl chloride, 1.2 equiv boronic acid, 3.0 equiv K2CO3, degassed water (1.5 mLmmol�1), cat. Pd(OAc)2, ligand 2, L/
Pd=2:1. [b] Yield of isolated product (average of two runs). [c] Conducted using microwave irradiation with cooling. [d] 4.0 equiv K2CO3 was used.
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The Suzuki–Miyaura coupling of 3-chlor-
obenzoic acid and phenylboronic acid
employing 1 provided efficient conversion
and yield of the desired product using a
water/organic biphasic solvent system at
100 8C (Table 4, entries 3, 4). However, at
room temperature this reaction was sluggish
(Table 4, entry 5). A dramatic increase in
activity was observed when using the amphi-
philic ligand 2 in water at room temperature,
which provided the biaryl product in 97%
yield (Table 4, entry 7). Although a catalyst
system using 1 in a similar biphasic solvent
system may work in many instances, this has
not yet been explored.

Recently, we disclosed that a catalyst
system based on [PdCl2(CH3CN)2]/3 pro-
vided excellent reactivity in the copper-free
Sonogashira coupling of aryl chlorides or
tosylates and terminal alkynes.[20] This cata-
lyst system was successful in coupling aryl
alkynes only when the alkyne was added
slowly over the course of the reaction. This is
presumably due to competing oligomeriza-
tion of the alkyne at higher concentrations in
the presence of the catalyst. We felt that
incorporation of a water-solubilizing sulfo-
nate group on 3 would provide an amphi-
philic Sonogashira catalyst which might
address the limitations that were previously
reported and allow for the coupling of
hydrophilic substrate combinations.[21] We
found that treatment of 3 with fuming
sulfuric acid (H2SO4/20% SO3) at room
temperature for 24 h provided 4, with selec-
tive monosulfonation at the 4’-position, in
93% yield after treatment with NaOH and
workup [Eq. (2)].[22]

For the first time, by using a catalyst
system based on [PdCl2(CH3CN)2]/4 and a
water/acetonitrile biphasic solvent system,
propiolic acid was successfully coupled with
3-bromoanisole and 3-bromobenzoic acid to
provide aryl alkynoic acids in yields of 70%
and 69%, respectively (Table 5, entries 1, 2).
This result represents a significant advance-
ment in Sonogashira coupling reactions, as
electron-deficient propiolate esters have
been problematic coupling partners due to
their increased reactivity towards nucleo-
philic attack and their propensity to poly-
merize in the presence of Pd catalysts.[23]

Good yields were obtained for the coupling
of hydrophilic aryl chlorides bearing carboxy
groups (Table 5, entries 3, 5) and an alkyne
derived from an aliphatic carboxylic acid
(Table 5, entry 4). Interestingly, by using 4
and a water/acetonitrile solvent system, the
coupling of aryl chlorides and aryl alkynes

Table 2: Suzuki–Miyaura coupling of aryl chlorides using ligand 2.[a]

Entry Halide Boronic acid Product Yield [%][b]

1
99[c]

95[d]

2 99

3
94 (R=NH2)
97 (R=C(O)Me)
87[e] (R=CHO)

4 92[e]

5 93

6 (HO)2BMe 97

7 96

[a] Reaction conditions: 1.0 equiv aryl chloride, 1.3–1.5 equiv boronic acid, 3.0 equiv K2CO3, degassed
water (2.0 mLmmol�1), Pd(OAc)2 (1.0 mol%), ligand 2 (2.0 mol%), 100 8C, 2–8 h. Reaction times and
temperatures were not optimized. [b] Yield of isolated product (average of two runs). [c] The reaction
was conducted at 50 8C. [d] Conducted using microwave irradiation with cooling, 150 8C for 10 min.
[e] The reaction was conducted at 80 8C.

Table 3: Suzuki–Miyaura coupling of heterocyclic halides using ligand 2.[a]

Entry Halide Boronic acid Product Yield [%][b]

1 93

2 93[c]

3 92[c]

4 93

5
97
95[d]

[a] Reaction conditions: 1.0 equiv aryl halide, 1.3–1.5 equiv boronic acid, 3.0 equiv K2CO3, degassed
water (4.0 mLmmol�1), Pd(OAc)2 (1.0 mol%), ligand 2 (2.0 mol%), 100 8C, 10–12 h. Reaction times and
temperatures were not optimized. [b] Yield of isolated product (average of two runs). [c] The reaction
was conducted at 80 8C. [d] The reaction was conducted usingmicrowave irradiation with cooling, 150 8C
for 10 min.
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proceeds and obviates the need to employ slow addition of
the aryl alkyne (Table 5, entries 6–8). This result may be
attributed to the lower effective concentration of the alkyne
in proximity to the catalyst, which resides at the water/organic
interface.

We have demonstrated that use of sulfonated ligands 2
and 4 provides highly active catalyst systems for Suzuki–
Miyaura and Sonogashira cross-coupling reactions, with
unprecedented scope, reactivity, and stability for aqueous-
phase processes. Further work to apply sulfonated biaryl-

phosphines in other transition-
metal-catalyzed processes is under-
way in our laboratories.
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Eupomatilones 1–7 are a family of lignans[1] isolated from the
Australian shrub Eupomatia bennettii, found in the tropical
and subtropical forests of New South Wales and Queens-
land.[2] All seven members of this family contain a highly
oxygenated biaryl motif, as well as a cis orientation of the
substituents at C4 and C5 of the butyrolactone ring. Of all the
members of the eupomatilone family, there have only been
three for which a total synthesis has been reported: eupoma-
tilone-6, eupomatilone-4, and 3-epi-eupomatilone-6.[3]

Despite this work, the total synthesis of enantiomerically
enriched members of the eupomatilone family has remained
an unsolved problem. Herein, we report the first asymmetric
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total synthesis of one member of the family, eupomatilone-3.
The success of the synthesis was based on a highly efficient
Suzuki–Miyaura cross-coupling,[4] along with a dynamic
kinetic resolution[5] of an unsaturated lactone.

Our interest in the synthesis of eupomatilone-3 emanated
from the compound3s interesting structural features, in
particular the biaryl motif, along with the cis orientation of
the substituents at C4 and C5 of the lactone portion of the
molecule. Our retrosynthetic analysis of eupomatilone-3 is
shown in Scheme 1. On the basis of our recent work in the
area of palladium-catalyzed cross-coupling reactions,[6] it was
believed we could assemble the highly oxygenated biaryl
portion of the molecule III by utilizing either a Negishi or
Suzuki–Miyaura coupling. Furthermore, we envisioned gen-
erating the desired lactone stereochemistry in I through either
a diastereoselective or an enantioselective copper-catalyzed
conjugate reduction reaction.[7]

The synthesis was begun by investigating the cross-
coupling of known aryl bromide 1[8] with organometallic
reagents derived from bromo-3,4,5-trimethoxybenzene. By
employing reaction conditions found to be optimal with
palladium catalysts derived from the bulky phosphanylbiaryl
ligands RuPhos L1 (Negishi)[6b] or SPhos L2 (Suzuki–Miy-
aura)[6a,c] allowed for efficient production of biaryl 2
(Scheme 2). The Negishi coupling produced 2 in 93% yield
at a catalyst loading of 1 mol% palladium. With the
corresponding Suzuki–Miyaura reaction, it was found that 2
could be obtained in 93% yield even when the catalyst

loading was lowered to 0.005 mol% palladium
(0.00025 mol% [Pd2(dba)3]; dba=dibenzylideneacetone).

With a means to rapidly construct the biaryl portion of
eupomatilone-3, investigation began into the preparation of
the butenolide 6. When examining this motif, we turned to
Knochel3s method for the synthesis of butenolides by the
reaction of stabilized vinyl Grignard reagents with alde-
hydes.[9] To apply this method to this synthesis, the methyl
ester 2 first needed to be transformed to the corresponding
aryl aldehyde 4. Conversion of 2 into the benzyl alcohol 3 was
accomplished by borane reduction in THF. Intermediate 3
was oxidized with MnO2 to give the desired benzaldehyde
derivative 4 in essentially quantitative yield. Treatment of this

Scheme 1. Retrosynthetic analysis of eupomatilone-3.

Scheme 2. Synthesis of eupomatilone-3 (yields are the average of two runs determined to be >95% pure by 1H NMR or GC). a) [Pd2(dba)3]
(0.0025 mol%), SPhos L2 (0.02 mol%), K3PO4 (2 equiv), THF, 80 8C. b) BH3·THF, THF, 60 8C. c) MnO2, CH2Cl2, RT. d) THF, �40 8C.
e) CuCl2·2H2O (5 mol%), MeO-BIPHEP L4 (5 mol%), NaOtBu (1.2 equiv), PMHS (6 equiv), tBuOH, THF, CH2Cl2, RT. f) NaHMDS, THF, 0 8C,
then MeI. PMHS: polymethylhydrosiloxane; NaHMDS: sodium hexamethyldisilazide.
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aldehyde with the vinyl Grignard reagent 5 (formed in situ
from the corresponding vinyl iodide[10]) according to Kno-
chel3s procedure provided the desired unsaturated lactone in
76% yield.

The next hurdle in the synthesis was the conversion of
butenolide 6 into cis-4,5-disubstituted lactone 7. The installa-
tion of this stereochemistry was explored by using an
asymmetric conjugate reduction reaction.[11,12] We have
previously demonstrated the asymmetric reduction of unsa-
turated lactones using a chiral copper–hydride catalyst.[12b]

Furthermore, we have succeeded in carrying out both kinetic
as well as dynamic kinetic resolutions of 3,5-disubstituted
cyclopentenones by employing similar catalysts.[12d] Despite
unsatisfactory results when reducing 3,4-disubstituted cyclo-
pentenones,[12d] we decided to attempt the kinetic resolution
of 6 under our standard conjugate reduction conditions[12] at
�30 8C in a 1:1 mixture of THF/CH2Cl2 (dichloromethane was
necessary due to the poor solubility of the lactone in THF).
After 50% conversion of 6, the desired cis compound 7 was
isolated in 46% yield and with 87% ee. Interestingly, the
process was completely diastereoselective: none of the
trans isomer was ever detected.

With this promising result, we sought to extend the
method to the dynamic kinetic resolution of unsaturated
lactones. We felt that performing the reaction in the presence
of excess base (NaOtBu) should allow for racemization of the
starting material such that complete conversion may be
effected. Unfortunately, no racemization occurred when
1.2 equivalents of NaOtBu was used at �30 8C, even after
prolonged reaction times. When the same experiment, how-
ever, was conducted at room temperature, complete con-
version of the starting material into the desired product was
observed. As in the case of the simple kinetic resolution, the
product was obtained as a single diastereomer and with
83% ee. This represents the first copper-catalyzed dynamic
kinetic resolution of an unsaturated lactone.

In an attempt to improve the enantioselectivity of the
reaction, other chiral bisphosphine ligands were used. It was
found that replacing p-tol-BINAP L3 with MeO-BIPHEP L4
while still performing the reaction at room temperature
provided the desired compound, again as a single diaster-
eomer, but now with 93% ee (when the kinetic resolution was
carried out at �30 8C with L4, the product was obtained with
95% ee). With the cis lactone prepared, all that remained to
complete the synthesis was to install the final methyl group in
the a position on the lactone ring. This was accomplished by
enolization of lactone 7with NaHMDS followed by alkylation
with iodomethane to give synthetic eupomatilone-3 in 85%
yield; its spectra were in agreement with those published for
material obtained from the natural source.[2,13]

On the basis of the success of the dynamic kinetic
resolution reaction described above, we briefly examined
the scope of this process by using other g-aryl-containing
unsaturated lactones. Initial results employing L4 as the
supporting ligand provided poor enantioselectivity for sub-
strates other than the natural product, however the diaster-
eoselectivity remained high. A brief survey of the efficiency of
ligands for this process was undertaken and it was observed
that the commercially available SYNPHOS ligand L5 pro-

vided the highest enantioselectivities (except in the case of
the natural product, in which L4 gave the best result).[14] The
scope of the reaction was examined and the results are shown
in Table 1. Aside from 8, all products were formed with
enantioselectivities ranging from 77 to 87%. Thus, no clear

dependence on steric or electronic factors could be ascer-
tained.

Unfortunately, use of the same reaction conditions for the
dynamic kinetic resolution of lactones that contain simple
alkyl substituents in the g position failed to give more than
50% conversion of the starting material. This is presumably
due to poor racemization of the starting lactone. Additionally,
the reaction provided both the cis and trans isomers of the
product, and the enantiomeric enrichment of the cis product
was found to be low (< 25% ee).

In conclusion, the total synthesis of eupomatilone-3 was
achieved in six steps and in 48% overall yield. The key to the
success of the synthesis was the development of a dynamic
kinetic resolution that allowed the a,b-unsaturated buteno-
lide 6 to be reduced in high yield and with both high
enantiomeric and diastereomeric excess. This is the first
example of a copper-catalyzed dynamic kinetic resolution of
an unsaturated lactone. The method was then applied to
several g-aryl containing a,b-unsaturated butenolides. While
a number of catalysts based on chiral bisphosphines were
found to successfully promote this transformation, optimal

Table 1: Dynamic kinetic resolution of unsaturated lactones.

Product ee [%] Yield [%][a]

67 95

81 92

87 85

77 91

78 94

[a] Yields are the average of two runs determined to be greater than 95%
pure by 1H NMR spectroscopy or GC.
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enantioselectivity was obtained when employing the com-
mercially available SYNPHOS ligand L5.
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Studies on de novo designed proteins involve the construction
of unique tertiary structures and the creation of novel
functions. Protein structures are mainly formed by various
interactions, such as ion-pair, hydrogen-bonding, and hydro-
phobic interactions. Recently, the cation–p interaction was
noted as one of the effective interactions judging from various
protein structures in the PDB (protein data bank) data-
bases,[1] and it is thought to contribute to protein structure
stabilization and protein–ligand interactions.[2–4] The cation–p
interaction is formed between aromatic rings and cationic
groups.[1b,5] In proteins, Trp, Tyr, Phe, and His are aromatic
residues, while Lys and Arg are cationic residues, and the
interaction between Trp and Arg is considered to be the best
combination.[1c,6] The cation–p interaction is favored several-
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fold over the formation of a salt bridge in water, in terms of
the desolvation energy penalty of the ionic residues. A cation–
p interaction stabilizes proteins by 2–3 kcalmol�1 more than
an ion-pair interaction, which is estimated to contribute 1–
3 kcalmol�1.[7] Thus, the cation–p interaction provides strong
and specific interactions, and therefore it should be consid-
ered in protein design.

Designed cation–p interactions have been assessed using
the solvent-exposed sites of the short a helices, turn structure,
and coiled-coil structure.[8] These data suggested that the
contributions of the cation–p interactions to the stability
depend on the species and the positions of aromatic and
cationic amino acids. However, the effects of the cation–p
interactions on the structural stability are quantitatively lower
than the values obtained from calculations, probably as a
result of the flexibility of the amino acid side chains on the
freely exposed sites of the a helix.

The location of the cation–p interaction is neither
completely solvent-exposed nor deeply buried within the
protein.[6] It is often found between a solvent-exposed site and
a completely buried site. We designed a cation–p interaction
to reside at the interface between two a helices of a coiled-
coil structure. The coiled coil consists of several a helices
wrapped around each other, and it represents a heptad repeat
sequence designated by abcdefg from each position.[9] The e
and g’ positions exist between the hydrophobic–hydrophilic
interfaces and are close to each other between two adjacent
a helices. Glu and Lys at these positions are close and form an
ion pair, which contributes to the stabilization and config-
uration of the coiled-coil structure. Therefore, the e and
g’ positions of the coiled coil might be suitable places to
design a cation–p interaction. We designed a cation–p
interaction at the e and g’ positions and compared the ion-
pair interaction between Glu and Lys at the same positions.
Our results support the existence of the cation–p interaction.

A de novo designed peptide (IZ), [YGG(IEKKIEA)4]
(defgabc), forms a parallel triple-stranded a-helical coiled-
coil structure.[10] The IZ peptide has a melting temperature
(Tm) of more than 95 8C, which makes it difficult to compare
the thermal stabilities of coiled-coil structures. Therefore, the
amino acid at the a position of the second heptad was
substituted with Gln to adjust the stability and to increase the
uniqueness of the structure.[11] We also mutated the amino
acid residues on the IZ derivatives, where Lys at the g position
and Glu at the e position were reversed. The prepared
peptides are listed in Table 1. There are three possible sites

for interactions using the e and g’ positions after homotri-
merization. Trp and Arg were placed in the middle of the
peptide. The rest of the e and g’ positions contained Glu and
Lys, respectively, for the ion-pair interactions. A series of
cation–p interactions was designed, and the peptides con-
taining Trp and Arg were named WR1, WR2, and WR3,
depending on the number of Trp–Arg sets. The e position of
one peptide and the g’ position of the other peptide were
alternated between the two a helices, and therefore Trp and
Arg were designed to generate an extended array of cation–p
interactions, formed by two and three Trp–Arg sets for WR2
and WR3, respectively. WRRW has two Trp–Arg sets;
however, because of the repulsive positive charge from Arg,
the two Trp–Arg interactions should work separately.

Molecular modeling of WR3 was performed by using
molecular mechanics calculations to obtain the preferable
spatial position of Trp and Arg residues in the a-helical
coiled-coil structures.[12] The energy-minimized WR3 model
suggested that the designed three Trp–Arg sets were placed
close enough together for cation–p interactions (Figure 1).

Circular dichroism (CD) spectroscopy was performed to
characterize the secondary structures of the designed peptides
(Figure 2). All of the peptides exhibited the spectra of typical
a-helical structures, with the characteristic minima at 208 and

222 nm. To analyze the stoichiom-
etry of the peptide aggregates, they
were subjected to gel filtration on
Sephadex G-50. The peptides
eluted at the same position as the
standard triple-stranded coiled-coil
peptide with a similar amino acid
length. These results indicate that
the peptides assembled into the
trimer with a coiled-coil structure.

The thermal stabilities of the
peptides were analyzed by monitor-
ing [q]222 as a function of temper-

Table 1: Amino acid sequences of the designed coiled-coil peptides and their Tm, DTm [8C], and
DG [kcalmol�1] values after homotrimerization.

Peptide Sequence Tm DTm DG

1 2 3 4
EK YGG IKKEIEA IKKEQEA IKKEIEA IKKEIEA 52 0 �15.3
WR1 –- —–- –-W–- -R—- —–- 58 6 �15.8
WR2 –- –-W–- -R-W–- -R—- —–- 75 23 �16.7
WR3 –- –-W–- -R-W–- -R-W–- -R—- >95 n.d. n.d.
WRRW –- –-W–- -R-R–- -W—- —–- 65 – –
AA –- —–- –-A–- -A—- —–- 42 – �14.6
WA –- —–- –-W–- -A—- —–- 48 – �14.8
AR –- —–- –-A–- -R—- —–- 45 – �14.7

Figure 1. Energy-minimized model of WR3, which was constructed on
the basis of a leucine-zipper coiled-coil structure (PDB ID: 1GCM) as
template, followed by energy minimization with the OPLS-AA force
field and GB/SA solvation model. Trp and Arg residues are illustrated
by space-filling molecular graphics.
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ature (Figure 3). EK exhibited a Tm of 52 8C. When one Glu–
Lys set was changed to Trp–Arg, the Tm was increased to 58 8C
(WR1), which is 6K higher than that of EK, in spite of the
removal of one of the ion pairs. This finding implies the
presence of an interaction between Trp and Arg which is
stronger than that of the ion pair. The effect on the thermal
stability was more remarkable when a couple of Trp–Arg sets
were placed at the e and g positions. WR2 exhibited a Tm of
75 8C, which is 23 K higher than that of EK. On the other
hand, WRRW had a Tm of 65 8C, which is 13 K higher than
that of EK. This 13-K increase is almost twice the DTm
between EK and WR1, which indicates that the two sets of
Trp–Arg in WRRW do not interact cooperatively but
separately, and that the orientation of WR (N!C or C!N)
does not affect the stability of the coiled-coil structure. WR2
has an even higher Tm value, which is 10Kmore than that of
WRRW. Furthermore, when three Trp–Arg sets were used,
the a-helical conformation was significantly more stable,
leading to a Tm value greater than 95 8C for WR3. These
results suggest that when Trp and Arg are aligned contigu-

ously between two a helices, they interact cooperatively. It is
apparent that the alternating alignment of aromatic and
cationic side chains multiplies their effects on the thermal
stability.

The fluorescence maximum of Trp is 327–332 nm under
hydrophobic conditions and 354 nm in solvent-exposed
sites.[13] We placed Trp at the g position, at the edge of the
hydrophobic and hydrophilic environments. Trp might par-
ticipate in the hydrophobic interaction, rather than the
interaction with Arg, because the aromatic residues tend to
be buried in the proteins. Therefore, we measured the
fluorescence spectrum of the Trp residue. All of the peptides
exhibited fluorescence maxima at 347–351 nm, with their
intensities depending on the number of Trp residues. This
finding indicates that the Trp residues exist at the solvent-
exposed sites, and do not contribute to the hydrophobic
interactions. The Trp residues in both WR2 and WRRW
reside at solvent-exposed sites; however, WR2 is thermally
more stable than WRRW. This result also supports the
conclusion that the contiguous alignment of Trp and Arg
augments the structural stability.

To obtain further physicochemical information concern-
ing the Trp–Arg interaction, we prepared three more
derivative peptides, AA, WA, and AR (see Table 1). These
peptides formed triple-stranded coiled-coil structures. We
carried out Gdn·HCl (guanidine hydrochloride) denaturation
experiments to calculate the stabilization energy DG. The DG
values obtained for AA, WA, and AR were similar at �14.6,
�14.8, and �14.7 kcalmol�1, respectively. Thus, the side chain
of Trp or Arg alone does not contribute to the structural
stability. The fact that the stabilization energies of EK and
WR1 were �15.3 and �15.8 kcalmol�1, respectively, indicates
that an interhelical interaction between Glu and Lys, or Trp
and Arg, was formed, and that one Trp–Arg interaction is
stronger than one Glu-Lys ion-pair interaction by
0.17 kcalmol�1. WR2 is even more stable, with a DG value
of �16.7 kcalmol�1, which shows that the stabilization energy
of one Trp–Arg interaction is more than 0.23 kcalmol�1

higher than that of one Glu–Lys ion pair. Thus, one
continuous Trp–Arg interaction stabilizes the structure even
more, by 0.06 kcalmol�1.

In conclusion, we have designed a cation–p interaction at
the interface between two a helices. Physicochemical experi-
ments suggested the existence of an interaction between Trp
and Arg, and showed that its contribution to stabilizing the
protein structure is greater than that of an ion pair. In
particular, the tandem repeats of Trp and Arg alignment,
which imply a network of cation–p interactions, substantially
stabilize the structure. The extended cation–p interaction is
observed in natural proteins, such as the human growth
hormone receptor extracellular domain.[1a,14] Although the
role of the interaction was not revealed by the amino acid
mutation, it may function to increase the protein stability. Our
design strategy using the Trp–Arg interaction should contrib-
ute to increase protein stability and specificity.
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Figure 2. CD spectrum of WR3. EK, WR1, WR2, and WRRW exhibited
the same CD spectra as WR3. The measurement was performed in
sodium phosphate (20 mm, pH 7.0) containing NaCl (0.1m) at 20 8C.
The peptide concentration was 20 mm.

Figure 3. Thermal denaturation curves for EK, WR1, WR2, WR3, and
WRRW. The curves were recorded in sodium phosphate (20 mm,

pH 7.0) containing NaCl (0.1m), with a peptide concentration of
20 mm.
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Tin-Free Radical Carbonylation: Thiol Ester
Synthesis Using Alkyl Allyl Sulfone Precursors,
Phenyl Benzenethiosulfonate, and CO**

Sangmo Kim, Sunggak Kim,* Noboru Otsuka, and
Ilhyong Ryu*

Free-radical carbonylation is synthetically very useful in
preparing various carbonyl compounds.[1] Synthetic methods
based on free-radical carbonylation utilize mainly highly toxic
organotin reagents as mediators.[2] In our efforts to address
the problems associated with toxic organotin reagents, we
reported that the use of alkyl allyl sulfone precursors is one of
the most useful and reliable methods for the generation of
alkyl radicals under tin-free conditions and are very effective
in radical carbon–carbon bond-formation reactions.[3,4] In our
continued efforts to achieve tin-free radical carbon–carbon
bond formations,[5] we have recently focused on tin-free
radical carbonylations that use alkyl allyl sulfone precursors
to prepare thiol esters [Eq. (1)].

Radical carboxylations were reported by Kharasch et al.
in the 1940s,[6] but no significant progress in this area was
made in the subsequent 50 years. Direct radical carboxylation
of alkyl radicals with carbon dioxide is an extremely difficult
process because decarboxylation is a greatly favored pro-
cess.[7] Thus, radical carboxylations using highly reactive
radical trapping agents such as oxalyl acid derivatives[8] and
S-phenyl chlorothioformate[9] have recently been reported
along with an indirect approach involving carbonylation and
iodine atom transfer.[10] For the synthesis of thiol esters,
radical reactions of aldehydes with disulfides are used.[11]
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To uncover efficient radical-trapping agents of acyl
radicals,[12,13] we screened several phenylsulfonyl derivatives
as shown in Table 1. When 4-phenoxybutyl allyl sulfone (1)
was treated with phenylsulfonyl bromide (2b) in the presence
of V-40 (1,1’-azobis(cyclohexane-1-carbonitrile)) as initiator

under pressurized CO (50 atm, 0.03m, autoclave) in heptane
at 100 8C for 12 h, 4-phenoxybutyl bromide (4b) was obtained
in 75% yield along with recovery of the starting material 1
(20%) while no acid bromide was obtained. The use of phenyl
benzeneselenosulfonate (2c) gave 4-phenoxybutyl phenyl
selenide (4c) in 84% yield, whereas the use of phenylsulfonyl
chloride (2a) yielded a small amount of the acid chloride
(10%). Apparently, phenylsulfonyl bromide and phenyl
benzeneselenosulfonate react with the alkyl radical prior to
the carbonylation of the alkyl radical, whereas phenylsulfonyl
chloride is too unreactive toward the alkyl radical. When the
reaction was attempted using phenyl benzenethiosulfonate
(2d) under the same conditions, a mixture of thiol ester 3d
(75%) and alkyl sulfide 4d (12%) was isolated along with
some starting material (7%). Furthermore, the use of
diphenyl disulfide as a trapping agent under the same
conditions was not effective and 3d was obtained in 15%
yield along with 80% recovery of 1.

As shown in Scheme 1, the addition of a phenylsulfonyl
radical to 1 produces an alkyl radical through the thermal

desulfonylation of the initially generated alkyl sulfonyl
radical along with formation of phenyl allyl sulfone (5). The
alkyl radical can react with CO and/or phenyl benzenethio-
sulfonate (2d) to yield the acyl radical and/or alkyl sulfide 4d.
Therefore, the success of this approach depends critically on
obviating the formation of 4d. To optimize the reaction
conditions, the effect of the pressure of CO and the concen-
tration of 1were investigated (Table 2). As expected, the yield

of thiol ester 3d was increased at the higher pressure of CO
while a lower concentration of 1 led to a reduced yield of alkyl
sulfide 4d. The best result was obtained when the reaction
was carried out with 2d (1.5 equiv) and V-40 (0.2 equiv) as
initiator in a pressurized autoclave (95 atm of CO) in heptane
(0.01m) at 100 8C for 18 hours. Furthermore, when the
effectiveness of alkyl benzenethiosulfonates relative to 2d
was briefly studied, methyl benzenethiosulfonate was found
to be equally effective and slightly more reactive than 2d
[Eq. (2)]. Additionally, we explored the application of the
present method to synthetically useful pentafluorophenyl
thiol esters [Eq. (3)].[14] Treatment of 1 with pentafluoro-
phenyl benzenethiosulfonate (7)[15] under the same conditions
afforded pentafluorophenyl thiol ester 8 in 82% yield along
with pentafluorophenyl sulfide 9 (16%). A similar result was
also obtained with 6.

Table 3 illustrates the efficiency and the scope of the
present method. Primary alkyl radicals worked well, yielding
the corresponding thiol esters in high yields under the present

Table 1: Radical carbonylation of alkyl allyl sulfone 1 (R=PhO(CH2)4)
with arylsulfonyl derivatives 2.

2 : X= Yield [%]
3 4 1

a : Cl 10[a] 0 76
b : Br 0 75 20
c : SePh 0 84 0
d : SPh 75 12 7

[a] Isolated as the methyl ester.

Scheme 1. Tin-free radical carbonylation of alkyl allyl sulfone 1
(R=PhO(CH2)4) with phenyl benzenethiosulfonate (2d).

Table 2: Effect of concentration of 1 (R=PhO(CH2)4) and pressure of
CO on the tin-free radical carbonylation with 2d.

[1] [m] pCO [atm] Yield [%]
3d 4d 1

0.05 95 82 11 5
0.02 95 77 3 18
0.02 50 81 8 9
0.01 50 61 3 34
0.01 95 70 0 19
0.01 95[a] 92 0 6

[a] Reaction time: 18 h.
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conditions (95 atm of CO, 0.01m solution of 1). There was no
indication of the formation of alkyl sulfide 4d. In one case, a
small amount of the starting material was recovered (entry 6).
However, secondary alkyl radicals led to a significant amount
of formation of 4d. As the radical carbonylation of secondary
alkyl radicals is less efficient than that of primary alkyl
radicals, secondary alkyl radicals would have more chance to
react with 5 prior to carbonylation. At 95 atm of CO, a 64:26
mixture of the thiol ester and the alkyl phenyl sulfide was
isolated (entry 7). When the same reaction was repeated at a
higher pressure of CO (130 atm) for 18 h, the formation of the

alkyl phenyl sulfide was reduced to
some extent to yield an 80:11 mix-
ture of 3d and 4d (entry 8). As we
anticipated, tertiary alkyl radicals
gave more direct addition products
(entries 11 and 12). The benzylic
radical did not undergo carbonyla-
tion and reacted with 2d to give a
benzyl phenyl sulfide in 51% yield
together with the recovery of some
starting material (46%; entry 13).
Sequential radical reaction involv-
ing cyclization and phenylthio car-
bonylation afforded the desired
product in 90% yield (entry 14).
However, in the case of 6-exo ring
closure, a 24:59 mixture of two
products was obtained in favor of
the direct carbonylation product,
apparently as a result of the com-
petition between 6-exo ring closure
and the direct carbonylation
(entry 15).[16] When a four-compo-
nent coupling reaction using 12,
allyl trimethylsilane, CO, and 2d
was carried out under the same
conditions, a 4.7:1 diastereomeric
mixture of the desired product 14
was isolated in 83% yield
(Scheme 2).[17] Evidently, the elec-
trophilic alkyl radical generated
from 12 failed to undergo carbon-
ylation and reacted with allyl trime-
thylsilane to yield intermediate 13.

Next, the possibility of a double
carbonylation was explored.[18]

Reaction of 15 with 2d and CO
yielded acyl radical 17 through
carbonylation of the radical inter-
mediate 16. The subsequent 5-exo
ring closure of 17 and CO trapping
followed by quenching with 2d
afforded thiol ester 18 according to
the scheme proposed (Scheme 3).
When 15 was subjected to the

Table 3: Synthesis of thiol esters through tin-free radical carbonylation.

Entry Alkyl allyl sulfone
Y=SO2CH2CH=CH2

Conditions[a] Thiol ester Yield [%][b]

1 A 97

2 A 98

3 A 94

4 A 83

5 A 95

6 A 84[c]

7
8

A
B

64 (26)
80 (11)

9 A 87 (10)

10 A 83 (13)

11 A 33 (57)

12 A 72 (24)

13 A – (51)[d]

14 A 90

15 A 24

59

[a] A: 2d (1.5 equiv), CO (95 atm), heptane, 100 8C, 18 h; B: 2d (1.5 equiv), CO (130 atm), heptane,
100 8C, 18 h. TBDPS= tert-butyldiphenylsilyl. [b] The numbers in parentheses indicate isolated yields of
alkyl phenyl sulfides. [c] Starting material (12%) was recovered. [d] Some starting material (46%) was
also recovered.

Scheme 2. E=CO2Et.
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standard carbonylation conditions, 18 was isolated in 66%
yield.

In conclusion, we have reported that tin-free radical
carbonylation is successfully achieved using alkyl allyl sulfone
precursors and have developed a highly efficient method for
the synthesis of thiol esters using phenyl benzenethiosulfo-
nate as a trapping agent. This approach provides ready access
to other related carbonyl derivatives.

Experimental Section
Typical procedure: Heptane (12 mL), 4-(prop-2-ene-1-sulfonyl)buty-
ric acid ethyl ester (26 mg, 0.12 mmol), phenyl benzenethiosulfonate
(2d ; 45 mg, 0.18 mmol), and V-40 (8 mg, 0.03 mmol) were placed in a
50-mL stainless steel autoclave. The autoclave was sealed and purged
with CO (3C 10 atm). The autoclave was then pressurized with CO
(95 atm) and heated, with stirring, at 100 8C for 18 h. After excess CO
was discharged at room temperature, the solvent was evaporated, and
the residue was purified by column chromatography on silica gel using
ethyl acetate and n-hexane (1:20) as eluant to give 4-phenylsulfanyl-
carbonylbutyric acid ethyl ester (28 mg, 94%). 1H NMR (CDCl3,
400 MHz): d= 1.24 (t, J= 7.1 Hz, 3H), 2.01 (quin, J= 7.3 Hz, 2H),
2.38 (t, J= 7.3 Hz, 2H), 2.72 (t, J= 7.3 Hz, 2H), 4.12 (q, J= 7.1 Hz,
2H), 7.39 ppm (s, 5H); 13C NMR (CDCl3, 100 MHz): d= 14.2, 20.6,
33.0, 42.5, 60.5, 127.6, 129.2, 129.4, 134.5, 172.7, 196.8 ppm; IR
(polymer): ñ= 749, 1026, 1187, 1442, 1479, 1708, 1735, 1963,
2983 cm�1; HRMS [M+] calcd for C13H16O3S: 252.0820; found:
252.0815
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The 1,3-dipolar cycloaddition of nitrones to alkenes[1] is an
atom-economic method for the construction of isoxazolidines,
which are important precursors of, for example, alkaloids,
amino acids, b-lactams, and amino sugars.[2] Typically, an
electron-deficient alkene is involved, with the interaction
between the LUMO of the alkene and the HOMO of the
nitrone being the determinant for the relative orientation of
the reactants. However, steric factors often counterbalance
the electronic preferences, particularly in b-unsubstituted
enoyl (acryloyl) systems, and make regiocontrol challeng-
ing.[3, 4] Additionally, both endo/exo and p-facial selectivity
have to be addressed. Although amine activation of enals[5]

has emerged as an attractive approach, most methods rely on
the use of Lewis acids to activate the enoyl system toward the
nitrone counterpart.[3, 4,6] However, despite the many applica-
tions, success in asymmetric nitrone cycloadditions remains
very scarce compared to that reached in the parent Diels–
Alder cycloaddition and only a limited number of alkene
templates such as N-enoyl derivatives of oxazolidino-
ne,[4a–c,6c–6g] thiazolidinethione,[6a] pyrrolidinone,[6b] and pyra-
zolidinone,[6h] as well as certain alkylidene malonates[6i] have
been employed to fulfill this gap. In metal-catalyzed nitrone

cycloadditions, not only are bidentate alkene substrates
required but also metal–substrate coordination needs to be
notably efficient for optimum selectivity.[7] We report herein
that excellent combined levels of regio-, endo/exo-, and
enantioselectivity may be achieved by using a’-hydroxy
enones as new partners for this reaction.

Recent observations from these laboratories in the con-
text of Diels–Alder and conjugate addition reactions have
shown the role of a’-hydroxy enones in metal-assisted
activation, which likely occurs through formation of 1,4-
metal-chelated species as the reactive intermediates.[8] It was
argued that such a complexation pattern might be effective in
nitrone cycloadditions and hence increase the pool of
available templates for this reaction. To evaluate this
assumption, initial screening reactions were carried out with
the chiral a’-hydroxy enone 1[9] and nitrone 3a in the presence
of several metal triflates (Scheme 1 and Table 1). Data

revealed that Cu(OTf)2 gave the best results and isoxazolidine
4a could indeed be obtained in high yield and, most notably,
with essentially perfect regio- and diastereoselectivity.

Gratifyingly, the chemical efficiency and the high degree
of regio- and stereocontrol for this Cu(OTf)2-mediated
reaction was found to be quite general over the range of
nitrones 3a–k examined (Table 2). Nitrones bearing electron-
rich, electron-neutral, or electron-poor aryl substituents were
tolerated with almost equal efficiency to give isoxazolidines
4a–k in good yields and with diastereomeric ratios ranging

Scheme 1. Regio- and stereocontrolled 1,3-dipolar cycloadditions of
nitrones to a’-hydroxy enones 1 and 2. OTf= trifluoromethylsulfonyl.

Table 1: Screening of the catalyst for the reaction of enone 1 with nitrone
3a (R1=Bn; Ar=Ph) to give 4a.[a]

Lewis acid t [h] Conversion [%] Regioisomer ratio[b]

Mg(OTf)2 72 68[c] 12:88[d]

Zn(OTf)2 48 81[c] 89:11[e]

Cu(OTf)2 4 >99 �98:2[e]

La(OTf)3 15 50 98:2[e]

Yb(OTf)3 48 92[c] 85:15[e]

[a] Reactions conducted at room temperature in dry CH2Cl2, with 1:1:0.1
molar ratio of enone 1/3a/Lewis acid. [b] Determined by 1H NMR
spectroscopy. [c] By-products from nitrone and enone decomposition
were detected. [d] Minor isomer corresponds to 4a ; configuration of the
major isomer not established. [e] Configuration of the minor isomer not
established.
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from 90:10 to greater than 98:2. The reactions were typically
carried out in dichloromethane as solvent using 10 mol%
catalyst, although a loading of 5 mol% catalyst led to similar
results (products 4c and 4e). b-Substituted
enones also behaved well in terms of both
chemical and stereochemical efficiency,
although longer reaction times were required.[10]

For example, the reaction of enone 2 with
nitrones 3a, 3c, and 3e provided cycloadducts
5a, 5c, and 5e in good yields and with remark-
able diastereoselectivity.

The scope of the model is further demon-
strated in the catalytic, enantioselective 1,3-
dipolar cycloaddition of nitrones to simple a’-
hydroxy enone 6[8] (Table 3). A preliminary survey of
combinations of privileged ligands and metal salts[11,12]

showed that the Evans bis(oxazoline)–CuII complex 7

(tBOX/Cu) was most successful in
providing the nitrone cycloadducts
8/9 with very high stereoselectivity
and with regioisomeric ratios equal
to or greater than 90:10. To the best
of our knowledge, this represents
the highest combined regio- and
enantioselectivity observed for b-
unsubstituted enoyl substrates.[4,13]

As an apparent limitation, however,
the reaction of 6 with nitrone 3m
provided low endo/exo selectivity,
although excellent regio- and enan-
tiocontrol were still attained.

As differently b-substituted,
simple hydroxy enones are readily
available,[8] the method constitutes
a straightforward route to 3,4,5-
trisubstituted isoxazolidines of
high diastereo- and enantiopurity.
For instance, enone 10 reacted with

nitrones 3m and 3n to give the respective isoxazolidines 11
and 12 with diastereomeric ratios of about 98:2 and enantio-
selectivities higher than 99% (Scheme 2).

The assigned configuration of adducts 4, 8, 5, and 9 was
established by single-crystal X-ray analyses[14] of adducts 4a,
5a, 8m, and 9a (the configurations of the remaining adducts

were assigned by analogy). Addi-
tionally, the absolute configuration
of 8awas deduced from comparison
of the optical rotation values of
elaborated adducts (see below) and
by assuming a uniform reaction
mechanism.

The potential utility of the
method is illustrated in Scheme 3.
For example, treatment of adducts
4a, 4c, and 4e with periodic acid
afforded the corresponding carbox-
ylic acids 13 in high yields and
essentially enantiopure form. Like-
wise, after addition of methyl lith-
ium to 4a and subsequent cleavage
of the diol with lead tetraacetate,
enantiopure acetylisoxazolidine 14
was obtained in 84% yield. Simi-
larly, reduction of 4a and further
scission led to isoxazolidine carbal-

Table 2: Asymmetric 1,3-dipolar cycloadditions of enones 1 and 2 with nitrones 3.[a]

Nitrone 3 R Product t [h] Yield [%][b] d.r.[c]

Ar R1

3a Ph PhCH2 H 4a 4 88 �98:2
PhCH2 CH3 5a 22[d] 84 �98:2

3b 4-MeO-C6H4 PhCH2 H 4b 24 68 �98:2
3c 4-Me-C6H4 PhCH2 H 4c 30[e] 70 �98:2

CH3 5c 50[d] 70 �98:2
3d 3-Me-4-Me-C6H3 PhCH2 H 4d 8 83 �98:2
3e 4-Cl-C6H4 PhCH2 H 4e 9[e] 89 �98:2

CH3 5e 48[d] 71 �98:2
3 f 3-Cl-C6H4 PhCH2 H 4 f 0.5 91 �98:2
3g 3-Cl-4-MeO-C6H3 PhCH2 H 4g 2 90 �98:2
3h 4-CN-C6H4 PhCH2 H 4h 28 76 94:6[f ]

3 i 3-NO2-4-Me-C6H3 PhCH2 H 4 i 2 89 �98:2
3 j Ph Ph2CH H 4 j 8 70 90:10[f ]

3k Ph 2-MeO-PhCH2 H 4k 10 84 �98:2

[a] Reactions conducted on 0.5-mmol scale in dry CH2Cl2, with 1:1:0.1 molar ratio of enone/nitrone/
catalyst. [b] Yield of isolated product after column chromatography. [c] Determined by 13C NMR
spectroscopy. [d] In the presence of 4-P molecular sieves and a 1:2:0.2 molar ratio of enone/nitrone/
catalyst. [e] Using 5 mol% of Cu(OTf)2. [f ] Configuration of the minor isomer not determined.

Table 3: Catalytic enantioselective 1,3-dipolar cycloadditions of nitrones and a’-hydroxy enone 6.[a]

3 Ar R1 Yield Ratio Product 8
[%] 8 :9[b] endo/exo[c] ee [%][d]

3a Ph PhCH2 85 93:7 �98:2 94
3b 4-MeO-C6H4 PhCH2 99 92:8 �98:2 92
3c 4-Me-C6H4 PhCH2 81 92:8 �98:2 92
3d 3-Me-4-Me-C6H3 PhCH2 94 �98:2 �98:2 90
3e Ph CH3 55 90:10 �98:2 96
3 f Ph Ph 98 �98:2[e] 76:24 �99

[a] Reactions conducted at 0.5-mmol scale in CH2Cl2 with a 2:1 molar ratio of 6/3. [b] Determined by
13C NMR spectroscopy; absolute configuration of 9 not determined. [c] Determined by 1H NMR
spectroscopy. [d] Determined by HPLC. [e] Reaction conducted at �40 8C.

Scheme 2. Enantioselective approach for b-substituted hydroxy enone substrates.
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dehyde 15. In all the above examples, the starting (1R)-(+)-
camphor was recovered after scission, ready for reuse. On the
other hand, the oxidative elaboration of adduct 8a gave ent-
13a along with acetone as the only by-product, whereas
hydrogenolytic opening of 8a with concomitant N-protection
(Boc) and further cleavage of the ketol afforded homoserine
derivative 16 in two high-yielding steps. Of practical interest,
both enantiomers of each isoxazolidine product are readily
accessible by appropriate choice of the corresponding
approach.

In conclusion, a’-hydroxy enones considerably expand the
range of metal-catalyzed 1,3-dipolar cycloadditions of nitro-
nes. Conditions have been set that produce the cycloadducts
with very high combined levels of regio- and stereoselectivity.
The potential of the method has been demonstrated using
camphor-derived a’-hydroxy enone 1 in combination with
catalytic Cu(OTf)2, or achiral enones 6 and 10 in combination
with the Evans bis(oxazoline)–CuII catalyst, and by the easy
elaboration of the cycloadducts to diversely functionalized di-
and trisubstituted isoxazolidines in essentially enantiopure
form.

Experimental Section
General procedure for CuII/tBOX (7)-catalyzed 1,3-dipolar cyclo-
additions of nitrones to 6 : A flame-dried flask was charged with 2-
hydroxy-2-methylpent-4-en-3-one (6 ; 0.114 g, 1.0 mmol) and dry
CH2Cl2 (1.5 mL) under N2. The solution was cooled to �20 8C, and
then freshly dried, powdered molecular sieves (4 D; 250 mg), a
solution of the corresponding nitrone (0.5 mmol) in CH2Cl2 (1 mL),
and a solution of 7 in CH2Cl2 (0.05m, 1 mL) were added consecutively.
The resulting mixture was stirred at �20 8C until completion of
reaction. The reaction mixture was then diluted with 5 mL of ethyl
acetate/hexane (1:1), and the solution was directly applied to a short
column of silica gel (1.5 cmE1.5 cm). Elution with a mixture of ethyl

acetate and hexane (1:1), followed by concentration of the
collected solution and subsequent purification by column chro-
matography (silica gel, 1:15 ethyl acetate/hexane), afforded the
corresponding cycloadduct.
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Tandem Radical-Addition–Aldol-Type Reaction
of an a,b-Unsaturated Oxime Ether**
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Conjugate addition of radical species has been recognized as a
versatile tool for introducing an alkyl group into the
b position of a,b-unsaturated carbonyl compounds,[1] and
the subsequent trapping of the intermediate radical species
with allyltin compounds has been widely studied.[2,3] Tandem
reactions are among the most efficient synthetic methods.
However, those that proceed sequentially through ionic
species sometimes exhibit problematic drawbacks such as
the need for exacting reaction conditions, whereas undesired
polymerization may result from tandem radical reactions. A
combination of radical and ionic processes may alleviate these
problems and could thus be a promising approach. Oshima
and co-workers first demonstrated that a tandem radical
addition–aldol condensation of enones or enals could be
performed via the formation of an intermediate boryl
enolate.[4] Other groups have recently reported tandem
reactions involving radical and ionic processes for the
convenient synthesis of highly complex molecules.[5] How-
ever, there are only limited examples which employ enolate
intermediates formed by a radical addition reaction. The goal
of our work is to develop a highly efficient carbon–carbon
bond-construction method by taking advantage of a novel
hybrid radical–ionic reaction involving the radical addition to
a,b-unsaturated oxime ethers and subsequent ionic trapping
of the resulting N-boryl enamine by aldehydes.

Building upon our syntheses of a- and b-amino acids by
radical addition to oxime ethers,[6] we extended our use of a,b-
unsaturated oxime ether 1 bearing Oppolzer-s camphorsul-
tam to the synthesis of g-amino acids (Figure 1). Recent
studies on the radical addition to imines showed that amino-
boranes were effectively formed by trapping of intermediate
aminyl radicals with triethylborane.[7–10] Thus, we expected
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that the boryl enamine 2 could be formed by the triethylbor-
ane-promoted radical addition to (E)-1, if the reaction
proceeds regioselectively by path a.

Prior to exploring issues of the tandem process, we first
investigated the regioselectivity in the carbon-radical addition
to conjugated oxime ether (E)-1, which possesses three
radicophilic centers (Scheme 1). The addition of ethyl radical

to (E)-1 was performed in CH2Cl2 at 20 8C for 20 min with
triethylborane (Table 1, entry 1). The reaction took place
regioselectively at the a position of the carbonyl group
(path a as shown in Figure 1) to give the desired product 3a

in 97% yield without formation of other regioisomers
(paths b or c). This is the first example of a regioselective
radical addition to a conjugated oxime ether that involves
four electrophilic positions. The diastereomeric purity of 3a
was found to be no less than 97.5:2.5 d.r. by 1H NMR
spectroscopic analysis of the crude product. The absolute
configuration at the newly formed stereocenter was deter-
mined to be S by converting the adduct 3a into the authentic
g-amino acid 4.[11] The stereochemical preference of this
reaction can be rationalized as follows. With regard to the
conformation of (E)-1, the anti (sulfonyl and carbonyl groups)
and s-cis (carbonyl group and C=C bond) planar rotamer
shown in Scheme 1 should be favored over other rotamers.
Therefore, the alkyl-radical addition to the re (bottom) face is
favored, presumably resulting from steric interactions with
the axial oxygen of the sulfonyl group.[6c] In marked contrast,
the ethylated product 3a was not formed with the use of
diethylzinc as a radical initiator (Table 1, entry 2).[12] The high
diastereoselectivities and good chemical yields were observed
in the addition of secondary alkyl radicals to (E)-1 (Table 1,
entries 3 and 4). A lower chemical yield was attained with a
bulky tert-butyl radical, but the reaction still proceeded with
high d.r. (> 97.5:2.5; Table 1, entry 5). These observations
indicate that triethylborane acts as an effective reagent for
trapping the intermediate enaminyl radical to form the boryl
enamine 2.

To confirm the formation of boryl enamine 2, we studied
the 1H NMR spectra and the trapping reaction of boryl
enamine 2 with D2O (Scheme 2). The 1H NMR spectra of the

reaction mixture of 1 with triethylborane in CD2Cl2 suggested
the formation of (E)-enamine 2 as shown in Scheme 2. The
deuteration of boryl enamine 2 took place at the b position
(relative to the carbonyl group) to give the product 5 in 64%
yield. Thus, the rationale of the reaction pathway is that the
alkyl radical adds to the a position of the carbonyl group in
(E)-1 to form the intermediate radical A, which is captured by
triethylborane to afford the (E)-boryl enamine 2 and
regenerate an ethyl radical.

With these results in mind, we next investigated the
tandem radical-addition–aldol-type reaction of an a,b-unsa-

Figure 1. Tandem reaction involving both radical and ionic processes
(X= (1R)-camphorsultam). Bn=benzyl.

Scheme 1. Radical addition to conjugated oxime ether (E)-1. Boc= tert-
butyloxycarbonyl.

Table 1: Alkyl-radical addition to conjugated oxime ether (E)-1.[a]

Entry Initiator RI Product Yield [%][b] d.r.[c]

1 Et3B none 3a 97 >97.5:2.5
2 Et2Zn none – ND
3 Et3B iPrI 3b 56 >97.5:2.5
4 Et3B sBuI 3c 69 >97.5:2.5
5 Et3B tBuI 3d 28 >97.5:2.5

[a] Reactions were carried out using RI (30 equiv) and Et3B or Et2Zn in
hexane (1.0m, 5 equiv) in CH2Cl2 for 20 min. [b] Isolated yield of the
desired alkylated product (ND=not detected). [c] Diastereomeric ratios
were determined by 1H NMR analysis.

Scheme 2. Trapping reaction of boryl enamine with D2O (X= (1R)-cam-
phorsultam).
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turated oxime ether by using paraformaldehyde (Scheme 3).
Triethylborane was added to a mixture of 1 and paraformal-
dehyde. The resulting products were the ethylated product 3a
and trans-g-butyrolactone 6 in 53 and 44% yields, respectively
(Table 2, entry 1). The g-butyrolactone 6 was presumably

formed through the diastereoselective addition of ethyl
radical to 1, trapping of boryl enamine 2 with paraformalde-
hyde, and intramolecular lactonization with concomitant
removal of the chiral auxiliary. The relative configuration of
the two substituents on lactone 6 was determined by NOE
interaction experiments. To the best of our knowledge, this
reaction represents the first reported example of the electro-
philic trapping reaction of an unstable N-boryl enamine
generated through a radical process. This tandem reaction
was promoted in the presence of Me3Al (1.2 equiv) as a Lewis
acid. The reaction using Me3Al under reflux gave the desired
lactone 6 exclusively in 72 % yield (Table 2, entry 3). The
enantiomeric purity of trans-g-butyrolactone 6 was found to
be 90% ee by chiral HPLC analysis. The lower stereoselec-
tivity of the tandem reaction (90% ee) than that of the simple
ethyl-radical addition (> 97.5:2.5 d.r.) was attributed to the
higher reaction temperature (reflux) used in the initial radical
reaction step.

The utility of this new tandem radical–ionic reaction was
tested in the asymmetric synthesis of various types of g-
butyrolactones. Thus, we investigated the reaction with
different kinds of aldehydes (Scheme 4). The trapping
reaction of boryl enamine 2 with benzaldehyde gave the
trans,trans isomer 8a as the major product, accompanied by
small amounts of other diastereomers. g-Butyrolactone 8a
was easily converted into g-amino acid derivative 9. Treat-

ment of 8a with benzylamine in the presence of 2-pyridinol
gave an acyclic oxime ether which was reduced to the amino
acid amide 9.[13] The electron-donating and electron-with-
drawing substituents on the aromatic ring of the aldehyde
exhibited no apparent effects on either the chemical yield or
the stereoselectivity, and good yields were attained for both
8b and 8c. 2-Furfural and cinnamaldehyde also worked well
under similar reaction conditions. The trans,trans stereo-
selectivity observed for the reaction can be explained by
invoking a six-membered-ring transition state. The sterically
more stable conformer of (E)-boryl enamine reacted with the
Me3Al-activated aldehyde in such a way that 1,3-diaxial
interactions were minimized, and an unfavorable steric
interaction with allylic substituents was avoided.[14]

Finally, we examined the tandem reaction involving an
addition of isopropyl radical, which occurred by way of an
iodine atom-transfer process, followed by an aldol-type
reaction (Scheme 5). With the use of isopropyl iodide

(20 equiv) as radical precursor and benzaldehyde as trapping
agent, the tandem reaction of (E)-1 proceeded smoothly to
give isopropyl-substituted g-butyrolactone 10 in 61 % yield.

In conclusion, we have developed a hybrid type of
reaction that involves a radical addition and an aldol
condensation. This tandem reaction of an a,b-unsaturated
oxime ether provides a powerful synthetic approach to chiral
g-butyrolactones and g-amino acids.

Experimental Section
General procedure for radical-addition–aldol-type reaction of a,b-
unsaturated oxime ether (E)-1: Aldehyde (0.148 mmol) and Me3Al

Scheme 3. Tandem radical-addition–trapping reaction of boryl enamine
with paraformaldehyde (X= (1R)-camphorsultam).

Table 2: Radical–aldol-type reaction of (E)-1 with paraformaldehyde.[a]

Entry Lewis acid T [8C] Yield [%][b] Selectivity[c]

6 3a trans :cis

1 None reflux 44 53 10:2
2 Me3Al 20 41 42 10:3
3 Me3Al reflux 72 – 10:3[d]

[a] Reactions were carried out with Et3B in hexane (1.0m, 5 equiv), Me3Al
in hexane (1.0m, 1.2 equiv), and (CH2O)n (1.2 equiv) in CH2Cl2.
[b] Isolated yield. [c] Determined by 1H NMR analysis. [d] Enantiomeric
purity of the trans isomer was found to be 90% ee by HPLC analysis.

Scheme 4. Radical-addition–aldol-type reaction of (E)-1 (ratio in paren-
theses is for the yield of the major isomer to that of all other isomers
combined; X= (1R)-camphorsultam).

Scheme 5. Isopropyl-radical-addition–aldol-type reaction of (E)-1 (ratio
in parentheses is for the yield of the major isomer to that of all other
isomers combined).
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(1.0m in hexane, 0.148 mL, 0.148 mmol) were added to a solution of
(E)-1 (50 mg, 0.124 mmol) in CH2Cl2 (5 mL) at room temperature
under a N2 atmosphere. Et3B (1.0m in hexane, 0.62 mL, 0.62 mmol)
was then added dropwise to the reaction mixture at reflux. After
stirring at reflux for 3 h, the reaction mixture was diluted with
saturated aqueous NaHSO3 and then extracted with EtOAc. The
organic phase was washed with saturated aqueous NaHCO3 and
brine, dried over MgSO4, and concentrated at decreased pressure.
Purification of the residue by preparative TLC (hexane/EtOAc 5:1)
afforded the desired g-butyrolactones.
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dizers such as lead, mercury, and thallium reagents
(Figure 1).[1] They are generally used as stoichiometric
oxidants, though it may be possible to carry out oxidations
under catalytic conditions. Indeed, oxidative fluorination
reactions with a catalytic amount of iodobenzene difluoride

or 4-iodotoluene difluoride were reported in which the
reoxidation of the iodine groups of iodoarenes was carried
out electronically.[2, 3] However, to our knowledge, a catalytic
system for the formation of other bond types has not yet been
reported. This is probably due to the lack of efficient
procedures for the reoxidation of organoiodine(i) to hyper-
valent iodine(iii) species[4–8] in the reaction system. Although
new preparative methods that use sodium periodate
(NaIO4),

[6] chromium trioxide (CrO3),
[7] and dimethyldioxir-

ane[8] have been reported, they remain unsatisfactory in terms
of product yield, ease of operation, and other aspects.

We have recently developed environmentally friendly,
recyclable hypervalent iodine(iii) reagents 1a–c with high
reactivities.[9] In its synthesis, we
realized the need to prepare 1a
with nearly quantitative yield to
make it a practical recyclable
reagent; we also found that only
an oxidation system using meta-
chloroperbenzoic acid (mCPBA)[10]

in dilute acetic acid/dichlorome-
thane was suitable for this purpose.
This interesting aspect prompted us
to explore the possibility of these
adamantane-based recyclable
reagents as catalysts by combina-
tion with mCPBA as a stoichiomet-
ric chemical oxidant.

Herein, we demonstrate oxida-
tive transformations with catalytic
amounts of hypervalent iodine(iii)
reagents, which enable versatile C�
O and even C�C bond formations.
Relying on the previous conditions

to synthesize 1a, we first examined the oxidative spirocycli-
zation reaction of the phenol 5a[11] with 0.1 equivalent of
phenyliodine diacetate (PIDA), which gave disappointing
results (Table 1, entry 1). Therefore, the reaction conditions
were optimized. With 3a instead of PIDA, a catalytic reaction
was observed (entry 2). As the amount of trifluoroacetic acid
(CF3CO2H) increased, the catalytic efficiency increased
(entries 2 and 3). In the absence of 3a, no reaction was
observed. Interestingly, the rapid conversion of 5a was
observed in these cases. The nature of the acids and the
presence of water were also influential (entries 4–7). The
hypervalent iodine(iii) reagent 3d gave the best results of
those examined (entries 10 and 11). It was possible to
decrease the amount of 3d to as low as 0.01 equivalent
without a significant loss in catalytic efficiency (entry 11). The
spirocyclization of 5a using 3d with other cooxidants such as
peracetic acid,[4] sodium perborate,[5] NaIO4,

[6] and CrO3
[7]

were not successful.
A proposed catalytic cycle is depicted in Scheme 1. First,

3d forms the hypervalent iodine(iii) active species A (which
occurs under the stated reaction conditions, although a certainFigure 1. Hypervalent iodine(iii) reagents. PIDA=phenyliodine diace-

tate; PIFA=phenyliodine bis(trifluoroacetate); HTIB= (hydroxy-
(tosyloxy)iodo)benzene; PDAIS=poly(diacetoxyiodo)styrene; PBTIS=
poly(bis(trifluoroacetoxy)iodo)styrene.

Table 1: Optimization of the hypervalent-iodine(iii)-catalyzed spirocyclization reaction of 5a.

Entry Ar Equiv Additive t [h] Yield [%]

1[a] – 0.1 none 4 15
2 C6H5 (3a) 0.1 none 3 56
3 C6H5 (3a) 0.1 CF3CO2H 2 66
4 C6H5 (3a) 0.1 AcOH 3 49
5 C6H5 (3a) 0.1 BF3·Et2O 2 73
6 C6H5 (3a) 0.1 TMSOTf 2 16
7 C6H5 (3a) 0.1 4 G MS[b] 3 35
8 2,4-F2-C6H3 (3b)

[c] – CF3CO2H 17 60
9 4-MeO-C6H4 (3c)

[d] – CF3CO2H 2 21
10 4-Me-C6H4 (3d) 0.05 CF3CO2H 2.5 67
11 4-Me-C6H4 (3d) 0.01 CF3CO2H

[e] 2 71

[a] 0.1 equiv PIDA was used. [b] 1 gmmol�1 5a. [c] Prepared from 0.1 equiv 2,4-difluoroiodobenzene
in situ. [d] Prepared from 0.1 equiv 4-iodoanisole in situ. [e] 50 equiv CF3CO2H was used.

Scheme 1. A possible catalytic cycle for oxidation by hypervalent
iodine(iii) species. Ar=4-MeC6H4; mCBA=meta-chlorobenzoic acid.
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degree of 3d formation was observed in the absence of these
phenol derivatives). The intermediate A transforms phenol
5a into 6a with concomitant formation of 4-iodotoluene (4),
which then regeneratesA by the action ofmCPBA. The effect
of the methyl group in the aryl substituent of 3d might be to
accelerate the conversion of 4 intoA. With 0.05 equivalent of
4 instead of 3d, the spirocyclization of 5a also occurred with
nearly the same efficiency (2 h, 72% yield). This result
strongly supports the formation of 4 during the catalytic cycle.

The results of the oxidation of a series of phenol

derivatives with a catalytic quantity of 4 are shown in
Table 2. This procedure imparts more versatility to the
catalytic reaction, as the initial preparation of hypervalent
iodine(iii) reagents could be avoided. Thus, the oxidative
transformations of various phenol derivatives proceeded
smoothly in good yields with short reaction times. The
recyclable reagent 1b was also usable in this catalytic reaction
(entry 2). After reaction completion, 2 was recovered nearly
quantitatively in this case by taking advantage of its
insolubility in methanol. Although further exploration is
required, this catalytic approach was extended to other

oxidative bond-formation reactions such as those of C�C
bond formation[12] (Scheme 2).

In summary, we have established the efficient catalytic
reactions of hypervalent iodine(iii) reagents at room temper-

ature by using mCPBA as an effective chemical cooxidant.
These catalytic approaches have the following characteristics:
rapid conversion (short reaction time), high catalytic effi-
ciency, and no need for the preparation of hypervalent
iodine(iii) reagents. As 2 was also usable in the catalytic
reaction, it has the advantage of the net recycling capacity of
1b, considering the loss in the preparation of 1b from 2. The
catalytic use of hypervalent iodine(iii) reagents is our highly
desirable goal. The application of other effective cooxidants
with these hypervalent iodine(iii)-catalyzed reactions is now
in progress.

Experimental Section
Typical experimental procedure with 1b : Compound 1b (92.4 mg,
0.05 mmol) was added to a stirred solution of 3-(4-hydroxyphenyl)-
propionic acid (5a ; 166 mg, 1.0 mmol), trifluoroacetic acid (114 mg,
1.0 mmol), and meta-chloroperbenzoic acid (� 69% purity, 224 mg,
� 1.05 mmol), in CH2Cl2 (3 mL) at ambient temperature under a
nitrogen atmosphere. The mixture was stirred for 2 h under the same
reaction conditions while the reaction was monitored by TLC. The
aqueous work-up was successive with saturated NaHCO3 (20 mL),
sodium thiosulfate (15 mL), and then the organic phase was
evaporated to dryness. MeOH (10 mL) was added to the residue,
and the resulting suspension was filtered to separate 2 from the
product. The recovery of 2 was nearly quantitative. The filtrate was
evaporated and subject to column chromatography (SiO2/n-hexane/
AcOEt) to give 1-oxaspiro[4.5]deca-6,9-diene-2,8-dione (6a)[11c] as a
white powder (121 mg, 74%).
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3 5b Br H H H 6b 77
4 5c Me H H H 6c 66
5 5d H H Me H 6d 76
6 5e H H H Me 6e 73
7 5 f Br Br Me H 6 f 91
8 5g Br Me Me H 6g 80
9 5h H H =CH�CH=CH�CH= 6h 79

[a] 0.05 equiv 1b was used instead of 4. [b] 1.05 equiv mCPBA was used.

Scheme 2. Intermolecular C�C bond-formation reaction catalyzed by
3a.
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Recognizing that catenation of carbon is principally respon-
sible for the diversity and extent of organic chemistry, the
“diagonal relationship” between carbon and phosphorus in
the Periodic Table is often quoted[1,2] in the discussion of the
numerous catenated polyphosphines[2–6] and polyphosphorus
anions.[2–4, 7–12] catena-Phosphorus cation systems are less well
developed despite the classical chemistry of phosphonium
salts, but the pioneering contributions of Schmidpeter and co-
workers[13–15] and Schmutzler et al.[16] have highlighted new
aspects of structure and bonding that prompt the establish-
ment of a comprehensive polyphosphinophosphonium series.
Our high-yielding and facile methods for the synthesis of the
prototypical phosphinophosphonium 1,[17] diphosphinophos-
phonium 2,[18] and cyclotetraphosphinophosphonium 5[18]

cations have now been applied to the preparation of the

first examples of cyclodiphosphinophosphonium 3 and cyclo-
triphosphinophosphonium 4 cations (Scheme 1). Isolation of
these new frameworks is surprising in light of the exclusive
formation of 5 over possible tetra- and hexaphosphorus
derivatives with phenyl substituents at the phosphorus

centers.[18] Derivatives of 3 and 4 provide representative
frameworks that complete a series of the smallest cyclo-
polyphosphinophosphonium cations 3–5, and their character-
ization is pivotal in the systematic development of funda-
mental phosphorus chemistry.

31P NMR spectra of reaction mixtures containing (PtBu)3

(6a) with excess MeOTf show quantitative formation of
[(PtBu)3Me][OTf] (3a-OTf; Figure 1a and Scheme 2a). The
spectrum can be approximated as an AMX[19] spin system and
is consistent with the solid-state structure of 3a-OTf (Fig-
ure 2a), thus demonstrating stereoselective methylation of 6a
at either of the syn-configured centers to give a racemic

Scheme 1. Prototypical catena-polyphosphinophosphonium cation
frameworks.

Figure 1. 31P NMR spectra at 101.3 MHz: a) mixture of MeOTf
(2 equiv) and (PtBu)3, which shows the approximate AMX pattern of
3a-OTf; b) mixture of MeOTf (2 equiv) and (PCy)4, which shows the
approximate A2MX pattern of 4a-OTf; c) experimental (top) and simu-
lated (inverted) AB2X pattern of pure 4b-OTf.

[*] Prof. N. Burford, C. A. Dyker
Department of Chemistry
Dalhousie University
Halifax, NS, B3H4J3 (Canada)
Fax: (+1)905-494-1310
E-mail: neil.burford@dal.ca

Dr. M. Lumsden
Atlantic Region Magnetic Resonance Center
Dalhousie University
Halifax, NS, B3H4J3 (Canada)

Dr. A. Decken
Department of Chemistry
University of New Brunswick
Fredericton, NB, E3A6E2 (Canada)

[**] We thank the Natural Sciences and Engineering Research Council of
Canada, the Killam Foundation, the Canada Research Chairs
Program, the Canada Foundation for Innovation, the Nova Scotia
Research and Innovation Trust Fund, and the Walter C. Sumner
Foundation for funding.

Communications

6196 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6196 –6199



mixture rather than the meso isomer. Similarly, the homo-
cyclic tetraphosphorus core is maintained in the formation of
[(PCy)4Me][OTf] (4a-OTf) from (PCy)4 (7) and MeOTf
(Scheme 2b), and the 31P NMR spectrum of the reaction
mixture can be approximated as an A2MX spin system
(Figure 1b). Thus, methylation occurs at one of the four
equivalent phosphorus atoms in the all-trans configuration of
7, which is confirmed by the solid-state structure of the

meso isomer 4a (Figure 2b). The reac-
tion of 6a with 1.5 equivalents of PMe2

+

(formed in situ from Me2PCl and
TMSOTf, see Scheme 2c) gives
[(PtBu)3PMe2][OTf] (4b-OTf) almost
quantitatively through a PMe2

+ bond
insertion/ring expansion process. The
complicated 31P NMR spectrum of 4b-
OTf (Figure 1c) was simulated at
101.3 MHz (Figure 1c, inverted) and at
202.6 MHz as a second-order AB2X
spin system and is consistent with the
symmetric meso structure of 4b
observed in the solid state (Figure 2c).
There is no evidence for the existence of
the diastereomeric isomers of 4b, thus
indicating a stereospecificity of the
reaction that can be rationalized in
terms of “PMe2

+” insertion into the
syn-configured P�P bond at the less-
hindered face of 6a,[20] as observed in
similar insertions of “PCl” and
“PBr”.[21]

Examples of cations based on
framework 4 have been previously
postulated on the basis of elemental
analysis[22,23] and 31P NMR data;[24] how-
ever, we provide herein the first con-

firmation of structural types 3 and 4. The solid-state structural
features of 3a-OTf, 4a-OTf, and 4b-OTf are listed in Table 1
along with the comparative parameters of [P5Ph6][OTf] (5a-
OTf), 6a, 7, and (PPh)5. The methylated, four-coordinate P1
center in 3a is significantly distorted with the C-P1-P angles
exhibiting the widest range (108.6–133.28) of the compounds
listed in Table 1 (Figure 2a). Whereas the endocyclic angles in
3a are similar to those in the neutral precursor 6a, the plane
defined by C1,P1,C2 is twisted by 72.49(6)8 with respect to the
plane of the three phosphorus atoms (ideally 908) because of
the steric interactions of the syn substituents. The greater
steric imposition of the tert-butyl substituents in 4b relative to
that of the cyclohexyl substituents in 4a is indicated by both
the greater planarity of the P4 ring in 4b (P-P-P-P torsional
angles: 4a : 23.6–24.28, 4b : 10.3–10.58 ; c.f. (PtBu)4: 24.58, 7:
31.48) and a greater distortion of the tetrahedral geometry at
P1 in 4b, in which a larger range of C-P1-P angles and a
smaller C-P-C angle are adopted (Table 1). In this context, the
cyclohexyl substituent at P1 in 4a minimizes steric interac-
tions by twisting to enable a gauche conformation of the a-
hydrogen atom of C2 and the methyl substituent (C1).

The P�P distances are remarkably regular in neutral,
anionic, and cationic compounds, although the four-coordi-
nate phosphorus centers of the cations typically form slightly
shorter P�P bonds (bold values in column 3 of Table 1).
Interestingly, the P�P distances between the three-coordinate
phosphorus centers in the cations are somewhat longer than
those in the neutral cyclopolyphosphines. Consistent with the
trend in P�P distances, the shortest P�C bonds within a given
cation involve the phosphonium center (bold values in
column 2 of Table 1).

Scheme 2. Preparation of cyclopolyphosphinophosphonium cations. OTf= trifluoromethanesulfo-
nate, Cy= cyclohexyl, TMS= trimethylsilyl.

Figure 2. Representative structural views of the cations in a) 3a-OTf,
b) 4a-OTf, and c) 4b-OTf. Ellipsoids are given at the 50% probability
level. Hydrogen atoms are omitted for clarity.
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In a preliminary study of reactivity, reaction mixtures that
contain 4a-OTf and PMe3 show the characteristic A2B pattern
of (PCy)3 (6c) in the 31P NMR spectra.[27] In addition, two new
doublets (d= 15.4 and �38.2 ppm, 1J(P-P)= 295 Hz) are
assigned to the new phosphinophosphonium cation in
[Me3P-PMeCy][OTf] (1a-OTf), and a low-intensity sharp
signal at d=�67 ppm is assigned to 7 (Scheme 3). The

abstraction of MeCyP+ from 4a by PMe3 effects a ring
contraction and, in conjunction with a previous methylation
step, highlights a synthetically viable transformation from
cyclotetraphosphine (PR)4 to cyclotriphosphine (PR)3. In
addition, the reversibility of the phosphenium P�P insertion is
observed (by 31P NMR spectroscopic analysis) in the reaction
of 4b with PMe3, which slowly gives 6a and [Me3P-PMe2]-
[OTf] (1b-OTf).

In summary, the application of methylation or phosphe-
nium insertion reactions to cyclopolyphosphines has enabled
the characterization of a family of small cyclopolyphosphi-
nophosphonium monocations. The high-yielding preparations

of cyclodiphosphinophosphonium 3 and cyclotriphosphino-
phosphonium 4 cations are facilitated by the appropriate
imposition of substituent steric strain in the starting cyclo-
polyphosphines. The phosphenium abstraction induced by
PMe3 and ring contraction provides further systematic devel-
opment of these fundamentally important catena-phosphorus
frameworks.

Experimental Section
Small-scale reactions were carried out in a glove box with an inert N2

atmosphere. Solvents were dried on an MBraun solvent-purification
system and stored over molecular sieves prior to use. (PtBu)3

[28] and
(PCy)4

[29] were prepared according to literature methods. All the
reported 31P NMR parameters were derived by computer simulation,
as all compounds exhibited some degree of second-order character.

3a-OTf: MeOTf (0.08 mL, 0.71 mmol) was added dropwise to a
solution of (PtBu)3 (0.096 g, 0.36 mmol) in fluorobenzene (4 mL). The
reaction mixture was filtered after 15 min. Slow diffusion of hexane
vapors into the filtrate at�25 8C gave colorless crystals; yield= 0.14 g
(0.32 mmol, 87%). M.p. 121–1258C; elemental analysis (%) calcd for
C14H30F3O3P3S: C 39.3, H 7.1; found: C 39.5, H 7.0; 1H NMR
(500.1 MHz, CDCl3, 298 K): d= 3.6 (dd, J(P,H)= 13 Hz, J(P,H)=
8 Hz, 1H), 1.6 (d, 3J(P,H)= 22 Hz, 3H), 1.4 (d, 3J(P,H)= 17 Hz,
3H), 1.6 ppm (d, 3J(P,H)= 17 Hz, 3H); 31P NMR (101.3 MHz, CDCl3,
298 K): AMX spin system, dA=�110.3, M=�50.8, X=�20.4 ppm,
J(A,M)=�123, J(A,X)=�334, J(M,X)=�317 Hz; FTIR (nujol,
ranked intensities): ñ= 1399 (9), 1260 (1), 1151 (2), 1030 (4), 904 (5),
800 (10), 751 (8), 638 (3), 572 (7), 516 (6) cm�1.

4a-OTf: MeOTf (0.095 mL, 0.84 mmol) was added dropwise to a
mixture of (PCy)4 (0.25 g, 0.55 mmol) in CH2Cl2 (5 mL). The reaction
mixture was filtered after 90 min, and removal of the solvent in vacuo
gave a white solid that was recrystallized at �25 8C from fluoroben-

Table 1: Selected distances [E] and angles [8] for 3a-OTf, 4a-OTf, and 4b-OTf, and the comparative features of 5a-OTf, 6a, 7, and (PPh)5.
[a]

Compound P�C P�P C-P-P C-P-C P-P-P Ref.

[(PtBu)3Me][OTf ]
(3a-OTf)

1.858(2) [1,2]
1.806(2) [1,1]
1.886(2) [2,6]
1.894(2) [3,10]

2.1465(6) [1,2]
2.1652(6) [1,3]
2.2306(6) [2,3]

123.15(7) [1,1,2]
108.62(7) [1,1,3]
112.97(6) [2,1,2]
133.21(6) [2,1,3]

110.41(9) [1,1,2] 62.31(2) [2,1,3]
59.26(2) [1,2,3]
58.43(2) [1,3,2]

[b]

[(PCy)4Me][OTf ]
(4a-OTf)

1.822(2) [1,2]
1.797(2) [1,1]
1.867(2) [2,8]
1.871(2) [3,14]
1.858(2) [4,20]

2.1952(6) [1,2]
2.1896(6) [1,4]
2.2387(6) [2,3]
2.2378(6) [3,4]

114.45(7) [1,1,2]
115.54(7) [1,1,4]
113.68(6) [2,1,2]
113.03(6) [2,1,4]

108.44(8) [1,1,2] 91.05(2) [4,1,2]
84.92(2) [1,2,3]
88.68(2) [4,3,2]
85.07(2) [1,4,3]

[b]

[(PtBu)3PMe2][OTf ] (4b) 1.800(2) [1,2]
1.802(2) [1,1]
1.890(2) [2,3]
1.890(2) [3,7]
1.885(2) [4,11]

2.2032(5) [1,2]
2.1983(6) [1,4]
2.2385(6) [2,3]
2.2307(6) [3,4]

106.33(6) [1,1,2]
105.12(6) [1,1,4]
120.56(6) [2,1,4]
122.72(6) [2,1,2]

105.99(9) [2,1,1] 94.33(2) [4,1,2]
85.50(2) [1,2,3]
92.47(2) [4,3,2]
85.80(2) [1,4,3]

[b]

[P5Ph6][OTf ] (5a) 1.798(2)
1.799(2)
1.829(2)
1.843(2) 1.842(2)
1.827(2)

2.2221(6)
2.2072(6)
2.2318(6)
2.2392(6)
2.2251(6)

106.08(6)
113.22(6)
111.57(6)
107.03(6)

111.59(8) 107.36(2) 96.52(2)
93.59(2)
89.56(2)
91.64(2)

[18]

(PtBu)3 (6a)
[c] 1.874(5)

1.915(5)
1.897(5)

2.188(2) 2.186(2) 2.216(2) 105.0–123.7
av. 112.1

– 60.8(1) 59.6(1) 59.6(1) [20]

(PCy)4 (7) 1.874(2) 2.224(2) 102.8(1)
102.6(1)

– 85.47(6) [25]

(PPh)5 1.83(1)–6(1)
av. 1.84

2.207(5)–23(5)
av. 2.217

96.4(4)–109.8(4)
av. 102.0

– 94.0(2)–107.2(2)
av. 100.0

[26]

[a] Numbers in square brackets denote atom labels and the values in bold are those that involve the four-coordinate phosphorus center (av.=average
value). [b] This work. [c] The average of two crystallographically independent molecules.

Scheme 3. Phosphenium abstraction from 4a.
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zene by vapor diffusion of hexane over 3 days; yield= 0.15 g
(0.23 mmol, 43%). M.p. 175–1778C; elemental analysis (%) calcd
for C26H47F3O3P4S: C 50.3, H 7.6; found: C 50.4, H 7.3; 1H NMR
(500.1 MHz, CDCl3, 298 K): d= 2.6 (m, 1H) 2.4 (d, J(P,H)= 12 Hz,
3H), 2.4 (m, 2H), 1.7–2.1 (m, 20H), 1.1–1.5 ppm (m, 21H); 31P NMR
(202.6 MHz, CDCl3, 298 K): A2MX spin system, dA=�69.8, M=

�56.2, X= 10.1 ppm, 1J(A,M)=�122, 1J(A,X)=�230, 2J(M,X)=
�17 Hz; FTIR (nujol, ranked intensities): ñ= 1284 (4), 1246 (1) ,
1158 (5), 1083 (3), 926 (9), 883 (8), 754 (10), 636 (2), 572 (7), 527
(6) cm�1. Crystals suitable for X-ray diffraction were obtained by
vapor diffusion of fluorobenzene/hexane at room temperature.

4b-OTf: A solution of PMe2Cl (0.044 mL, 0.55 mmol) and
TMSOTf (0.10 mL, 0.67 mmol) in CH2Cl2 (3 mL) was added dropwise
to a solution of (PtBu)3 (0.098 g, 0.37 mmol) in CH2Cl2 (3 mL). The
solvent was removed in vacuo after stirring of the reaction mixture for
45 min, and the resulting white solid was washed with portions of
hexane (2 F 4 mL). The product was recrystallized from fluoroben-
zene by diffusion of hexane vapor into the solution at room
temperature over 5 days; yield= 0.095 g (0.20 mmol, 54%).
M.p. 112–1148C; elemental analysis (%) calcd for C15H33F3O3P4S: C
38.0, H 7.0; found: C 38.5, H 6.9; 1H NMR (500.1 MHz, CDCl3,
298 K): d= 2.7 (d, 2J(P,H)= 14 Hz, 1H), 2.4 (dt, J(P,H)= 13 Hz,
J(P,H)= 8 Hz, 1H), 1.5 (m, 6H), 2.7 ppm (d, 3J(P,H)= 14 Hz, 3H);
31P NMR (101.3 MHz, CDCl3, 298 K): AB2X spin system, dA=

�28.2, B=�24.2, X=�2.1 ppm, 1J(A,B)=�143, 1J(B,X)=�251,
2J(A,X)= 28 Hz; FTIR (nujol, ranked intensities): ñ= 1304 (6), 1267
(2), 1224 (7), 1155 (3), 1032 (4), 957 (8), 914 (9), 638 (1), 573 (10), 517
(5) cm�1.

X-ray crystallographic analysis: Data was collected on Bruker
AXS P4/SMART 1000 diffractometer using w and q scans with a
width of 0.38, a exposure time of 10 s at 173 K, and a detector distance
of 5 cm. The data were reduced (SAINT)[30] and corrected for
absorption (SADABS).[31] Structures were solved by direct methods
and refined by full-matrix least squares on F2 (SHELXL).[32] All non-
hydrogen atoms were refined anisotropically. 3a-OTf:
C14H30F3O3P3S; colorless, plates, crystal size 0.40 F 0.40 F 0.10 mm3,
monoclinic, space group P21/n, a= 13.6318(9), b= 10.5918(7), c=
15.487(1) G3, b= 104.084(1)8, V= 2168.9(2) G3, Z= 4, m=
0.405 mm�1; l(MoKa)= 0.71073 G, 2qmax.= 53.88, collected (independ-
ent) reflections= 14573 (4869), Rint= 0.0213; 337 refined parameters,
R1= 0.0487, wR2= 0.1056 for all data, max./min. residual electron
density= 0.646/�0.476 eG�3. 4a-OTf: C26H47F3O3P4S, colorless par-
allelepiped, crystal size 0.275F 0.20 F 0.175 mm3, triclinic, space group
P1̄, a= 11.4946(7), b= 11.5640(7), c= 14.0822(9) G3, a= 110.984(1),
b= 102.476(1), g= 106.868(1)8, V= 1561.62(17) G3, Z= 2, m=
0.352 mm�1; l(MoKa)= 0.71073 G, 2qmax.= 52.28, collected (independ-
ent) reflections= 10965 (6795), Rint= 0.0195; 522 refined parameters,
R1= 0.0475, wR2= 0.0964 for all data, max./min. residual electron
density= 0.491/�0.247 eG�3. 4b-OTf: C15H33F3O3P4S, colorless par-
allelepiped, crystal size 0.40F 0.275F 0.25 mm3, tetragonal, space
group I41/a, a= 25.6452(11), b= 25.6452(11), c= 14.7549(8) G3, V=
9703.9(8) G3, Z= 16, m= 0.432 mm�1; l(MoKa)= 0.71073 G, 2qmax.=

54.78, collected (independent) reflections= 33323 (5547), Rint=
0.0293; 367 refined parameters, R1= 0.0445, wR2= 0.0809 for all
data, max./min. residual electron density= 0.414/�0.237 eG�3.

CCDC-271727–271729 (3a, 4a, and 4b, respectively) 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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Optical Absorption and Structure of a Highly
Symmetrical Neptunium(v) Diamide Complex**
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The neptunium(v) cation, NpO2
+, contains Np in its most

stable oxidation state under a wide range of conditions in
aqueous media. Because of its low positive charge, NpO2

+

does not form strong complexes with ligands so it is difficult to
separate neptunium from high-level nuclear wastes by using
traditional extracting agents that are effective for separating
other actinides.[1] Also, the low tendency of NpO2

+ to undergo
hydrolysis and sorption makes it highly mobile in the
subsurface, raising concern in the migration of this radio-
nuclide in the environment.[2]

The absorption spectrum of NpO2
+ is dominated by a

band in the near-IR region with a fairly high intensity (e
� 390m�1 cm�1 at 980.2 nm). This band, as well as a weaker
band at 1024 nm, follows Beer–Lambert behavior and is often
used to quantitatively determine the concentration of NpO2

+

in solution.[3] The position and intensity of these bands are
also affected by the coordination environment of NpO2

+ and
are frequently used to study the complexation behavior of
NpO2

+.[4,5] The absorption band of the free [NpO2(H2O)n]
+

ion at 980.2 nm is usually shifted to longer wavelengths when
NpO2

+ forms complexes with ligands that replace the water
molecules in the primary hydration sphere. For a series of
structurally related ligands, the magnitude of the shifts in the
wavelength appears to increase as the binding strength of the
ligand is increased. For example, in the 1:1 complexes of
NpO2

+ with dicarboxylates, the stability constants and the
shifts in wavelength (logb and Dl in nm) are 1.29 and 3.7 for
glutarate,[6] 1.47 and 4.5 for succinate,[6] 2.63 and 7.2 for
malonate,[7] and 3.79 and 8.4 for oxalate.[7] Formation of 1:2
complexes with these ligands shifts the absorption band to
even longer wavelengths.[4, 6,7] The molar absorptivities of the
bands vary in the range from 250 to 390m�1 cm�1.[4, 6,7] The
underlying mechanism that allows the transitions and the

origin of the intensities remain unclear. Theoretical calcu-
lations suggest that the absorption band at 980 nm is a 5f!5f
electric-dipole transition, which is forbidden by Laporte6s
rule, and that the intensity of the transition depends on the
symmetry of the NpV species.[8] The results of theoretical
calculations are enlightening but need to be tested by
comparison with experimentally observed spectra of NpV

complexes with different ligands.
In an effort to develop efficient extractants for the

separation of actinide ions including NpV, we have found
that tetraalkyl-3-oxa-glutaramide, L1, displays a good ability

to extract NpV ions.[9] To obtain insight into the complexation
of NpV with diamide ligands, a simple water-soluble homo-
logue of L1, tetramethyl-3-oxa-glutaramide (L2), was synthe-
sized and studied by optical absorption spectroscopy in
aqueous solution.

Figure 1a shows the absorption spectra obtained during
spectrophotometric titrations of NpV with L2. As the concen-
tration of L2 was increased, the intensities of the absorption
bands at 980 and 1024 nm that belong to the free NpO2

+

cation decreased and new bands appeared at 987 and
1037 nm, which correspond to the formation of a 1:1 complex
of NpV with L2, [NpO2(L

2)+]. As the concentration of L2 was
further increased, the intensities at 987 and 1037 nm
decreased but no new absorption peaks appeared at longer
wavelengths. These changes in the spectra are different from
those for NpV complexes with many other ligands for which
the decrease of the absorbance of the first complex is
accompanied by the appearance of new absorption band(s)
of successive complexes at longer wavelengths.

The variation of the spectra in Figure 1a is interpreted
with the assumption that two complexes of NpV with L2 form
in solution successively but that the second complex,
[NpO2(L

2)2
+], does not absorb in that wavelength region.

This assumption is consistent with the factor analysis of the
spectra using the Hyperquad2000 program;[10] the formation
constants of the [NpO2(L

2)]+ and [NpO2(L
2)2]

+ complexes are
calculated to be 23.7� 0.5 m

�1 and 295� 6 m
�2, respectively.

The deconvoluted spectra for free NpO2
+ and the

[NpO2(L
2)]+ complex are shown in Figure 1b.

The [NpO2(H2O)n]
+ ion also has absorption bands of

much lower intensity in the visible region that render its usual
green-blue color. Figure 2 shows that the intensities of the
bands at 430, 476, and 616 nm decrease and the spectra tend
to become flat and featureless as the concentration of L2

increases, which suggests that the [NpO2(L
2)2]

+ complex does
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not absorb in the visible region. In fact, the initial green-blue
color of the solution of [NpO2(H2O)n]

+ gradually faded as the
concentration of L2 was increased and became almost color-
less at the end of titration.

These results are consistent with the theoretical calcula-
tions by Matsika et al.[8] For the f2 electronic configuration of
NpO2

+, all of the excited states up to 23000 cm�1 (corre-
sponding to l� 430 nm) contain two f electrons and display
the gerade parity in the ground state.[8] Thus, all the
excitations at low energies should be electric-dipole forbidden
by Laporte6s rule. This rule is followed if NpO2

+ is in a
coordination environment where a center of inversion exists.
However, if the ligands that surround the NpO2

+ are arranged
so that the center of inversion is destroyed, Laporte6s rule
does not apply and the f!f transitions are allowed. The
successive complexation of NpV with L2 and the accompany-

ing changes in symmetry and absorption spectra are best
illustrated by Scheme 1.

The free NpO2
+ cation contains five molecules of H2O in

the equatorial plane[11] to result in a structure without a center
of inversion. As a result, the f!f transitions are allowed and

absorption bands at 980 and 1024 nm are observed. For the
same reason of absence of a center of inversion, the first
complex, [NpO2(L

2)]+, does absorb light, but the energies of
the absorption bands are red-shifted (987 and 1037 nm).
However, the second complex, [NpO2(L

2)2]
+, could be highly

symmetrical with a center of inversion, wherein each L2 ligand
supplies three oxygen atoms to coordinate NpO2

+ in the
equatorial plane. This complex is expected to display no
absorption in the near-IR region (Figure 1). The same
discussions apply to the change of absorption bands in the
visible region (Figure 2) because all the bands up to
23000 cm�1 originate from f!f transitions as shown by the
theoretical calculations by Matsika et al.[8]

A comparison of the absorption spectra between the
complexes of NpVand L2 (Figures 1 and 2) and those between
NpV and oxalate (C2O4

2�) complexes (Figure 3) further
demonstrates the dependence of f!f transitions on the
symmetry of the coordination environment of NpV. It is
known that the NpV oxalate complexes, [NpO2(C2O4)]

� and
[NpO2(C2O4)2]

3�, with a coordination number of five in the
equatorial plane of NpO2

+, do not have inversion centers.[12]

There are three water molecules and one bidentate oxalate
ligand in [NpO2(C2O4)]

� , and one water molecule and two
bidentate oxalate ligands in [NpO2(C2O4)2]

3�. As a result, the
f!f transitions in both complexes should be allowed. This is
indeed the case as shown by the absorption spectra in
Figure 3. For the spectra in both the near-IR and visible
regions, distinctive absorption bands are seen for [NpO2-
(H2O)n]

+, [NpO2(C2O4)]
� , and [NpO2(C2O4)2]

3�. The succes-
sive complexation of NpV ion with oxalate ion and the
accompanying changes in symmetry and absorption spectra
are illustrated in Scheme 2.

To obtain structural information for the [NpO2(L
2)2]

+

complex and test the assumption based on the theoretical
calculations discussed above, single crystals of the complex
were prepared from solution and X-ray diffraction data were
collected (Figure 4).[13] The perchlorate salt, [NpO2(L

2)2]-
ClO4, crystallized in a highly symmetrical tetragonal space
group, I4/mcm. The neptunium atom sits at the crossover

Figure 1. a) Spectrophotometric titrations in the near-IR region of NpV

with L2. [Np]=2.66 mm ; [L2]=0–336 mm ; optical path: 1.0 cm.
b) Deconvoluted absorption spectra of NpO2

+ (c) and the
[NpO2(L

2)]+ complex (a); [NpO2(L
2)2]

+ does not absorb in this
region.

Figure 2. Spectrophotometric titrations of NpV with L2 in the visible
region. [Np]=2.66 mm ; [L2]=0–336 mm ; optical path: 1.0 cm.

Scheme 1. Successive complexation of [NpVO2(H2O)5]
+ with L2 and the

accompanying changes in symmetry and absorption bands (corre-
sponding e values in m

�1 cm�1 are given in parentheses).
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point of three mirror planes that lie perpendicular to each
other. The two L2 ligands are coplanar and are mirror images
of each other. The O=Np=O moiety is perfectly linear and
symmetrical, with an angle of 1808 and Np=O distances of
1.729 ?. The f!f transition in this highly symmetrical
complex with a center of inversion is forbidden according to
the theoretical calculations. In fact, the crystals and solutions
of [NpO2(L

2)2]ClO4 are almost colorless, drastically different
from the green-blue colors of most reported NpV compounds.
We believe that the [NpO2(L

2)2]
+ complex in solution has the

structure shown in Figure 4. Attempts to collect the diffuse
reflectance spectra of [NpO2(L

2)2]ClO4 in the solid state were

unsuccessful owing to the limited availability of the solids and
the complications involved in the experimental setup for
handling the transuranic elements.

The structure of [NpO2(L
2)2]

+ (Figure 4) provides guid-
ance in the design of better ligands to complex NpV. The
distance between the two carbon atoms of the terminal
methyl groups is 4.01 ?, implying that significant steric
hindrance would be present if the methyl groups are replaced
by bigger and/or bulkier alkyl groups such as the octyl or iso-
butyl groups in L1, which is used as an extractant for the
separation of actinides. The bigger alkyl groups in L1 are
mainly for enhancing its solubility in organic solvents.
However, the structure of [NpO2(L

2)2]
+ suggests that asym-

metric amide groups such as N-methyl-N-octyl (L3) could be
used, guaranteeing the solubility of the ligand in organic
solvents as well as improving the complexation and thus the
extraction of NpV by reducing the steric hindrance in the NpV

complex. Also, the structural parameters of [NpO2(L
2)2]

+ help
with the design of hexadentate amide ligands with a rigid
backbone connecting the diamide ligands. Complexation of
such ligands with NpV should be enhanced due to a lower
preorganization energy and a larger entropy effect.

In conclusion, we have synthesized, studied the optical
absorption properties, and characterized the molecular struc-
ture of a highly symmetrical NpV diamide complex,
[NpO2(L

2)]2
+. This is the first neptunium complex that has

been characterized by single-crystal X-ray diffraction with a
synchrotron radiation source. The correlation between the
optical absorption properties and the symmetry of NpV

complexes in solution was experimentally demonstrated and
confirms the theoretical calculations of the optical spectra of
5f elements. The identified structure of [NpO2(L

2)2]
+, while

helping to interpret the optical absorption spectra also
suggests approaches for the rational design of ligands to
improve the binding ability with NpV and the separation of
neptunium from nuclear wastes.

Experimental Section
Spectrophotometric titrations were performed on a Cary 5G UV-Vis-
NIR spectrophotometer (Varian). Initial solutions of (NpO2)(ClO4)
(V0= 2.50 mL, [Np]= 0.5–3 mm, I= 1m NaClO4, pH 5–7) in a 1-cm

Figure 3. Spectrophotometric titrations of NpV with oxalate
([Np]=2.66 mm ; [C2O4

2�]=0–28.6 mm ; optical path: 1.0 cm): a) in the
near-IR region and b) in the visible region. c) Deconvoluted absorption
spectra of [NpO2(H2O)5]

+ (I), [NpO2(C2O4)]
� (II), and [NpO2(C2O4)2]

3�

(III).

Scheme 2. Successive complexation of [NpVO2(H2O)5]
+ with oxalate

ion and the accompanying changes in symmetry and absorption bands
(corresponding e values in m

�1 cm�1 are given in parentheses).

Figure 4. ORTEP drawing (30% probability ellipsoids) of [NpO2(L
2)2]

+.
For clarity, the perchlorate anion is not shown.
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quartz cuvette were titrated with solutions of L2 or oxalate ion (0.2–
1m). After each addition of the titrant (0.05–0.140 mL), the absorp-
tion spectrum was collected from l= 400–1150 nm at 0.2-nm inter-
vals.

Single crystals of [NpO2(L
2)2]ClO4 were prepared from 0.05m

(NpO2)(ClO4) (0.2 mL) and 0.5m L2 by slow evaporation in a hood.
A small crystal (20–80 mm) was immerged in Paratone-N oil and
sealed inside a quartz capillary (i.d.= 0.3 mm). Precautions, including
coating the capillary with a thin layer of protective resin, were taken
to ensure the containment of radioactive neptunium. The capillary
was mounted in a brass pin on the goniometer, which was then
transported from the radiochemistry laboratory in a closed container
to the Advanced Light Source (ALS), thus minimizing the amount of
alignment required once at the diffractometer. Crystallographic data
were collected at 255 K in less than one hour using a Bruker Platinum
200 detector at the Small-Crystal Crystallographic Beamline 11.3.1 at
the ALS of Lawrence Berkeley National Laboratory.
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extensively for the preparation of imido
(M=NR) complexes, in which dinitro-
gen is released as byproduct.[5,6] As part
of our interest in developing nitrene
(NR) transfer to organic substrates by
transition-metal catalysis, we have used
aryl azides, which are quite stable and
easy to make,[7,8] to prepare mononu-
clear terminal imido complexes of man-
ganese(v) and chromium(v) cor-
roles.[9, 10] Despite many known reac-
tions of organic azides with transition
metals, little is known about the reac-
tion mechanism. Organoazido metal
complexes have been proposed to ini-
tially form for coordinatively unsaturated metal com-
plexes.[11–14] However, only in two instances have such
complexes been characterized and shown to proceed to the
imido product upon heating or photolysis, presumably via a
four-membered metallacycle.[15–17] Herein we report a novel
mechanism for the reaction of aryl azides with manganese
corroles in which the metal does not form an organoazido
complex.
Encouraged by the successful synthesis of terminal imido

manganese(v) complexes from mesityl azide and trichloro-
phenyl azide,[9] we explored the utility and generality of this
reaction (Scheme 1). We noted that ortho substitution is
mandatory, as is thermal or photochemical activation. Phenyl
azide with substituents in the para position as well as the
electron-withdrawing sulfonyl azide did not produce imido
metal complexes.
Results presented herein and the scope of the reaction

(Scheme 1) gave valuable insight into the mechanism of the
reaction of organic azides with transition-metal corroles. Our
mechanistic proposal is presented in Scheme 2. On thermal or
photochemical decomposition of aryl azide, singlet nitrene is
formed and dinitrogen extruded.[18, 19] The singlet nitrene then
decomposes along two pathways. The first is cyclization to
azepine B via azirine A as a steady-state intermediate.[20] The

ultimate fate of the azepine is polymerization.[19] However, in
highly dilute solutions, polymerization of B is suppressed and
it reverts to singlet nitrene, which relaxes by intersystem
crossing (isc) to the lower-energy triplet state.[21] The final
thermodynamic product is azo compound C, assumed to form
by dimerization of triplet nitrene.[22] This second pathway, isc
of singlet nitrene to triplet, is responsible for the formation of
the imido manganese complex in our system and is most
consistent with the observed scope of the reaction (Scheme 1)
and kinetic data, as detailed below.

Ortho substituents are mandatory for the formation of
imido metal complexes in this system. This is in agreement
with results showing that singly ortho-substituted singlet aryl
nitrenes cyclize away from the substituent,[23] and ortho
methylation increases the rate of intersystem crossing.[21]

Furthermore, the lack of reaction with fluorinated phenyl
azides and sulfonyl azide is consistent with these substituents
destabilizing the open-shell singlet nitrene.[24] Indeed, under
our reaction conditions only starting material was recovered
with these substrates (Scheme 1).
The kinetics of imido metal formation were studied in

detail for the reaction of mesityl azide (MesN3) with [Mn
III-

(tpfc)]. Changes in the UV/Vis spectra for a typical reaction
are displayed in Figure 1. The disappearance of the bands at

Scheme 1. Scope of the reaction of aryl azides with transition-metal corroles.

Scheme 2. Mechanism of the reaction of organic azides with [MnIII(tpfc)].
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479 and 609 nm and appearance of the band at 536 nm are
indicative of a change in the oxidation state from MnIII to
MnV. The tight isosbestic points at 510 and 565 nm demon-
strate clean conversion without significant accumulation of an
intermediate.
The progress of the reaction was monitored at 536 nm

with [MnIII(tpfc)] limiting and MesN3 in excess. The exper-
imental reaction rate was found to be first-order in mesityl
azide (Figure 2) and exhibited a complex dependence on the
concentration of the manganese complex. A simplified rate
law that includes the reaction steps described in Scheme 2 is
given in Equation (1).

dc½MnVimide�
dt

¼
k1kPc½MnðtpfcÞ�cMesN3

kPc½MnðtpfcÞ� þ kdc3NMes
ð1Þ

Under conditions where kPc[Mn(tpfc)]@ kdc3NMes, the rate law
simplifies to dc

[MnV=NR]
/dt= k1cMesN3 and the rate is zeroth-order in

the concentration of the manganese corrole. However, as the
reaction proceeds and [Mn(tpfc)] is consumed, the above
assumption is no longer valid and the kinetics divert from
zeroth order. This expectation is consistent with the time
profiles shown in Figure 2A, which are linear over the initial
30% of the reaction (ca. 0.02DOD) and deviate from zeroth
order in the later stages. The experimental time profiles do
not fit an exponential pseudo-first-order equation (see
Supporting Information). Furthermore, under no circum-
stance would the reaction rate be independent of the metal
concentration if an organoazido adduct was formed initially
or the metal corrole reacted directly with the organic azide.
Similar kinetic behavior was observed when reaction progress
was followed at 479 nm, which corresponds to the disappear-
ance of the MnIII reactant (see Supporting Information).
The observed kinetics were successfully modeled with the

kinetic simulation program KINSIM.[25,26] Figure 3A shows
the simulated time profiles for [MnIII(tpfc)], [MnV(tpfc)], azo
compound, azepine, and polymer arising from the azepine.
The rate constants used in association with Scheme 2 as the
reaction mechanism are given in the caption of Figure 3. The
rate constant for the thermal decomposition of mesityl azide

(k1) was determined experimentally herein (Figure 2B); the
rate constant for intersystem crossing (kisc) was taken from
published data,[27] and the rate constants for triplet nitrene
dimerization to give the azo compound (kd) and for polymer-
ization of azepine (k2) were set to the diffusion limit (8.0 D
109m�1 s�1). The remaining three rate constants were floated
to give the best fit to the experimental profiles. The agree-
ment between experimental and simulated kinetics is illus-
trated in Figure 3B and the Supporting Information. It is
worth noting that formation of the azo compound sets in after
the initial 30% of reaction, which agrees with the observed
kinetic behavior (see above). Nevertheless, GC-MS analyses
of reaction mixtures at the end of the reaction show only
azide, and only at longer decomposition times is the azo
compound detected (see Supporting Information). This
apparent contradiction is most likely due to low concentra-
tions of the azo compound (below the GC-MS detection
threshold) on the reaction timescale (2 h).
To date, the reaction of organic azides with transition-

metal complexes to give imido metal compounds has been
accepted to proceed via an organoazido metal intermediate.
While this mechanism holds true in many instances and has
been demonstrated in a couple of reaction systems, it is not
exclusive.[15–17] We have described herein a new mechanism

Figure 1. UV/Vis spectral changes for the reaction of [MnIII(tpfc)]
(15 mm) with mesityl azide (2.1 mm) in toluene at 80 8C recorded every
6 min.

Figure 2. A) Time profiles for the reaction of [Mn(tpfc)] (15 mm) and
mesityl azide (3, 5, and 12 mm) in toluene at (80.0�0.2) 8C. The linear
fit is over the initial 30% of the reaction to illustrate zeroth-order kinet-
ics that deviate from linearity in the later stages of the reaction. B) A
plot of the initial rate Vi versus the mesityl azide concentration show-
ing first-order dependence on the azide concentration.
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for the reaction of a manganese corrole with aryl azides to
give imido metal complexes. In this mechanism, the tran-
sition-metal complex captures a triplet nitrene formed by
thermal or photochemical activation of the organic azide. The
compelling evidence presented for this mechanism is 1) com-
plex dependence of the kinetics on metal concentration with
zeroth order over 30% of the reaction), 2) the kinetics have
been modeled successfully for the reaction mechanism
described in Scheme 2, and 3) substituents in both ortho
positions (Me or Cl, but not F) are required. Contrary to
conventional wisdom that highly reducing metal complexes
are needed for a reaction with organic azides, we have
demonstrated that effective imido metal formation via
nitrene capture does not require a highly reducing center.
Investigations into harnessing this mechanistic paradigm for
selective nitrene transfer under thermal or photochemical
catalysis are in progress.

Experimental Section
Compounds were prepared and handled by standard vacuum-line and
glove-box techniques. Toluene and acetonitrile were predried over

molecular sieves and distilled over CaH2 prior to use. When required,
solvents were deoxygenated by freeze/pump/thaw cycles. Deuterated
solvents were purchased from Cambridge Isotopes and used without
further purification. All other solvents and reagents were of reagent
grade and used as received. The syntheses of H3(tpfc),

[28,29] [Mn-
(tpfc)],[30] [Cr(tpfc)(py2)],

[31] [Mn(tpfc)(NMes)][9] (Mes= 2,4,6-
(CH3)3C6H2), [Mn(tpfc)(NAr)]

[9] (Ar= 2,4,6-Cl3C6H2), [Mn(tpfc)-
(NAr’)][10] (Ar’= 2,6-Cl2C6H3), [Cr(tpfc)(NMes)],

[10] and [Cr(tpfc)-
(NAr)][10] followed previously described methods. All azides were
prepared by using the Sandmeyer reaction or slight variations
thereof.[7, 8] Azo compounds were compared to authentic samples.
Photolysis experiments were carried out with a HanoviaModel 673A-
0360 550 W medium-pressure mercury arc lamp. Rate measurements
were carried out by conventional UV/Vis spectroscopy on a Shimadzu
UV-2501 spectrophotometer equipped with a temperature-controlled
cell holder. Formation of [MnV(NMes)(tpfc)] was monitored at
536 nm, c[Mn(tpfc)]= 15 or 30 mm, and cMesN3= 2.0–12.0 mm at (80�
0.2) 8C.
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Electronic energy transfer across a molecular interface
between two dissimilar conjugated polymers in a blend is a
critical process for many promising optoelectronic device
strategies.[1–9] Owing to the short range of electronic energy
transfer, this process should in principle be strongly modu-
lated by molecular-scale morphology in the interfacial regions
of polymer blends. The most common approach for character-
izing energy transfer in polymer blends, namely, ensemble
fluorescence measurements, is obscured by morphological
and kinetic heterogeneity of these materials and thus has

done little to unravel the role of morphology in the energy-
transfer process. Even nearfield scanning optical microscopy,
which has been used to study polymer blends at the sub-100-
nm scale,[10,11] lacks the spatial resolution in most cases to
study individual morphological regions that can be as small as
a few nanometers.

Herein, we take an alternative approach by using single-
molecule spectroscopy (SMS) to study energy transfer across
a molecular interface in isolated, single diblock polymer
DMOS-co-MEH chains (DMOS= 2-dimethyloctylsilyl-1,4-

phenylenevinylene; MEH= 2-methoxy-5-(2’-ethylhexyloxy)-
1,4-phenylenevinylene) comprised of an energy-donor block
(DMOS, lem

max= 490 nm) and an energy-acceptor block (MEH,
labs

max= 500 nm). The sizes of these molecules (� 10 nm) make
them excellent models for developing a detailed understand-
ing at the molecular level of energy transfer between a
molecular interface of two dissimilar polymers. SMS has been
used effectively to study intramolecular energy transfer in bi-
and multichromophoric dendrimers,[12–15] end-capped poly-
mers,[16, 17] and conjugated homopolymers.[18,19] The SMS
approach reported here provides detailed information at the
molecular level on how energy transfer is influenced by
polymer morphology within a single diblock polymer chain.

Figure 1 shows ensemble fluorescence spectra (solid lines)
for DMOS (a) and MEH (b) homopolymers at T= 298 K
dissolved at high dilution in a polymethyl methacrylate
(PMMA) polymer host. These spectra were obtained by
summing single-molecule spectra for isolated polymer chains.
For comparison we also show absorption spectra (dotted
lines) for the homopolymers which were acquired in dilute
liquid solutions (solvent) rather than in polymer thin films
because of the weak absorption of the latter. These data
indicate that excitation wavelengths of 415 nm and 488 nm
selectively excite DMOS and MEH, respectively, and also
demonstrate a good spectral overlap of the emission bands of
DMOS and the absorption bands of MEH which is important
for promoting energy transfer by the F8rster mechanism (the
dominant mechanism for conjugated polymers).[20, 21]

Analogous ensemble spectra for the DMOS-co-MEH
diblock polymer are shown in Figure 1c. The emission spectra
of DMOS-co-MEH (single molecules and ensembles) are
well-modeled by a sum of MEH- and DMOS-like spectral
components and do not show evidence of excimer emission
between the two blocks. It is apparent from the spectrum of
the diblock polymer in Figure 1c (solid line, lex= 415 nm)
that energy transfer occurs from the DMOS block to the
MEH block with an overall efficiency of approximately 75%.
The spectrum obtained upon excitation at 488 nm (dashed
line) in Figure 1c demonstrates, as expected, that direct
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excitation of the MEH block does not lead to uphill energy
transfer from the MEH block to the DMOS block.

Further insight into the energy-transfer process was
gained in a molecule-by-molecule analysis of the spectrosco-
py of DMOS-co-MEH. Typical spectra for single isolated
DMOS-co-MEH molecules excited in the donor DMOS
block at 415 nm are shown in Figure 2a. Single-molecule
spectra were acquired individually over approximately 3-
minute periods, during which time the spectra did not vary,
which indicates that spectral diffusion and photochemistry are
not complicating factors for these measurements. A histo-
gram (Figure 2b) of the peak wavelength for the DMOS-co-
MEH molecules reveals three distinct classes: 1) 490–530 nm,
2) 535–560 nm, and 3) 570–605 nm. Sub-ensemble spectra
(Figure 2c) for the different classes were generated by sorting
the spectra according to the peak wavelength. Class 1
corresponds to almost pure DMOS-like emission (lem

max=

505 nm). Class 2 (lem
max= 550 nm) and 3 (lem

max= 590 nm), in
contrast, closely correspond to the previously reported blue-
and red-light-emitting morphological forms of the MEH
homopolymer[19,22] and thus imply efficient DMOS-to-MEH
energy transfer.

It is informative to directly calculate the distribution of
apparent energy-transfer efficiencies for the diblock single
molecules. This has been determined by fitting the blue edge
of each spectrum to a model DMOS spectrum and then using
the amplitude of the donor spectrum to determine the
fraction (fD) of the donor intensity for each spectrum.
Figure 3a shows a histogram of apparent energy-transfer
efficiencies (1�fD)[23] for all DMOS-co-MEH single mole-
cules excited at 415 nm. The results clearly demonstrate that

Figure 1. Absorption spectra recorded on dilute solutions (g) and
emission spectra from dilute thin-film ensembles (c) of a) DMOS,
b) MEH, and c) DMOS-co-MEH. Ensemble spectra were obtained by
summing single-molecule spectra for each polymer. Excitation wave-
lengths are indicated by arrows on the respective absorption bands
(DMOS lex=415 nm; MEH lex=488 nm). Part (c) shows the depend-
ence of the emission spectra from the DMOS-co-MEH ensemble at
298 K on the excitation wavelength: lex=415 nm (c); lex=488 nm
(a).

Figure 2. a) Typical single-molecule spectra for DMOS-co-MEH excited
at 415 nm, b) histogram of peak wavelengths of 210 single DMOS-co-
MEH molecules, and c) sub-ensemble spectra excited at 415 nm. Sub-
ensemble spectra were sorted according to their wavelength distribu-
tion ranges (labeled 1, 2, and 3), which correspond to 1) DMOS (500–
530 nm), 2) blue MEH (540–560 nm), and 3) red MEH (570–600 nm).

Figure 3. a) Apparent energy-transfer efficiencies (1� fD) for single
DMOS-co-MEH molecules excited at 415 nm. b) Schematic diagrams
illustrating energy transfer to red-light-emitting MEH sites in the
diblock polymer: left) cascading energy transfer to blue-light-emitting
MEH followed by emission and intrachain energy funneling to red—
light-emitting MEH sites; right) direct energy transfer to red MEH.
Spectroscopic states are represented by solid horizontal lines, and
energy-transfer and emission transitions are shown as vertical dotted
and solid lines with arrows, respectively.
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the energy-transfer process in the diblock conjugated polymer
sample is highly heterogeneous. The molecules that show a
low energy-transfer efficiency (< 0.1) in the histogram consist
mostly of diblocks that exhibit DMOS-only emission and
closely correspond to class 1 in Figure 2c. Successive SMS
scans of the same region of the sample using excitation
alternatively at 415 and 488 nm demonstrated that these
molecules contain extremely short MEH blocks, which lead to
the lower efficiency of energy transfer. Thus, the major factor
responsible for the low efficiency of energy transfer for a
diblock molecule is a short MEH (acceptor) block. Presum-
ably, energy transfer is slower for the shorter MEH block
molecules owing to a smaller number of effective acceptor
chromophores.

Two-color (415 nm/488 nm) excitation experiments were
also carried out on the individual homopolymers to measure
the contribution of “cross-talk” to the observed energy-
transfer efficiencies by exciting MEH at 415 nm. The relative
excitation efficiency of DMOS and MEH blocks excited at
415 nm was found to be greater than 9:1, which demonstrates
that energy transfer rather than direct excitation is the
dominant mechanism for the excitation of MEH. The data
were not corrected for the small contribution from direct
excitation.

It has recently been shown that MEH homopolymer
chains can be roughly classified into blue- and red-light-
emitting chains. The red-light-emitting single molecules have
been shown to comprise a small number of low-energy “red”
chromophores, due to chain–chain contacts, which act as
acceptors of electronic energy from the much greater number
of blue chromophores.[19,24] In contrast, the blue-light-emitting
morphological forms of MEH lack red chromophores and
thus directly emit from the blue chromophores. One of the
main results of this study is that the presence of the DMOS
block induces folding of the MEH block which leads to a
larger fraction of red-light-emitting MEH sites in the diblock
polymer, as compared to the MEH homopolymer. Over 70%
of all single diblock polymer molecules studied exhibit high
apparent efficiencies of energy transfer (> 0.8), with the
MEH red-light-emitting form (class 3 in Figure 2c) being the
dominant emitting species. It should be emphasized that the
efficiency of energy transfer from DMOS to MEH is close to
unity for a majority of both red- and blue-light-emitting
molecules. The red and blue forms differ, however, in the
ultimate sink for excitation energy, that is, the red or blue
MEH chromophores. The reason for a larger fraction of red
sites in the diblock case has not been established, but we
speculate that it may be due to a co-collapse of both blocks to
favor a more collapsed chain conformation, and hence a
larger number of chain–chain contacts.

The possible photophysical processes pathways following
excitation of the donor block at 415 nm which lead to the red-
light-emitting forms are illustrated in Figure 3b. Sn,D (n= 0, 1)
represent the donor states and Sn,A represent acceptor states,
with the blue and red forms denoted with b and r subscripts,
respectively. Interestingly, the fraction of red-light-emitting
molecules is a factor of four greater than that observed for an
MEH homopolymer of the same molecular weight as the
MEH block in the DMOS-co-MEH diblock polymer

(Figure 4). The origin of the greater number of red-light-
emitting molecules for the diblock sample relative to the
homopolymer samples is revealed in low-temperature SMS
studies on diblock and homopolymer samples. Figure 4 shows
the distributions of peak wavelengths and sorted sub-ensem-

ble spectra of blue- and red-light-emitting species for MEH
homopolymer samples (MW= 186 kDa and 1000 kDa, pan-
els a and b, respectively) and single DMOS-co-MEH mole-
cules (MEH block MW= 186 kDa, panel c) excited at 488 nm
at around 20K. Blue-to-red ratios for the 186-kDa MEH
homopolymer and the DMOS-co-MEH diblock polymer are
around 4:1 and 1:1, respectively, with the latter being similar
to the high-molecular-weight MEH homopolymer sample
(MW= 1000 kDa, Figure 4b). This establishes that the MEH
region of the diblock in fact contains higher number of red
sites on average than an MEH homopolymer of the same
length. The significantly better spectral resolution achieved at
low temperature allowed for a precise, quantitative determi-
nation of the relative yields of the blue and red emission
bands for MEH.

Unfortunately, the experimental data did not allow us to
establish whether energy transfer from DMOS to red
chromophores of MEH proceeds predominantly by a cascad-
ing or a direct mechanism (see Figure 3). If the MEH block
has very few red chromophores per MEH block, as suggested
by experiments on pure MEH,[19] the cascading mechanism
would be expected to be more rapid as it involves energy
transfer from DMOS to blue chromophores in the first step.

In this report, single-molecule spectroscopy on diblock
donor/acceptor polymers has been used to show that energy

Figure 4. Histograms of peak wavelengths (left) and sorted sub-
ensemble spectra (right) for a) MEH (MW=186 kDa), b) MEH
(MW=1000 kDa), and c) DMOS-co-MEH (MEH block MW=186 kDa),
excited at 488 nm at around 20K. The dotted vertical lines show the
peak wavelength positions of the red- and blue-light-emitting forms of
MEH in the diblock polymer as well as the polymers of different molec-
ular weights.
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transfer across a polymer–polymer interface can be highly
heterogeneous as a result of morphological features at the
interface. Furthermore, the results demonstrate that the
morphology of the chains that comprise the diblock can
differ substantially from the morphology of the separate
homopolymers.

Experimental Section
Dilute thin-film samples of poly(2-methoxy,5-(2’-ethylhexyloxy)-p-
phenylenevinylene)-co-poly(2-dimethyloctylsilyl-p-phenylenevinyl-
ene) (DMOS-co-MEH; MW= 312 kDa, polydispersity index : 1.18)
were prepared according to a reported procedure,[19] and the synthesis
and characterization of DMOS/MEH are described in detail in the
Supporting Information. Typically, samples were diluted in a solution
of PMMA (3% w/w) in toluene and spin-cast onto glass substrates to
yield films of approximately 100-nm thickness. Samples were then
coated with either gold or aluminum (� 200 nm) to prevent oxygen
and water from diffusing into the PMMA layer. Single molecules
were excited with the doubled output (415 nm) of a Ti:sapphire laser
centered at 830 nm, and the 457.9 nm and 488 nm lines of an argon-
ion laser and images and spectra were obtained from a confocal
scanning microscope apparatus described elsewhere.[19] Excitation
intensities were approximately 200 Wcm�2.
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The C1’-oxidized abasic DNA lesion 2-deoxyribonolactone
(dL, 1) has attracted significant attention in recent years
owing to its potential mutagenicity, which is associated with
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the ability of lesion 1 to misincorporate nucleotides during
DNA synthesis, its resistance to base-excision-repair (BER)
enzymes, and its ability to form cross-links with BER enzymes
efficiently.[1] Lesion 1 is produced in model systems by the
action of a number of DNA-damaging agents such as
copper(i)phenanthroline,[2] other metal complexes,[3] enediyne
antibiotics,[4] as well as by UV light,[5] photosensitization,[6]

and ionizing radiation.[7] However, the formation of 1 in vivo
and its biological effects have been poorly documented. Until
recently, lesion 1 in model systems has been identified
primarily by detection of its low-molecular decomposition
product 5-methylene-2-furanone (5-MF, 3).[2b,8] Only recently
has a method for the selective detection of 1 been developed
based on its reactivity with biotinylated cysteine.[9]

Lesion 1 is relatively unstable; decomposition of 1, which
is significantly accelerated by heating or alkaline treatment,
results in strand scission and release of 3 (Scheme 1).[10–12]

Decomposition of 1 is a two-step process: b elimination of the
3’-phosphate fragment forms butenolide 2, and d elimination
of the 5’-phosphate fragment produces 3 as the final product.
The product 3 is unstable at basic pH values and hence cannot
be detected upon alkaline decomposition of 1.

In our recent paper[8] we demonstrated that 3, a character-
istic decomposition product of 1, is released fromX-irradiated
calf thymus DNAupon postirradiation treatment with DNA-
phosphate-binding catalysts such as spermine. We hypothe-
sized that 1 is a precursor to 3 in irradiated DNA and
suggested that the yield of 1 in DNA can be quantified by
using the yield of released 3.

Herein we report the isolation of dL-containing tetramers
from X-irradiated d(CGCG) and d(pCGCG) films, with the
dL lesions corresponding to all four positions of the
d(C1G2C3G4) tetramer. We demonstrate that these dL-con-
taining tetramers undergo catalytic decomposition with
quantitative release of 3. These results provide proof that
lesion 1 is the major, perhaps only, precursor to 3 in irradiated
highly polymerized DNA.

Figure 1 shows the HPLC profiles of d(CGCG), X-
irradiated as a “dry” film and then dissolved in water for
analysis. In the absence of heat, a group of products that do
not contain strand breaks but presumably contain modified
nucleotides were observed with a retention time of 16–23 min
(Figure 1B). Furthermore, peaks are observed for the free
bases C and G and for phosphate fragments produced as a
result of immediate strand scission.

Upon heating of the same solution in the presence of
spermine (10 mm), a number of peaks corresponding to non-
strand-break d(CGCG) lesions disappear. These changes are
accompanied by the growth of peaks corresponding to
products of strand scission, d(pGCG), d(CGCp), d(CGp),
d(pCG), d(pG), and d(Cp), as well as free bases C and G
(Figure 1A). This observation indicates that at least some of
the non-strand-break products are latent lesions, which
undergo catalytic decomposition to give strand scission.
Also, the release of 3 was observed (Figure 1A), and is
shown below to be a result of the decomposition of dL-
containing products.

Each of the four products 4–7 (see peaks in Figure 1B),
have been identified as a tetramer containing dL located at
one of the four numbered positions in d(C1G2C3G4) (see
Scheme 2). These products were isolated as individual com-
pounds by semipreparative HPLC and purified through
several rounds of HPLC fractionation. MALDI-TOFanalysis
of the isolated compounds supports the assignments to dL
structures 4–7. Similarly, a 5’-phosphorylated tetramer 8,
which contains the terminal dL at position 1 of d(pC1G2C3G4)
(see Scheme 2), was isolated from the X-irradiated
d(pCGCG) film and identified by using MALDI-TOF and
decomposition patterns. Additional evidence is provided by
the characteristic decomposition patterns of the dL-contain-
ing tetramers 4–8 (see Figures 2 and 3).

The patterns of the thermal decomposition of 4–8 are
shown in Scheme 2. Thermal decomposition of 5, 6, and 8
under conditions analogous to those used for the release of 3
from X-irradiated highly polymerized DNA[8] is illustrated in
Figure 2. It can be seen from Figure 2C that 8 and its product
d(pGCG) have overlapping retention times in the reversed-
phase (RP) HPLC chromatogram; therefore, ion-exchange
chromatography was applied to resolve the peaks for 8 and
d(pGCG) (Figure 2D).

Scheme 1. Decomposition of 1.

Figure 1. HPLC profiles of the solution of X-irradiated d(CGCG) film
(ammonium acetate (40 mm), pH 6.8, spermine (10 mm)). A) 20 min
at 90 8C with spermine; B) no heat. Peaks for products 4–7 are shown
with arrows. HPLC conditions: C18 m-Bondapack 8 mmG100 mm
Radial Pak cartridge (Waters) washed with ammonium acetate
(40 mm) as running phase and methanol as eluent (1–16.5% metha-
nol over 30 min, linear gradient, 2 mLmin�1).
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All dLs shown in Figure 2 (5, 6, and 8) are heat-resistant at
pH 5.2 in the absence of a catalyst (see panels b of Figure 2A–
C). Furthermore, 5, 6, and 8 readily decompose with release of
3 upon heating under the same conditions but with spermine
(10 mM) added. Thus these dLs show decomposition patterns
analogous to irradiated calf thymus DNA.[8] All dLs in

Figure 2 undergo quantitative decomposition; 3 and its
corresponding phosphate fragments are formed in nearly
stoichiometric ratios (with the exception of d(Cp) for 5).
These results show that the yield of 3, released upon catalytic
treatment of dL-containing oligonucleotides, correlates well
with the yield of its dL precursor.

The 5’-terminal dL 4 undergoes about 80% conversion
upon heating for 20 min at 90 8C with spermine (10 mm) at
pH 5.2 (Figure 3Aa), while its 3’-terminal analogue 7 is stable

under these conditions (results not shown). Significant
decomposition of 7 required more prolonged heating at
pH 6.8 (30 min or more, Figure 3B,a. The optical absorption
of the butenolides 9 and 10 (see Scheme 2) supposedly formed
upon decomposition of 4 and 7 respectively, is apparently too
weak at 254 nm to be detected under the conditions of this
study.

The total yield of dL was estimated for the X-irradiated
films of d(pCGCGp) (Figure 4). All four types of dL formed
from d(pCGCGp) release 3 upon thermal catalytic decom-
position; the yield of 3 therefore, is assumed to correlate with
the total yield of dL. This assumption is justified by the
quantitative release of 3 upon decomposition of phosphoryl-
ated dL-containing tetramers and by the stability of 3 under
the experimental conditions employed (at slightly acidic pH
values).[8] The inset in Figure 4 shows the dose dependence for
the formation of 3 ; the radiation yield of 3, 0.0103�
0.0004 mmolJ�1, was obtained from the slope of the linear fit
to the experimental data. This yield is 3.4-fold lower than the

Scheme 2. Structures and decomposition patterns of dL-containing
oligonucleotides isolated from X-irradiated d(CGCG) and d(pCGCGp)
films.

Figure 2. Thermal decomposition of 5, 6, and 8. Reaction mixtures
contained 50 mm sodium acetate buffer, pH 5.2, 10 mm spermine
(added before or after heating). A–C: RP HPLC; a) 20 min at 90 8C with
spermine; b) as a) but heated without spermine; c) no heat. HPLC
conditions: Gemini C18 4.6 mmG250 mm analytical column (Phenom-
enex) washed with ammonium acetate (40 mm) as running phase and
acetonitrile as eluent (1–8% acetonitrile over 20 min, nonlinear gradi-
ent type 5 in the original Water’s definition). D: Ion-exchange HPLC;
a) 20 min at 90 8C with spermine; b) no heat. HPLC conditions:
Dionex DNAPac PA-100 column washed with ammonium acetate-
(40 mm)/ acetonitrile (10%) running phase and a solution of NaCl as
eluent (5–250 mm NaCl over 20 min, linear gradient, 1 mLmin�1).

Figure 3. Thermal decomposition of 4 (A) and 7 (B). A) sodium ace-
tate buffer (50 mm), pH 5.2, spermine (10 mm) ; a) 20 min at 90 8C
with spermine; b) as a) but heated without spermine; c) no heat;
HPLC conditions: as in Figure 2 A–C. B) ammonium acetate (40 mm)

buffer, pH 6.8, spermine (50 mm) a) 30 min at 90 8C with spermine;
b) no heat; HPLC conditions: Luna C18 4.6 mmG250 mm analytical
column (Phenomenex) washed with ammonium acetate (40 mm) and
acetonitrile as eluent (1–9.6% acetonitrile over 20 min, linear gradient,
1 mLmin�1).
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yield of 3 obtained for the X-irradiated films of calf thymus
DNA[8] subjected to analogous post-irradiation treatment.
This degree of variation is not surprising given the large
differences in the primary and tertiary structures of
d(pCGCGp) when compared with genomic DNA.

In conclusion, we have demonstrated that catalytic
decomposition of dL isolated from X-irradiated d(CGCG)
and d(pCGCG) films quantitatively produces 3. This finding
supports our earlier hypothesis that 1 is the major, perhaps
only, precursor of 3 released from X-irradiated highly
polymerized DNA.[8] Our data suggest that quantification of
the yield of 3 released upon catalytic decomposition of dL can
be applied as a method for selective quantitative detection of
lesion 1 in DNA.

Experimental Section
Details of the isolation and characterization of dL-containing
oligonucleotides are included in the Supporting Information. The
product 3 used as a reference compound in HPLC experiments was
synthesized according to a published procedure.[13] All the DNA
oligonucleotides used in this study were purified by semipreparative
RP HPLC. The “dry” films containing the oligonucleotides
(�500 mg) were prepared from aqueous solution (200 mL) dried
over saturated NaOH (5% relative humidity) on a microscope glass
slide and then subjected to vacuum overnight.

X-irradiation of the films: A Phillips tube (tungsten anode)
operated at 55 kV and 20 mA, giving a dose rate of 163 kGyh�1, was
used as the X-ray source. The dose rate was measured with
radiochromic films (Far West Technology, Inc.). Typically, the DNA
films were irradiated to a dose of � 330 kGy. For the measurements
of the radiation yield of 3 released from d(pCGCGp), the d-
(pCGCGp) films were irradiated to doses from 100 to 326 kGy.
Immediately upon irradiation, the films were dissolved in H2O
(200 mL), transferred into microcentrifuge tubes, and stored at�20 8C
until used.

HPLC analysis: Typically, the reaction mixture (200 mL) contain-
ing the oligonucleotide (50–200 mg) was injected. All HPLC experi-
ments were performed at 30 8C and pH 6.8, with UV detection at l=
254 nm. The retention times of the products were determined by

coinjection of a corresponding reference compound. The yields of
released products were quantified from HPLC peak areas as
previously described.[14] For the measurements of the radiation yield
of 3 released from d(pCGCGp), the yield of 3 was quantified by co-
injection of a known amount of authentic 3.

Thermal decomposition of 2-deoxyribonolactones: Typically, the
reaction mixture (200 mL) of the dL-containing tetramer (50 mL),
(� 20–50 mm final concentration), sodium acetate (50 mm), and
spermine (10 mm) at pH 5.2 was heated for 20 min (unless otherwise
stated) at 90 8C and then cooled to 4 8C. For thermal decomposition
without spermine, the spermine was added after the reaction mixture
was heated and cooled. These conditions have been optimized in our
previous work for the maximum release of 3.[8] As shown herein, the
loss of 3 owing to its decomposition and/or side reactions does not
exceed 10% under the experimental conditions employed.
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Figure 4. Release of 3 from the solution of the X-irradiated d(pCGC-
Gp) film. The reaction mixture containing ammonium acetate buffer
(40 mm), pH 6.8, and spermine (10 mm) was heated 25 min at 90 8C.
The inset shows the dose dependence of the release of 3. HPLC condi-
tions: Gemini C18 4.6 mmG250 mm analytical column (Phenomenex)
washed with 40 mm ammonium acetate as a running phase, with ace-
tonitrile as eluent (4–9.6% acetonitrile over 20 min, gradient type 5,
1 mLmin�1).
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Pincer ECE (E=N, P) transition-metal complexes, in which
the terdentate ligands contain two stable five-membered
cyclometalated rings, have reached a high level of sophisti-
cation and appear extremely attractive for both catalytic and
stoichiometric reactions.[1] The great interest in pincer ligands
arises from the high level of control over the reactivity and the
stereochemistry that they impose around the metal center as a
result of their electronic properties and geometric restrictions.
These factors afford highly selective trans-
formations and lead to some unique spe-
cies of relevance for the investigation of
elementary processes.[2] In spite of the
great attention afforded to ruthenium for
its versatility in catalysis,[3] no examples of
terdentate ruthenium CNN catalysts have
been reported thus far. It is worth noting
that CNN complexes are expected to have
significantly different reactivity compared to the NCN
analogues, mainly because of the different geometrical
disposition of the s-donor carbon atom.

Recently, we have shown that 2-(aminomethyl)pyridine
(ampy) shows a high ligand acceleration effect in transfer
hydrogenation[4] catalyzed by ruthenium(ii) complexes with
phosphane ligands. Thus, complete reduction of many ketones
in 2-propanol is quickly achieved with the cyclometalated

complex [RuCl(CO)(CP)(ampy)] (CP= (2-CH2-6-
MeC6H3)PPh2), with turnover frequencies (TOF values) up
to 6.3 1 104 h�1, whereas the derivatives cis-[RuCl2(PP)-
(ampy)] (PP= diphosphane) lead to TOF values up to 4.0 1
105 h�1 and ee values up to 94% by using chiral diphos-
phanes.[5] Since it is well known that 2-phenylpyridine readily
gives access to orthometalated CN ruthenium complexes,[6]

we decided to investigate the coordination chemistry of the
related 6-(4’-methylphenyl)-2-pyridylmethylamine with the
aim of obtaining terdentate CNN complexes. We report
herein on novel complexes of formula [RuX(CNN)(dppb)]
(X=Cl, H; dppb=Ph2P(CH2)4PPh2), which are remarkably
active catalysts for transfer hydrogenation that afford
TOF values up to 2.5 1 106 h�1 with very low loading of
catalysts (0.005–0.001 mol%) compared to the most active
systems reported.[2f, 7] Evidence is provided that the reduction
of the ketone proceeds through the formation of a RuII–
alkoxide complex by insertion of the carbonyl group of the
substrate into the Ru�H bond of a ruthenium(ii) hydride
formed as an intermediate from the chloride complex 1.

Treatment of [RuCl2(PPh3)(dppb)] with an equimolar
amount of 6-(4’-methylphenyl)-2-pyridylmethylamine in 2-
propanol at reflux in the presence of NEt3 affords the
thermally stable orthometalated ruthenium(ii) complex 1[8] in
high yield [Eq. (1)].

The signals for the diastereotopic NCH2 protons in the
1H NMR spectrum are at d= 4.12 and 3.72 ppm with
2J(H,H)= 15.5 Hz. The doublet at d= 52.5 ppm with a
3J(C,P)= 2.7 Hz in the 13C NMR spectrum corresponds to
the CH2N group which is shifted downfield relative to the free
ligand (d= 48.2 ppm), thus indicating coordination of the
NH2 group to the metal center. Finally, the signal for the
orthometalated carbon atom appears as a doublet of doublets
at d= 181.8 ppm with 2J(C,P)= 16.3 and 7.8 Hz, which is
strongly shifted downfield[6a,9] relative to the free ligand (Dd=
54.8), thus allowing the former formulation to be established
unambiguously in solution. The X-ray analysis carried out on
a single crystal of 1 shows a severely distorted octahedral
environment around the ruthenium center comprising the
orthometalated terdentate pyridine ligand, the diphosphane,
and a chloride ligand (Figure 1).[10]

The two N1-Ru-C1 and N1-Ru-N2 bond angles in the five-
membered rings are rather small, (80.32(13) and 76.45(12)8,
respectively) because of the geometrical constrains of the
terdentate ligand. The Ru�N2 bond length of 2.246(3) = is
significantly longer than the Ru�N1 bond (2.046(3) =)
because of the trans influence exerted by the aryl group.
The terdentate ligand presents coplanar atoms with the
exception of the CH2NH2 group, the carbon and amino
nitrogen atoms of which are displaced by �0.13 and 0.53 =,
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respectively, from the mean
plane. Related terdentate PtII

and PdII complexes obtained
from 6-phenyl-2-(2-aminoiso-
propyl)pyridine have recently
been reported.[11]

Complex 1 has been found to
display an exceptionally high
catalytic activity in the reduction
of a large number of ketones (0.1m) with 2-propanol as the
hydrogen donor and in the presence of NaOH (2 mol%)
[Eq. (2)].

Acetophenone is quantitatively reduced to 1-phenyletha-
nol in five minutes using a substrate/1 ratio of 20000:1 with a
remarkably high TOF value of 1.1 1 106 h�1 at 50% conver-
sion (Table 1). Subsequent addition of further amounts of the
ketone (two times) results in complete reduction, thus
suggesting that the stability of the complex results from the
rigid framework built up by the association of the robust
terdentate ligand with the chelating diphosphane, and con-
sequently catalyst deactivation is significantly retarded.

Complex 1 can also be generated in situ from [RuCl2-
(PPh3)(dppb)] and the functionalized pyridine ligand (1:2
molar ratio) in 2-propanol and it shows the same activity as
the isolated compound. In contrast, the in situ prepared
analogue of 1 bearing N(CH3)2 instead of the NH2 group

shows low activity for acetophenone (Ru 0.005 mol%, NaOH
2 mol%, 7% conversion after 1 h) under identical exper-
imental conditions, thus suggesting that the high performance
of 1 is in someway related to an assistance of the NH group in
the catalytic cycle. Interestingly, complete reduction (98%) is
achieved in 1 h with a substrate/1 ratio of 100000:1 (TOF=

5.2 1 105 h�1), and experiments at lower catalyst loading
(0.0005 mol%) led to a turnover number (TON) of 1.7 1
105. These results are of particular relevance for large-scale
synthesis since hydrogen-transfer catalysts are usually used in
the range of 1–0.01 mol% as a consequence of their easy
deactivation, with TOF values lower than 105 h�1. As shown in
Table 1, alkyl–aryl, dialkyl (cyclic and linear), and diaryl
ketones are rapidly (minutes), quantitatively, and chemo-
selectively reduced to alcohols with TOF values in the range
5.0 1 105 to 2.5 1 106 h�1 with 0.005 mol% of 1. The high
performance of 1 means that this protocol allows the
preparation of alcohols on a gram scale using very low
amounts of catalyst.[12]

It is generally accepted that the role of the base in
ruthenium-catalyzed hydrogen-transfer reactions is to gener-
ate hydrides, which are the catalytic active species.[13] In
agreement with this, we have found that reaction of 1 with
sodium isopropoxide in a 2-propanol/toluene solution affords
the orange hydride complex 2[14] through elimination of
acetone on evaporation of the medium [Eq. (3)].

The 31P NMR spectrum of 2 displays two doublets at d=
65.7 and 34.6 ppm with a relatively small 2J(P,P) coupling
constant of 17.2 Hz. The resonance of the hydride in the
1H NMR spectrum appears as a doublet of doublets at d=
�5.58 ppm with 2J(H,P)= 89.1 and 26.4 Hz, which is consis-
tent with the presence of trans and cis phosphorus atoms.[15]

An IR band of medium intensity appears at ñ= 1743 cm�1

corresponding to the Ru�H species and this low-frequency
shift is in agreement with the strong trans influence of the
phosphane ligand.[16] It is noteworthy that addition of hydride
2 (1 mol%) to acetophenone and 2-propanol (1:1 molar ratio)
in C6D6 leads, at room temperature and within a few minutes,
to an equilibrium mixture in which 1-phenylethanol and
acetone are formed. Hydride 2 is a catalyst of impressive
activity in 2-propanol at reflux which leads to complete
conversion of acetophenone in a few minutes with TOF val-
ues ranging from 4.8 1 104 h�1 (2 0.01 mol%, in the absence of
any additional base) to 8.0 1 105 h�1 (in the presence of a
tenfold excess of NaOiPr).

Complex 2 reacts promptly with an equimolar amount of
benzophenone in C6D6 at 20 8C to give the alkoxide–amine
complex 3[17] through insertion of the ketone into the Ru�H
bond (Scheme 1).

Figure 1. ORTEP representation of complex 1. Thermal ellipsoids are
at 40% probability, the labeling scheme of the phenyl carbon atoms is
omitted for clarity. Selected coordination bond lengths [B] and angles
[8]: Ru-C1 2.057(4), Ru-N1 2.046(3), Ru-N2 2.246(3), Ru-P1 2.252(1),
Ru-P2 2.287(1), Ru-Cl1 2.495(1); N1-Ru-C1 80.32(13), N1-Ru-N2
76.45(12), N2-Ru-P1 102.59(8), N1-Ru-P2 173.00(8), C1-Ru-P2
103.60(10), N2-Ru-P2 98.74(8), P1-Ru-P2 94.85(4), P1-Ru-Cl1
173.29(3), C1-Ru-N2 155.40(12), C1-Ru-P1 85.78(9), N1-Ru-P1
91.20(8).
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The 31P NMR spectrum of 3 shows two doublets at d=
57.0 and 37.3 ppm with 2J(P,P)= 34.2 Hz; this coupling
constant is slightly smaller than that of 1 (2J(P,P)= 38.3 Hz).
The proton signal for the RuOCH moiety appears as a
doublet at d= 4.80 ppm (0 8C in [D8]toluene) with

4J(H,P)=
3.7 Hz, whereas one broad resonance shifted downfield to d=

5.30 ppm arises from one proton of the amine group, which
may suggest an NH···O hydrogen bond interaction that
stabilizes the alkoxide 3. The 13C NMR peak of the OCH
moiety in C6D6 appears at d= 80.1 ppm and it is shifted
downfield relative to free benzhydrol (d= 76.1 ppm), a result

which is in agreement with other
metal alkoxides.[18] NMR spectro-
scopic studies show that heating a
solution of 3 in [D8]toluene above
70 8C results in reversible genera-
tion of both the ketone and the
hydride 2.

The alkoxide 3 is sensitive to
protic compounds and the corre-
sponding alcohol adducts are
observed in the presence of alco-
hols.[19] Addition of benzhydrol
(2 equivalents) to 3 results in the
formation of the species 4
(31P NMR: d= 55.0 and 42.8 ppm,
with 2J(P,P)= 34.2 Hz), according
to the equilibrium shown in
Scheme 1 (3/4 ca. 1.5:1). Heating
the solution results in an increase
of 3, and coalescence of the signals
for 3 and 4 is observed at about
60 8C. Elimination of benzhydrol
has been observed with more
acidic compounds such as water or
carboxylic acids.[20] It is worth
noting that a 31P NMR spectroscop-
ic study of the reaction of 1 with
NaiOPr in 2-propanol/toluene to
give the hydride 2 shows two dou-
blets at d= 54.3 and 44.6 ppm, with
2J(P,P)= 34.2 Hz. These values are
close to those of 4, thus suggesting
the formation of a similar adduct
between the ruthenium isopropox-
ide and 2-propanol. A variable tem-
perature NMR study shows that

heating this solution above 40 8C leads to an equilibrium
reaction between the Ru-isopropoxide and the hydride 2,
whose concentration can also be increased by elimination of
acetone through evaporation (in agreement with the reaction
of benzophenone shown in Scheme 1).

While the insertion of unsaturated compounds into the
Ru�H bond has been thoroughly studied, examples of the
formation of Ru–alkoxides by reaction of ketones are rare
and restricted to ketoesters or to substrates containing an
additional electron-withdrawing group.[21] The reverse reac-
tion, that is, b-hydrogen elimination,[22] provides one of the

Table 1: Catalytic reduction of ketones (0.1m) with 1 (0.005 mol%) and NaOH (2 mol%) in 2-propanol
at 82 8C.

Ketone Alcohol Conversion TOF [h�1][b]

[%][a] min

98 5 1.1H106

98 2 1.9H106

99 1 2.5H106

99 5 1.2H106

97 2 1.5H106

99 10 5.0H105

97 5 7.0H105

98 10 5.3H105

[a] The conversion was determined by GC or 1H NMR analysis. [b] Turnover frequency (mol of ketone
converted into alcohol per mol of catalyst per hour) at 50% conversion.

Scheme 1.
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most practical routes to metal hydrides. The reversibility of
this process, however, has been clearly established only for
[Re3(m-OiPr)3(OiPr)6],

[23a] although spectroscopic evidence
has been collected at low temperature for [OsCl-
(OCH(CD3)2)(CO)(PiPr3)2].

[23b] Recently, the NH-assisted
reversible insertion of CO2 into the Ru�H bond to give the
formate–amine species has been reported by Koike and
Ikariya.[24] Interestingly, spectroscopic evidence of ruthe-
nium–alkoxide–amine species has been obtained starting
from ruthenium–amide complexes and alcohols.[25]

The results of the study on the stoichiometric reactions of
the CNN complexes, together with the influence of the
alkoxide concentration on the catalytic activity of the hydride
2, provide strong support to the formation of a discrete
intermediate Ru–alkoxide species in the course of the
catalytic transfer hydrogenation of ketones. As this fact
cannot be explained by the concerted outer-sphere mecha-
nism first proposed by Noyori and co-workers for ruthenium
catalysts containing ligands with NH donor groups (metal–
ligand bifunctional catalysis),[4b,26] an alternative mechanism
for this process may be envisioned as follows. The catalytically
active Ru–isopropoxide species, which is formed from 1 and
sodium isopropoxide, equilibrates with hydride 2. Insertion of
the ketone into the Ru�H bond of 2 provides a new
ruthenium alkoxide, such as 3. The latter, on exchange with
2-propanol, delivers the reaction product and regenerates the
Ru–isopropoxide complex, thus closing the catalytic cycle.
Although the classical ketone insertion into the metal-hydride
bond and the b-hydrogen elimination pathways,[4e,27] involving
a cis vacant site (that is, through dissociation of the NH2

moiety), cannot be ruled out, it is more likely that both
elementary steps occur through hydrogen-bond assistance of
the NH2 group, without NH proton transfer. For example, the
development of an NH···O=C interaction between the amine
and the incoming ketone may at the same time activate the
substrate towards the nucleophilic attack and provide the
ketone with the correct orientation for the hydride transfer to
be feasible. The resulting alkoxide anion might then migrate
from the hydrogen to the metal center, possibly through a
three-centered reaction mechanism, to afford the Ru–alk-
oxide intermediate. Thus, the formation of the Ru hydride
from the Ru alkoxide may occur through the reverse pathway.
Strong hydrogen bonding between the substrate, catalyst, and
solvent probably plays a key role in the overall process.
Theoretical studies on the mechanism of the transfer hydro-
genation with Ru/NH catalysts show that ruthenium meth-
oxide–amine complexes are the most stable species along the
reaction pathways.[26b,28]

Finally, it is worth noting that our approach can be easily
extended to the high-speed enantioselective transfer hydro-
genation. Thus, when [RuCl2(PPh3)(dppb)] is treated with the
chiral derivative of 6-phenyl-2-pyridylmethylamine with a tBu
group on the CHNH2 arm (R enantiomer), rapid conversion
of o-methoxyacetophenone into (S)-o-methoxy-a-phenyl-
ethanol is observed (Ru 0.05 mol%, TOF= 6.0 1 105 h�1,
ee= 87%), in agreement with the non-hemilabile behavior
of the NH2 function of the CNN ligand.

In summary, we have shown that terdentate [RuX-
(CNN)(PP)] (X=Cl, H) complexes are highly efficient

catalysts in transfer hydrogenation involving 2-propanol to
afford quantitative reduction of different ketones with very
low loading and in a short time. Reduction of ketones
apparently takes place by insertion of the substrate into the
Ru�H bond, thus leading to a RuII alkoxide. The reversibility
of this step has been observed in the case of the stoichiometric
reaction of complex 2 with benzophenone. This fact provides
strong evidence that a Ru alkoxide derivative is most
probably an intermediate in the formation of the hydride 2,
the putative active catalyst, from the relevant chloride 1. As
the structure of the terdentate pyridine ligand is well suited
for a modular synthetic approach, which allows for a fine
tuning of the stereoelectronic properties of the CNN com-
plexes, this new class of ruthenium derivatives holds the
promise for a broad application in organometallic chemistry
and in homogeneous asymmetric catalysis.

Experimental Section
1: [RuCl2(PPh3)(dppb)] (1.17 g, 1.36 mmol) was added to a solution of
2-propanol (15 mL) containing 6-(4’-methylphenyl)-2-pyridylmethyl-
amine (300 mg, 1.51 mmol) and NEt3 (1.9 mL, 13.6 mmol). The
mixture was refluxed for 2 h and the yellow precipitate was filtered,
washed with methanol, and dried under reduced pressure. Yield:
810 mg (78%).

2 : Compound 1 (516 mg, 0.679 mmol) was suspended in toluene
(10 mL) and a solution of NaOiPr (0.1m, 1.00 mmol) in 2-propanol
(10 mL) was added. The solution was concentrated after 1 h at 60 8C,
stirred at room temperature, and after addition of toluene, filtered
over celite. The filtrate was evaporated and the solid was precipitate
from toluene and filtered, to afford a bright orange product which was
dried under reduced pressure. Yield: 395 mg (80%).

3 : Benzophenone (45 mg, 0.247 mmol) was added to a suspension
of 2 (160 mg, 0.220 mmol) in toluene (2 mL), and the solution was
stirred for 15 min. The solution was then concentrated and pentane
added. This afforded a dark yellow precipitate which was filtered and
dried under reduced pressure. Yield: 140 mg (70%).

Typical procedure for the catalytic hydrogen-transfer reaction:
Complex 1 (3.0 mg, 4.0 mmol) was dissolved in 2-propanol (8 mL).
The ketone (2 mmol) was dissolved in 2-propanol (19 mL) and the
solution heated to reflux under argon. Addition of NaOH (0.1m,
400 mL) and the solution containing the catalyst 1 (200 mL) resulted
in the reduction of the ketone starting immediately. The yield was
determined by GC or NMR analysis (ketone:1:NaOH= 20000:1:400;
ketone 0.1m).
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17.2 Hz); IR (Nujol): ñ= 1743 cm�1 (br, RuH); elemental
analysis (%) calcd for C41H42N2P2Ru: C 67.85, H 5.83, N 3.86;
found: C 66.80, H 5.63, N 3.57.

[15] a) S. D. Drouin, D. Amoroso, G. P. A. Yap, D. E. Fogg, Organo-
metallics 2002, 21, 1042; b) C. Bianchini, P. Frediani, D. Masi, M.
Peruzzini, F. Zanobini, Organometallics 1994, 13, 4616; c) G. C.
Hsu, W. P. Kosar, W. D. Jones, Organometallics 1994, 13, 385.

[16] a) T. G. Appleton, H. C. Clark, L. E. Manzer, Coord. Chem. Rev.
1973, 10, 335; b) J. P. Collman, L. S. Hegedus, J. R. Norton, R. G.
Finke in Principles and Application of Organotransition Metal
Chemistry, University Science Books, Mill Valey, CA, 1987;
c) J. C. Toledo, B. S. Lima Neto, D. W. Franco, Coord. Chem.
Rev. 2005, 249, 419.

[17] 3 : 1H NMR (200.1 MHz, C6D6, 20 8C, TMS): d= 8.40–5.80 (m,
35H; ArH), 5.58 (d, J(H,H)= 7.2 Hz, 1H; ArH), 5.35 (br s, 1H;
NH2), 4.86 (s, 1H; OCH), 3.20–2.60 (m, 5H), 2.25 (s, 3H; CH3),
2.10–0.9 ppm (m, 6H); 13C{1H} NMR (50.3 MHz, C6D6, 20 8C,
TMS): d= 187.6 (s; CRu), 163.8 (s; NCC), 157.4 (s; NCCH2),
155.7–112.4 (m; Ar), 80.1 (s, OCH), 52.0 (s; CH2N), 31.6 (d,
J(C,P)= 29.2 Hz; CH2P), 30.9 (d, J(C,P)= 26.7 Hz; CH2P), 27.0
(s; CH2), 22.6 (s; CH2), 22.1 ppm (s, CH3);

31P{1H} NMR
(81.0 MHz, C6D6, 20 8C, H3PO4): d= 57.0 (d, J(P,P)= 34.2 Hz),
37.3 ppm (d, J(P,P)= 34.2 Hz); elemental analysis (%) calcd for
C54H52N2OP2Ru: C 71.43, H 5.77, N 3.09; found: C 70.51, H 5.39,
N 2.81.

[18] a) M. S. Sanford, L. M. Henling, M. W. Day, R. H. Grubbs,
Angew. Chem. 2000, 112, 3593; Angew. Chem. Int. Ed. 2000, 39,
3451; b) F. Liang, H. W. Schmalle, T. Fox, H. Berke, Organo-
metallics 2003, 22, 3382; c) Z. Chen, H. W. Schmalle, T. Fox, H.
Berke, Dalton Trans. 2005, 580.

[19] a) J. R. Fulton, A. W. Holland, D. J. Fox, R. G. Bergman, Acc.
Chem. Res. 2002, 35, 44; b) H. E. Bryndza, W. Tam, Chem. Rev.
1988, 88, 1163; c) Y. J. Kim, K. Osakada, A. Takenaka, A.
Yamamoto, J. Am. Chem. Soc. 1990, 112, 1096; d) K. Osakada,
K. Ohshiro, A. Yamamoto,Organometallics 1991, 10, 404; e) S. E.
Kegley, C. J. Schaverien, J. H. Freudenberger, R. G. Bergman,
S. P. Nolan, C. D. Hoff, J. Am. Chem. Soc. 1987, 109, 6563.

[20] With acetic acid the formation of the corresponding ruthenium
acetate has been established and it will be described elsewhere.

[21] a) C. J. A. Daley, S. H. Bergens, J. Am. Chem. Soc. 2002, 124,
3680; b) Y. Hayashi, S. Komiya, T. Yamamoto, A. Yamamoto,
Chem. Lett. 1984, 1363.

[22] a) S. P. Nolan, T. R. Belderrain, R. H. Grubbs, Organometallics
1997, 16, 5569; b) M. A. Esteruelas, E. Sola, L. A. Oro, H.
Werner, U. Meyer, J. Mol. Catal. 1988, 45, 1; c) B. N. Chaudret,
D. J. Cole-Hamilton, R. S. Nohr, G. Wilkinson, J. Chem. Soc.
Dalton Trans. 1977, 1546.

[23] a) D. M. Hoffman, D. Lappas, D. A. Wierda, J. Am. Chem. Soc.
1993, 115, 10538; b) M. A. Esteruelas, C. Valero, L. A. Oro, U.
Meyer, H. Werner, Inorg. Chem. 1991, 30, 1159.

[24] T. Koike, T. Ikariya, Adv. Synth. Catal. 2004, 346, 37.
[25] a) K. Abdur-Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey,

A. J. Lough, R. H. Morris, J. Am. Chem. Soc. 2002, 124, 15104;
b) T. Koike, T. Ikariya, Organometallics 2005, 24, 724.

Communications

6218 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6214 –6219

http://www.angewandte.org


[26] a) K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori,
Angew. Chem. 1997, 109, 297; Angew. Chem. Int. Ed. Engl. 1997,
36, 285; b) M. Yamakawa, H. Ito, R. Noyori, J. Am. Chem. Soc.
2000, 122, 1466.

[27] A. Aranyos, G. Csjernyik, K. J. SzabT, J. E. BLckvall, Chem.
Commun. 1999, 351.

[28] J. W. Handgraaf, J. N. H. Reek, E. J. Meijer, Organometallics
2003, 22, 3150.

Angewandte
Chemie

6219Angew. Chem. Int. Ed. 2005, 44, 6214 –6219 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Synthetic Methods

DOI: 10.1002/anie.200502134

Organocatalytic Asymmetric a-Halogenation of
1,3-Dicarbonyl Compounds**

Giuseppe Bartoli,* Marcella Bosco, Armando Carlone,
Manuela Locatelli, Paolo Melchiorre,* and
Letizia Sambri

The enantioselective construction of carbon–
halogen stereogenicity belongs to the topical
area of current asymmetric catalysis[1] by virtue
of the fact that halogen atoms attached to a chiral
stereocenter can serve as a linchpin for further
stereospecific manipulations.[2] Moreover, opti-
cally active halogen-containing compounds are
increasingly important targets in drug discovery and material
sciences.[3] Despite this, different efficient catalytic asymmet-
ric halogenation strategies have been developed only in the
last few years.[1a,b] To date, the most notable advances have
been made in the a-halogenation of carbonyl compounds by
using mild and stable sources of electrophilic halogens. All the
reported asymmetric catalytic methodologies, from the first
Lewis acid catalyzed asymmetric a-fluorination of b-keto
esters reported by Hintermann and Togni,[4] to several highly
practical metal-free (organocatalytic)[5] approaches, involve

the transient formation of an enolate (enol) that can be
halogenated to generate the desired product. The crucial
enolization process can be efficiently promoted through
1) coordination of chiral Lewis acids with 1,3-dicarbonyl
compounds;[6] 2) formation of an enamine intermediate
derived from the reaction between a secondary chiral amine
and enolizable aldehydes and ketones;[7] 3) attack of a chiral
nucleophile on a ketene intermediate to generate a zwitter-
ionic enolate;[8] and 4) ionic association of a phase-transfer
catalyst with the enolate.[9]

Recently, chiral tertiary amines have been successfully
applied in various organocatalytic transformations, acting as
chiral-base catalysts.[10] However, this concept has not yet
been applied to asymmetric halogen–carbon bond-forming
reactions. Herein, we describe a new effective approach that
uses a cinchona alkaloid derivative as a chiral base for
promoting the enolization of 1,3-dicarbonyl compounds and
the subsequent highly enantioselective electrophilic a-chlori-
nation and a-bromination of the enol derivative [Eq. (1)].
Despite the considerable recent advances, the develop-

ment of a novel halogenation system of 1,3-dicarbonyl
compounds that displays satisfactory selectivity as well as
generality is still in high demand, as the reported Lewis acid
catalyzed asymmetric chlorinations and brominations of b-

keto esters are efficient only with selected substrates.[6a–c] The
organocatalytic halogenation presented herein is effective
with both cyclic and acyclic b-keto esters and with cyclic b-
diketones to afford highly optically enriched a-halogenated
compounds (up to 96% ee) in good yields using inexpensive
benzoylquinidine (BQd) as the catalyst and easy-to-prepare
polyhalogenated quinolinones as new sources of the halogen.
To verify the feasibility of such an organocatalytic

asymmetric halogenation strategy, we examined the reaction
of ethyl 2-oxo-cyclopentanecarboxylate 1a with N-chlorosuc-
cinimide (NCS, 3a) as the halogen source in the presence of
some cinchona alkaloid derivatives as the chiral-base catalyst.
Representative results of the extensive screening of reaction
conditions are listed in Table 1. Several solvents were inves-
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tigated, and toluene was selected as the solvent of choice,
although ethereal solvents afforded analogous results (see
Supporting Information for details).
In the initial studies, benzoylquinine (BQ, 4a) proved to

be the most promising catalyst among the chiral amines tested
by affording the R chloro derivative 2a in moderate enantio-

meric excess (60% ee, Table 1, entry 6). However, a slight
decrease in enantioselectivity was observed when the BQ-
catalyzed reaction was performed at �78 8C (entry 7). We
speculated that, under these reaction conditions, the uncata-
lyzed background reaction of the enol form effectively
competes with the stereoselective pathway, even at low
temperature. Thus, the primary goal was to employ a less-
reactive, finely tuned chlorinating agent that displays a
minimal rate of background reaction with the substrate 1a.

Along these lines, a series of electrophilic halogens was
screened, employing BQ (4a) as the catalyst (entries 8–11).
The trichloroquinolinone 3d, which is easily prepared from 8-
hydroxyquinoline and 3 equivalents of tert-butylhypochlorite,
gave the best result, with the product 2a obtained in 79% ee.
The structurally related chlorinating agent 3e provided the
same stereochemical outcome with a significant decrease in
reactivity. Performing the reaction at �78 8C in the presence
of 3d led to a dramatic increase in enantioselectivity, albeit at
the expense of reactivity (95% ee, entry 12), which indicates
that under these conditions the discrimination between the
background reaction and the asymmetric catalyzed chlorina-
tion was maximized.[11] Importantly, the capacity of the
trichloroquinolinone 3d to function in highly enantioselective
enolate halogenations is disclosed here for the first time.[12]

Halogen transfers involving quinolinone 3d are expected
to release stabilized aromatic phenolate anion 5 in a
thermodynamically favorable process (Figure 1). We envis-

aged that the plausible tight ionic association of 5 with the
protonated chiral amine catalyst may affect the efficiency of
the system. We reasoned that an inorganic base that is able to
facilitate the proton transfer from the protonated chiral
amine (BQ-H+) to thus regenerate the active catalyst without
promoting a racemic chlorination path could have a beneficial
effect on the reaction rate.[13] With this consideration in mind,
a survey of reaction conditions was performed which revealed
that the BQ-catalyzed asymmetric chlorination of 1a was
accelerated by using 1 equivalent of NaHCO3 in a more
concentrated solution (toluene, 0.25m ; Table 1, entries 13–
14).[14] Noteworthy, when the “pseudoenantiomeric” BQd
(4b) was used as catalyst the opposite enantiomer (S)-2a was
obtained in significantly higher enantiomeric excess
(entry 15). Such a selectivity allowed the reaction to be
performed at higher temperature without affecting the optical
purity of the product, which was isolated in quantitative yield
(95% ee, entry 16).
The superior levels of induction and efficiency exhibited

by BQd (4b) in the presence of NaHCO3 (1 equiv) and
toluene (0.25m), prompted us to select these conditions to

Table 1: Screening of reaction conditions for the organocatalytic asym-
metric chlorination of 1a.[a]

Entry Catalyst[b] 3 t [h] T [8C] Conv. [%][c] ee [%][d]

1 (DHQ)2PYR 3a 2 RT >95 21 (R)
2 (DHQD)2PHAL 3a 2 RT >95 33 (S)
3 (DHQ)2AQN 3a 2 RT >95 46 (R)
4 cinchonidine 3a 2 RT >95 10 (R)
5 quinine 3a 2 RT >95 18 (R)
6 4a 3a 2 RT >95 60 (R)
7 4a 3a 3 �78 >95 58 (R)
8 4a 3b 3 RT >95 36 (R)
9 4a 3c 3 RT >95 57 (R)
10 4a 3d 3 RT >95 (98)[e] 79 (R)
11 4a 3e 3 RT 58 78 (R)
12 4a 3d 24 �78 70 95 (R)
13[f ] 4a 3d 24 �78 74 95 (R)
14[g] 4a 3d 24 �78 80 (68)[e] 95 (R)
15[g] 4b 3d 3 RT >95 (96)[e] 85 (S)
16[g] 4b 3d 24 �40 >95 (98)[e] 95 (S)

[a] Experimental conditions (0.4-mmol scale): open-air reactions run in
undistilled solvent (0.1m) using a 1:1.2 ratio of 1a to 3, and 5 mol% of
catalyst. [b] (DHQ)2PYR=hydroquinine 2,5-diphenyl-4,6-pyrimidinediyl
diether, (DHQD)2PHAL=hydroquinidine 1,4-phthalazinediyl diether,
(DHQ)2AQN=hydroquinine anthragquinone-1,4-diyl diether. See Sup-
porting Information for structures of catalysts. [c] Conversion deter-
mined by 1H NMR spectroscopy of the crude mixture. [d] Determined by
GC analyses on commercially available chiral stationary phases; the
absolute configuration reported in parentheses was determined by
comparison of values of optical rotation with those reported in the
literature. [e] Number in parenthesis indicates yield of the isolated
product 2a. [f ] Reaction carried out with 1 equivalent of NaHCO3.
[g] Reaction carried out with 1 equivalent of NaHCO3 in toluene (0.25m).

Figure 1. Halogen transfer from quinolinone 3d to 1a catalyzed by BQ
(4a).
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examine the scope of the 1,3-dicarbonyl substrates in this
asymmetric chlorination protocol. As highlighted in Table 2,
cyclic b-keto esters 1b–d were all converted into the
corresponding chloro derivatives in fairly good yields and
with excellent optical purity (Table 2, entries 1–3). The

asymmetric chlorination of different substituted acyclic b-
keto esters also afforded the desired products with good
enantioselectivity, although a decreased reactivity was
observed (entries 4–6). In the presence of a more-reactive
substrate such as 1g, the possibility to perform the reaction at
low temperature allowed the generation of the chlorinated
adduct 2g in high optical purity (89% ee, entry 6).[15]

We next investigated the efficiency of the method with b-
diketones, a particularly challenging class of substrates for
which, to our knowledge, just one example of low-enantio-
selective chlorination has been reported.[6b] Reactions of
cyclic diketones 1h–i proceeded smoothly to give the
expected products with moderate enantioselectivity
(entries 7–8).

Last, the extension of the presented organocatalytic
protocol to asymmetric brominations was evaluated. We
presumed that the newly synthesized tribromoquinolinone 6
(Figure 2), structurally related to the chlorinating agent 3d,
might have been a useful source of bromine for the organo-

catalytic enantioselective a-bromination. Proof-of-principle
was provided through BQd-catalyzed reactions of b-keto
esters 1b and 1 f : the corresponding bromo derivatives 7b and
7f were obtained in good yields and with good enantioselec-
tivity (up to 84% ee, Figure 2).[16] Further studies to improve
the efficiency and the applicability of the organocatalytic
enantioselective bromination reaction are ongoing in our
laboratories.
In summary, we have developed the first organocatalytic

asymmetric a-chlorination and a-bromination reactions of
1,3-dicarbonyl compounds by using an inexpensive chiral
amine as the catalyst and a mild, operationally simple
protocol that allows direct access to highly enantiomerically
enriched halogen-containing compounds. The use of poly-
halogenated quinolinones as new sources of halogen elecro-
philes was essential to achieve high enantioselectivity.
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Table 2: Organocatalytic asymmetric chlorinations of b-keto esters and
b-diketones.[a]

Entry Product 4b [mol%] T [8C] t [h] Yield [%][b] ee [%][c]

1 2b 15 �40 40 83 96
2 2c 15 �40 52 48[d] 90
3 2d 5 �78 36 80 (75) 93 (91)
4 2e 20 RT 48 75 76 (69)
5 2 f 15 �10 36 99 80
6[e] 2g 15 �78 52 44[f ] 89
7[g] 2h 5 �78 30 90 (87) 51 (56)
8[g] 2 i 15 �40 48 74 (78) 59 (58)

[a] Experimental conditions (0.4-mmol scale): open-air reactions run in
undistilled toluene (0.25m) using a 1:1.2 ratio of 1 to 3d, 1 equivalent of
NaHCO3, and benzoylquinidine (4b) as catalyst. Results in parentheses
were obtained by using BQ (4a) as catalyst to give the opposite
enantiomer. [b] Yield of isolated products 2. [c] ee values of 2 were
determined by HPLC or by GC analyses on commercially available chiral
stationary phases (see Supporting Information for details). [d] Conver-
sion=65%. [e] Reaction carried out in tert-butyl methyl ether. [f ] Con-
version=80%; the lower yield is due to the volatility of 2g. [g] Performed
in the absence of NaHCO3.

Figure 2. The organocatalytic asymmetric bromination of b-keto esters
1b,f in the presence of 1.2 equivalents of 6 as the halogen source (tol-
uene (0.25m), �78 8C, 30 h) to afford 7b and 7f.
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Structural Dualism in the Zwitterionic
7-RR’NH-nido-7,8,9-C3B8H10 Tricarbollide
Series: An Example of Absolute Tautomerism**

Mario Bakardjiev, Josef Holub, Drahom�r Hnyk,
Ivana C�sařov�, Michael G. S. Londesborough,
Dmitry S. Perekalin, and Bohumil Št�br*

Tautomerism, which is a dynamic equilibrium between two or
more alternative structures of a single species, has been
observed for many organic compounds. The commonest case
of tautomerism, known as prototropy, is when the electrofuge
(a leaving group that does not carry away the bonding
electron pair) is a proton. This phenomenon is typical for
compounds that contain a functional group that is able to
donate a proton, and another functional group which is able
to accept it, the functional groups must be in the same
molecule and in close enough proximity to one another. The
tautomerisation equilibrium is in all cases transmitted by a
common anion. The most renowned textbook example of
tautomerism is the equilibrium between the keto and enol
forms of acetylacetone (Scheme 1).[1] The tautomerisation
constant, defined as KT= [enol]/[keto], is in this case 3.6 for
neat acetylacetone.[1]

Herein we report a unique example of what we would like
to term “absolute tautomerism” in the “zwitterionic” tricar-
bollide series in which a compound adopts one of two
different tautomeric forms, either zwitterionic 7-RR’NH-
7,8,9-C3B8H10 (Z1) or neutral 7-RR’N-7,8,9-C3B8H11 (N1;
where R,R’=H or alkyl groups), depending on the properties
of the solvent used.

Almost a decade ago we reported the synthesis of the
zwitterionic (Z) compounds 7-RR’NH-7,8,9-C3B8H10 (Z1)
(where R,R’=H,H (1a); H,tBu (Z1b); Me,Me (Z1c));
Me,tBu (Z1d)). The NMR spectra for this series in CD3CN
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show typical patterns consistent with the structural formula-
tion Z1.[2] Having the zwitterionic character of these com-
pounds in mind, we initially did not attempt NMR spectro-
scopic measurements in proton nontransferring (PNT) sol-
vents (such as CDCl3) because of suspected insolubility.
Serendipitously, however, we ventured to do so and to our
surprise we found that not only are these compounds soluble
in CH2Cl2 or CHCl3, but that their NMR spectra (in CDCl3)
show entirely different NMR patterns (for compounds N1b
and Z1b see Figure 1) that are fully consistent with the

neutral tautomeric form of constitution 7-RR’N-7,8,9-
C3B8H11 (N1). It should be emphasized that in homogeneous
solvent solutions all Z1!N1 conversions are quantitative (at
least KT approaches infinity) with no sign of equilibrium
between individual Z1 and N1 tautomers detectable in the
NMR spectra. As shown in Scheme 2 (path 1) the tautomeric

conversion is achieved by a simple transfer of an N�H proton
to a position bridging B10–B11. Conversely, theN1 tautomers
can also be quantitatively converted into Z1 tautomers by
simple crystallization from proton transferring (PT) solvents
(such as EtOH/H2O, acetone/H2O) or by dissolution in
acetonitrile (path 2).

In the case of nonhomogeneous solvent mixtures (see
Figure 2) the addition of CH3CN to a CDCl3 solution of N1b
expectedly leads to a classical equilibrium between the Z1b
and N1b tautomers, the equilibrium being defined by the
tautomeric constant KT= [Z1b]/[N1b] (where [Z1b] and
[N1b] are equilibrium concentrations of the zwitterionic
and neutral tautomers, respectively). It can be seen from
Figure 2 that by adding CH3CN to a CDCl3 solution of N1b
the concentration of the Z1b tautomer rapidly grows, and at a
CH3CN volume fraction of approximately 0.25, the N1b
tautomer disappears from the solution ([N1b]= 0), there are
no signals corresponding to the N1b tautomer in the 11B and
1H NMR spectra. This result suggests that at that critical
CH3CN concentration KT is equal to or approaching infinity.

It is reasonable to suppose that in these tautomeric
conversions the proton transfer between the two proton

Scheme 1. Equilibrium between the tautomeric keto and enol forms of
acetylacetone.[1]

Figure 1. Stick diagrams showing chemical shifts and relative intensi-
ties in the 11B (all signals), 1H (signals from cage CH groups), and
13C NMR (signals cage C atoms) spectra for the tautomeric pair
7-tBuNH2-7,8,9-C3B8H10 (Z1b) and 7-tBuNH-7,8,9-C3B8H11 (N1b). For
numbering scheme see Z1 in Scheme 2

Scheme 2. The formation and interconversions of the 7-RR’NH-7,8,9-
C3B8H10 (Z1a–Z1d) and the corresponding 7-RR’N-7,8,9-C3B8H11 tauto-
mers (N1a–N1d). 1) dissolution in PNT solvents (such as, CHCl3,
CH2Cl2, C6H6); 2) crystallization from PT solvents (EtOH/water, ace-
tone/water); 3) proton sponge/CH2Cl2 or NaH/Et2O; 4) protonation
(H2SO4, CF3COOH, HCl) in PT solvents; 5) protonation (H2SO4,
CF3COOH, HCl) in PNT solvents. See text for details. C is CH (for C8
and C9), verticies without letters are BH.
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accepting centers, the N-atom and the cage B10�B11 bond,
occurs through common anions of type [7-RR’NH-7,8,9-
C3B8H10]

� (1�). These anions can be prepared independently
by treatment of both tautomers,Z1 andN1, with NaH in Et2O
or proton sponge (PS) in CH2Cl2/hexane mixtures (Scheme 2
(path 3)). Conversely, acidification (HCl, CF3COOH) of the
anions 1� (Na+ salts) in PT solvents (water, acetonitrile)
generates tautomers Z1 (path 4)), while acidification of the
PS+ salts with H2SO4 in CH2Cl2 leads exclusively to tautomers
N1 (path 5)).

Figure 1 summarizes the NMR patterns for the tautomeric
pair Z1b/N1b. The remaining compounds from the corre-
sponding Z1/N1 series exhibit very similar NMR spectro-
scopic behavior, which we will report elsewhere in a full
paper.

The Z1-type compounds are derivatives of the [7,8,9-
C3B8H11]

� ion, while their N1 tautomers are derivatives of the
neutral tricarbollide 7,8,9-C3B8H12.

[2,3] Significant differences
between the Z1 and N1 tautomers are seen in their 11B NMR
spectra, and arise from the presence of the hydrogen atom
bridging the B10�B11 bond in N1. However, the 1H and
13C NMR spectra for cage CH and C units are also remark-
ably different.

The different Z1 and N1 tautomers can also be isolated in
the solid state. For example, Z1b and N1b differ in their
melting points (148/136 8C, respectively) and, moreover, the
structure of pure Z1b (Figure 3[4]) and Z1d. OCMe2

[2]

tautomers were determined by single-crystal X-ray diffraction
analysis.

Unfortunately, we have not been able to grow crystals of
N1 compounds, therefore the structures for the simplest
tautomeric pair, Z1a and N1a, were geometrically opti-
mized[5,6] at the RMP2(fc)/6-31G* level (see Figure 4 and
Figure 5). Ignoring variances in H-N-H angles, the main
difference (0.094 C) between them was found for the
respective B10�B11 bonds.

Considering the readiness of interconversion between the
Z1 and N1 tautomers, a minimal difference in their calculated
structure energies might be anticipated. However, the
RMP2(fc)/6-31G* calculations on the “free” molecules of
Z1a andN1a in vacuo reveal that the neutralN1a tautomer is
22.34 kcalmol�1 more stable than Z1a. Including the solvent

Figure 2. Plot of experimental KT values versus volume fraction
CH3CN/CDCl3 for the equilibrium between Z1b and N1b tautomers.
At around 0.25 (dotted line) KT approaches infinity and only one tauto-
mer (Z1b) is present in the solution. KT= [Z1b]/[N1b] .

Figure 3. ORTEP representation of the crystallographically determined
molecular structure of 7-tBuNH2-7,8,9-C3B8H10 (Z1b). Selected bond
lengths [I] and angles [8]: B1-B2 1.792(2), B1-B3 1.737(2), B1-B4
1.758(2), B1-B5 1.795(2), B1-B6 1.811(2), B2-B3 1.776(2), B2-B6
1.756(2), B2-C7 1.743(2), B2-B11 1.799(2), B3-B4 1.758(2), B3-C7
1.757(2), B3-C8 1.731(2), B4-B5 1.770(2), B4-C8 1.728(2), B4-C9
1.733(2), B5-B6 1.753(2), B5-C9 1.732(2), B5-B10 1.788(2), B6-B10
1.788(2), B6-B11 1.790(2), C7-C8 1.513(2), C7-B11 1.618(2), C8-C9
1.516(2), C9-B10 1.616(2), B10-B11 1.733(2), N1-C7 1.496(2), N1-C1
1.557(2); B11-C7-C8 112.2(1), C7-C8-C9 110.1(1), C8-C9-B10 110.8(1),
C9-B10-B11 104.4(1), C7-B11-B10 102.4(1).

Figure 4. RMP2(fc)/6-31G* optimized geometry of 7-NH3-7,8,9-
C3B8H10 (Z1a). White spheres B, black spheres C. Selected bond
lengths [I] and angles [8]: B1-B2 1.775, B1-B3 1.733, B1-B4 1.761, B1-
B5 1.790, B1-B6 1.822, B2-B3 1.779, B2-B6 1.760, B2-C7 1.710, B2-B11
1.804, B3-B4 1.754, B3-C7 1.744, B3-C8 1.739, B4-B5 1.766, B4-C8
1.731, B4-C9 1.737, B5-B6 1.761, B5-C9 1.720, B5-B10 1.788, B6-B10
1.790, B6-B11 1.785, C7-C8 1.508 C7-B11 1.602, C8-C9 1.516, C9-B10
1.625, B10-B11 1.729, C7-N 1.491; C7-C8-C9 108.3, C8-C7-N 117.9, H-
N-H (mean) 108.3, H-N-C7 (mean) 110.3. Calculated d(11B) chemical
shifts (B3LYP/6-31G*//RMP2(fc)/6-31G*) versus experimental (CD3CN,
data from ref. [2]): calcd/exp: B6 �10.8/�15.5, B10 �13.7/�15.5, B11
�19.7/�17.8, B5 �20.8/�18.5, B4 �20.8/�20.2, B2 �23.1/�23.1, B3
�23.8/�23.1, B1 �44.7/�47.1 ppm.
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polarity effects in the calculations shows a gradual decrease in
the difference between the two tautomers from 6.31 in CHCl3
to 3.32 in CH2Cl2, to 0.15 kcalmol�1 in MeCN. Nevertheless,
the experimental observation of a rapid conversion of N1a
intoZ1a upon only small polarity change indicates thatZ1a is
stabilized by some specific interaction with acetonitrile (most
probably, hydrogen bonding). The mass spectra of both Z1
and N1 show essentially the same fragmentation patterns,
which indicates that the Z1!N1 conversions proceed under
the conditions of the mass-spectrometric experiment.

As far as we are aware, the isolation of pure tautomers of
type 1 represents the first example of absolute tautomerism,
and thus introduces a new type of structural dualism to
chemistry.

Experimental Section
Typical experiments outlined below for compound 1b are generally
applicable to all compounds of constitution 1.

Z1b : Compounds Z1b (102 mg, 0.5 mmol, prepared as reported
earlier[2]) andN1b (102 mg, 0.5 mmol) were re-crystallized from a hot
EtOH/H2O mixture to give 100 mg (98%) of Z1b. For Z1b : For 11B
and 1H NMR spectra see ref. [2] 13C NMR (125.8 MHz, CD3CN,
295 K): d= 65.0 (s, 1C, tBu), 60.9 (br, s, 1C, C7), 35.6 (br, s, 1C, C8),
34.1 (br, s, 1C, C9), 27.4 ppm (q, 1J(C,H)= 129 Hz, 3C, tBu).

N1b : Compound Z1b (205 mg, 1 mmol) was dissolved in CH2Cl2
or CHCl3 (10 mL). Diffusion in of hexane vapors led to crystallization
to yield 158 mg (77%) of crystalline N1b. Further amount of N1b
(42 mg, 21%, total yield ofN1b 98%) was obtained by evaporation of
mother liquors. For N1b : m.p. 136 8C; 11B NMR (128.3 MHz, 25 8C,
CDCl3): d= 2.8 (d, 1J(B,H)= 159 Hz, 1B; B2), �6.2 (d, 1J(B,H)=
162 Hz, 1B; B5), �15.2 (d, 1J(B,H)= 171 Hz, 1B; B3), �19.7 (d,
1J(B,H)� 170 Hz, 1B; B4), �20.7 (d, 1J(B,H)� 140 Hz, 1B; B11),
�22.1 (d, 1J(B,H)� 150 Hz, 1B; B10), �25.9 (d, 1J(B,H)= 150 Hz,
1B; B6), �37.2 ppm (d, 1J(B,H)= 152 Hz, 1B; B1), all theoretical
[11B–11B] cross-peaks are observed; 1H{11B} NMR (400 MHz, 25 8C,
CDCl3): d= 3.88 (s, 1H; H8), 3.01 (s, 1H; H2), 2.73 (s, 1H; H9), 2.48

(s, 1H; H5), 2.17 (s, 1H; H11), 2.00 (s, 1H; H4), 1.89 (s, 1H; H3), 1.83
(s, 1H; H10), 1.1 (s, 2H; H1, H6), �2.27 ppm (s, 1H; mH);
13C{1H NMR (100.2 MHz, CDCl3, 295 K): d= 69.1 (s, 1C, tBu), 54.9
(br, s, 1C, C7), 39.2 (br, s, 2C, C8, C9), 31.1 (s, 3C, tBu); C7H21B8N
(205.73): elemental analysis calcd (%) C 40.87, H 10.29; found C
40.64, H 10.12. A solution of PSH+1b� (50 mg, 0.12 mmol; PS=

proton sponge) in CH2Cl2 (10 mL) was treated dropwise with
concentrated H2SO4 (0.5 mL) under cooling and stirring. The
CH2Cl2 layer was collected, shaken with water (2 J 20 mL), dried
over CaCl2,and evaporated to afford 12 mg (84%) of N1b, which was
identified by NMR spectroscopy.

1b� : A solution of compounds Z1b orN1b (102 mg, 0.5 mmol) in
Et2O (20 mL) was treated with NaH (ca. 50 mg, 2 mmol) under
stirring at room temperature for 12 h. The mixture was then filtered
under anaerobic conditions, the filtrate evaporated, and the residual
solid dried at room temperature for 24 h to give Na+1b�·OEt2
(145 mg, 96%) as white crystals. For Na+1b�·OEt2: m.p. > 350 8C
(decomp.); 11B NMR (128.3 MHz, 25 8C, CD3CN): d=�15.4 (d, –,
1B; B6), �16.8 (d, –, 2B; B10,11), �17.7 (d, –, 1B; B5), �18.9 (d, –,
1B; B4), �23.5 (d, 1J(B,H)= 161 Hz, 1B; B3), �25.3 (d, 1J(B,H)=
146 Hz, 1B; B2), �48.0 ppm (d, 1J(B,H)= 138 Hz, 1B; B1), all
theoretical [11B-11B] cross-peaks observed; – indicates couple con-
stants that could not be determined 1H{11B} NMR (400 MHz, 25 8C,
CD3CN): d= 3.61 (s, 1H; NH), 3.39 (t, 2H; Et2O), 2.31 (s, 1H; H9),
1.77 (s, 1H; H8), 1.45 (s, 1H; H3), 1.38 (s, 1H; H4), 1.30 (q, 3H;
Et2O), 1.29 (s, 1H; H10 or H11), 1.12 (s, 9H; tBu), 0.96 (s, 1H; H5),
0.93 (s, 1H; H6), 0.92 (s, 1H; H10 or H11), 0.77 (s, 1H; H2),
�0.16 ppm (s, 1H; H1); C11H30NB8ONa (301.83):elemental analysis
calcd (%) Na 7.62; found Na 7.56. A solution of compound N1b
(50 mg, 0.24 mmol) in CH2Cl2 (10 mL) was treated with proton
sponge (ca. 50 mg, 2 mmol) hexane (20 mL) was carefully layered
onto the surface of the solution. After allowing the solution to stand
for 24 h, the crystals were isolated by filtration, washed with hexane,
and vacuum dried to give 91 mg (90%) of PSH+1b� , which was
identified by NMR spectroscopy.
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Figure 5. RMP2(fc)/6-31G* optimized geometry of 7-NH2-7,8,9-C3B8H11

(N1a). White spheres B, black spheres C. Selected bond lengths [I]
and angles [8]: B1-B2 1.756, B1-B3 1.772, B1-B4 1.777, B1-B5 1.760, B1-
B6 1.800, B2-B3 1.753, B2-B6 1.780, B2-C7 1.689, B2-B11 1.796, B3-B4
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�26.2/�27.0, B1 �35.0/�36.2.
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Enantiomerically pure 3,6-dihydro-2H-1,2-oxazines, which
are easily available by [3+3] cyclization of lithiated
alkoxyallenes with aldonitrones,[1] are versatile intermediates
for the stereoselective synthesis of a range of highly function-
alized compounds. All these products, including polyhydrox-
ylated pyrrolidines, stereodefined amino polyols, and substi-
tuted tetrahydrofuran derivatives,[2] are interesting because of
their potential biological activities, for example, as glycosi-
dase inhibitors.[3] While trying to deprotect 1,2-oxazine syn-3
with Lewis acids we found that a rearrangement to tetrahy-
dropyran-bridged bicyclic 1,2-oxazine 4 occurred in moderate
yield (Scheme 1).[2b] Thereby the acetonide protecting group
of syn-3 was incorporated into product 4. Herein we report
that:
* this reaction proceeds quite generally with suitably

substituted 3,6-dihydro-2H-1,2-oxazines as starting mate-
rials,

* the obtained enantiopure bicyclic products can be con-
verted stereoselectively into numerous polyhydroxylated
amino-substituted pyran derivatives,

* in a similar manner, highly functionalized oxepane
derivatives are accessible.

The resulting products may be regarded as carbohydrate
mimetics,[4] which are potentially important building blocks
for the synthesis of biologically active compounds, for
example, oligosaccharide analogues.

The stereodivergent addition of lithiated alkoxyallene 1 to
the d-glyceraldehyde-derived nitrone 2 gives either syn- or
anti-configured 3 in excellent yield (Scheme 1).[1] The unex-

pected cyclization of syn-3 to 4, which was first observed in
moderate yields in the presence of BF3·OEt2, was optimized
by using a range of Lewis acids and screening the reaction
conditions. Although the rearrangement could be accom-
plished with different Lewis acids, dibutylboron triflate,
trimethylsilyl triflate, and tin tetrachloride proved to be the
best promoters.[5] The conversion of syn-3 into bicyclic
product 4 proceeded quantitatively with SnCl4 in acetonitrile.

We propose that the mechanism of this reaction involves
the coordination of the Lewis acid to the “outer” dioxolane
oxygen atom (O-1) of syn-3, followed by ring opening of the
acetonide unit and intramolecular attack of the generated
carbenium ion at the enol ether unit of the 1,2-oxazine ring.
Cleavage of the (trimethylsilyl)ethyl group—most probably
to give ethene and Me3SiX species[6]—affords the central
carbonyl group of the resulting bicyclic compound 4. This
rearrangement can be classified as an intramolecular aldol-
type addition of an acetal to an enol ether[7] or as a Prins
reaction.[8]

The rearrangement can also be triggered by catalytic
amounts of trimethylsilyl (TMS) triflate.[9] Treatment of syn-3
with 0.05 equivalents of this mild Lewis acid led to TMS-
protected derivative 5 in 79% yield. To introduce the more
stable tert-butyldimethylsilyl protecting group, syn-3 was
treated with tBuMe2SiOTf (3 equiv) and then with triethyl-

Scheme 1. Reaction conditions: a) THF, �78 8C, 2 h (syn-3 : 76%); b) 2
+ Et2AlCl, Et2O, then add to 1, �78 8C, 2 h (anti-3 : 84%); c) SnCl4
(3 equiv), CH3CN, �30 8C!RT, 6 h (4 : quant.); d) Me3SiOTf
(0.05 equiv), CH2Cl2, �30 8C!RT, 6 h (5 : 79%); e) tBuMe2SiOTf
(3 equiv), CH2Cl2, room temperature, 20 h, then NEt3, 0 8C, 15 min (6 :
quant.); f) tBuMe2SiOTf (3 equiv), CH2Cl2, room temperature, 20 h,
then NEt3, 0 8C, 15 min (7: 93%). Bn=benzyl; TBS= tert-butyldime-
thylsilyl; Tf= trifluoromethanesulfonyl.
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amine to generate bicyclic product 6. In a similar manner the
rearrangement of diastereomeric 1,2-oxazine anti-3 led to
protected bicyclic 1,2-oxazine 7 (Scheme 1). This compound
can also be obtained by SnCl4-induced rearrangement fol-
lowed by silylation (80% yield). As diastereomeric hetero-
cycles syn- and anti-3 are enantiopure,[10] this should also hold
for the corresponding bicyclic products 4–7.

The incorporation of the acetonide unit into products 4–7
suggested that other “protecting” groups can be employed in
the starting material to obtain differently substituted bicyclic
compounds. Therefore syn-configured 1,2-oxazines 8, 10, and
12, which contain cyclopentanone-, cyclohexanone-, and
benzaldehyde-derived acetals, were synthesized in analogous
procedures (Scheme 2).[11] As expected, treatment of 8 with

tin tetrachloride followed by O-silylation gave spiro com-
pound 9 in very good overall yield. For 1,2-oxazines 10 and 12
the one-step procedure with tert-butyldimethylsilyl triflate as
promoter was chosen, leading directly to the protected
rearrangement products 11 and 13 in excellent yields. The
configuration at the acetal carbon atom of compound 12 did
not affect the outcome: the pure R-configured bicyclic
product 13 was obtained from both diastereoisomers (or a
mixture of the two).[12] This can be expected if a carbenium
ion with an equatorial aryl group is involved in the cyclization
process. The anti-configured compounds underwent similarly
efficient rearrangements.[5]

The bicyclic products presented contain an N�O bond
whose cleavage should give access to highly functionalized
enantiopure pyran derivatives. With ketones such as 6 this
ring fission was not successful. However, after reduction of
the carbonyl group of 6, 9, or 11 with NaBH4 the resulting
diastereomerically pure alcohols 14–16, respectively (or their
O-protected derivatives),[5] could be opened smoothly.
Hydrogenolysis with hydrogen and palladium on charcoal
did not only cleave the ring of the 1,2-oxazine but also
removed the N-benzyl group to give primary amines 17–19 in
good to very good yields (Scheme 3).[13] Debenzylation can be
avoided by using the milder reducing agent samarium
diiodide.[14] Secondary amines 20–22 were obtained after
short reaction time in almost quantitative yields. These two
reduction steps were used to convert phenyl-substituted
bicyclic compound 13 into pyran derivative 23, which contains
five stereogenic centers.[15]

Several options are available to generate different con-
figurations of the tetrahydropyran derivatives. Bicyclic 1,2-
oxazine 7 (derived from anti-3) was reduced with NaBH4 and
subsequent ring opening with samarium diiodide led to
trans,trans,trans-24 (Scheme 4). Hydrogenolysis gave the

Scheme 2. Reaction conditions: a) SnCl4 (3 equiv), CH3CN, �30 8C!
RT, 6 h; b) tBuMe2SiOTf (3 equiv), NEt3, CH2Cl2, 0 8C, 1 h, (yields over
two steps: 9 : 86%, 11: 70%, 13 : 77%); c) tBuMe2SiOTf (3 equiv),
CH2Cl2, room temperature, 20 h, then NEt3, 0 8C, 15 min, (11, 13 :
quant.). Scheme 3. Reaction conditions: a) NaBH4, EtOH, 0 8C, 4 h, (14 : 97%,

15 : 98%, 16 : 70%); b) H2, Pd/C, MeOH, room temperature, 1 d, (17:
72%, 18 : 96%, 19 : 99%, 23 : 64% over two steps); c) SmI2, THF,
room temperature (20 : quant., 21: 93%, 22 : 95%).

Scheme 4. Reaction conditions: a) NaBH4, EtOH, 0 8C, 4 h (82%);
b) SmI2, THF, room temperature (72%); c) DEAD, PPh3, p-nitroben-
zoic acid, benzene, room temperature, 6 h, (81%); d) NaN3, MeOH,
55 8C, 2 d, (78%); e) SmI2, THF, room temperature (25 : 81%); f) H2,
Pd/C, MeOH, room temperature (26 : quant.). DEAD=diethylazodicar-
boxylate.
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expected N-debenzylated product.[5] With bicyclic compound
14 as an example, it was demonstrated that Mitsunobu
reaction[16] allows an inversion of configuration of the
secondary hydroxy group and hence the synthesis of all-cis-
substituted carbohydrate mimetics. Both methods of reduc-
tion provided the expected products 25 and 26 in good yields.

Further stereodefined pyran derivatives synthesized from
bicyclic compounds 4 and 6 are presented in Scheme 5.

Mesylation of the primary hydroxy group of 4, followed by
reduction of the carbonyl group with NaBH4 and introduction
of an azido group, generated a new precursor for the
reductive ring opening. Hydrogenolysis furnished pyran
derivative 27 with an intact azido functionality which may
be used for further transformations.[17] Starting from 6, a
thioacetate group can be installed by nucleophilic attack at
the corresponding mesylate, resulting in the bicyclic 1,2-
oxazine 28 in good overall yield. Treatment with trimethyl-
sulfoxonium iodide stereoselectively transformed 6 into
tricyclic compound 29, which contains an epoxide moiety.
Products 27–29 and their precursors offer new options for the
preparation of highly functionalized enantiopure tetrahydro-
pyran derivatives that can serve as carbohydrate mimetics.

In first experiments we examined whether rings larger
than pyrans can be formed by using the rearrangement
presented herein. Schemes 6 and 7 show the reaction path-
ways that led to enantiopure oxepane derivatives in a highly
diastereoselective and surprisingly effective manner. The
reaction of nitrone 30 (which was easily prepared from d-
isoascorbic acid[18]) with lithiated alkoxyallene 1 provided
compound 31 with high syn/anti selectivity. In the presence of
SnCl4 in acetonitrile, 1,2-oxazine 31 afforded the desired
rearrangement product, which after protection of the primary

hydroxy group gave bicyclic product 32 in good overall yield.
Reduction with NaBH4 followed by hydrogenolysis yielded
oxepane derivative 33, whose constitution and configuration
was confirmed by X-ray crystallographic analysis. In the same
manner, the stereoisomeric oxepane derivative 37 was
prepared from the diastereomeric nitrone 34 (derived from
l-ascorbic acid)[18] via intermediates 35 and 36.[19] Preliminary
experiments proved that suitably substituted 1,2-oxazines as
precursors opened a route to oxacyclooctane derivatives
(oxocanes) in moderate yields.[5]

Our results show that Lewis acid induced rearrangements
of 3,6-dihydro-2H-1,2-oxazines with 1,3-dioxolanyl substitu-
ents and subsequent transformations lead to a variety of
polyhydroxylated amino-substituted pyran and oxepane
derivatives in an efficient and stereocontrolled manner.[20]

The obtained enantiopure oxygen-containing heterocycles
can easily be protected selectively (and orthogonally). There-

Scheme 5. Reaction conditions: a) MsCl, NEt3, CH2Cl2, 0 8C, 4 h,
(quant.); b) NaBH4, EtOH, room temperature, 3 h, (85%); c) NaN3,
DMF, 90 8C, 6 h, (73%); d) H2, Pd/C, MeOH, room temperature,
3 days, (27: 81%); e) NaBH4, EtOH, 0 8C, 4 h, (97%); f) MsCl, NEt3,
CH2Cl2, 0 8C, 4 h, (quant.); g) KSAc, DMF/toluene, 60 8C, 6 h, (28 :
64%); h) Me3SO

+I� , nBuLi, �78 8C!RT, 12 h, (29 : 70%). Ms=mesyl,
DMF=N,N-dimethylformamide.

Scheme 6. Reaction conditions: a) THF, �78 8C, 2 h, (31: 49%,
syn/anti=97:3); b) SnCl4 (3 equiv), CH3CN, �30 8C!RT, 6 h, (76%);
c) tBuMe2SiOTf (3 equiv), NEt3, CH2Cl2, 0 8C, 1 h, (32 : 92%);
d) NaBH4, EtOH, 0 8C, 4 h, (71%); e) H2, Pd/C, MeOH, room temper-
ature, 1 day, (33 : 82%).

Scheme 7. Reaction conditions: a) THF, �78 8C, 2 h, (35 : 71%,
syn/anti>97:3); b) SnCl4 (3 equiv), CH3CN, �30 8C!RT, 6 h, (55%);
c) tBuMe2SiOTf (3 equiv), NEt3, CH2Cl2, 0 8C, 1 h, (36 : 97%);
d) NaBH4, EtOH, 0 8C, 4 h, (93%); e) H2, Pd/C, MeOH, room temper-
ature, 1 day, (37: 70%).
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fore these analogues of aminodesoxy sugars should be of high
interest for integration into oligosaccharides.[4, 21] Their lip-
ophilicity should be strongly influenced by the nature of alkyl
groups R1 and R2 (Scheme 2). These compounds also have
potential as starting materials for the synthesis of carbohy-
drate-based b- or g-amino acids (sugar amino acids) and they
can therefore provide novel peptide analogues.[22] The pyran
derivatives 6 and 7 can be easily prepared in gram scale and
hence they are also candidates for stereodefined scaffolds for
the synthesis of polyfunctionalized compounds. This concept
has been successfully applied to several carbohydrate deriv-
atives.[23]
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AGeneral Sultone Route to the Pamamycin
Macrodiolides—Total Synthesis of Pamamycin-
621A and Pamamycin-635B**

Petra Fischer, Ana Bel�n Garc�a Segovia,
Margit Gruner, and Peter Metz*

In memory of Udo Gr!fe

The pamamycins (1) are a class of 16-membered macrodiolide
homologues that have been isolated from various Streptomy-
ces species (Table 1).[1,2] Besides displaying pronounced
autoregulatory, anionophoric, and antifungal activities, sev-
eral members of this family have been shown to be highly
active against Gram-positive bacteria including multiple
antibiotic-resistant strains ofMycobacterium tuberculosis.[1a,3]

We have recently accomplished a total synthesis of
pamamycin-607 (1a)[4,5] by extensive application of sultone
methodology.[6] To facilitate more detailed studies of struc-
ture–activity relationships with respect to the antimycobacte-
rial action of the pamamycins, we decided to utilize our
sultone route to (n)actic acids and analogues[7] for the
preparation of selected higher homologues of 1a as well. A
major problem that had to be addressed in this context was
the enantioselective synthesis of the smaller hydroxy acids
incorporated in 1 featuring R5¼6 H. Whereas the smaller
fragment of pamamycin-607 (1a) with R5=H could be

readily assembled by regioselective opening of an enantio-
merically pure terminal epoxide with lithiated furan,[4,8, 9] an
alternative protocol was required for efficiently securing the
key hydroxyalkylfuran needed for targets with R5¼6 H. Here
we report a solution to this problem that eventually led to a
straightforward route to pamamycin-621A (1b)[10–13] and
pamamycin-635B (1e)[13a, 14] using a sultone approach.

Following the strategy that was successful for 1a,[4] the
pamamycins 1b and 1e were at first retrosynthetically
disconnected to give the silylated larger hydroxy acid 2 and
benzyl esters 3a and 3b, respectively (Scheme 1). Acid 2 had

already been used as the larger fragment in our synthesis of
1a, and the smaller hydroxy acid corresponding to 3a also
occurs in the pamamycins 1c, 1d, 1 f, and 1g. Very recently,
we found that our published route to 1a[4] can be further
streamlined by employing the more easily accessible benzyl
ester of the smaller fragment epimeric at C2’, since the final
macrolactonization is accompanied by complete epimeriza-
tion at C2’.[2] As a consequence, we felt that use of 4a,b
instead of 3a,b might be a viable alternative for a related
route to pamamycin-621A (1b) and pamamycin-635B (1e) as
well.

Benzyl esters 3a,b and 4a,b were synthesized enantiose-
lectively as illustrated in Scheme 2 and Scheme 3. Addition of
butyl Grignard to 2-acetylfuran (5) followed by acid-cata-
lyzed dehydration of the resulting tertiary alcohol under

Table 1: Selected pamamycin homologues.

R1 R2 R3 R4 R5 Pamamycin

1a Me Me Me Me H 607
1b Me Me Me Me Me 621A
1c Et H Me Me Me 621B
1d Me Me Et Me Me 635A
1e Me Me Me Et Me 635B
1 f Et Me Me Me Me 635C
1g Et Me Et Me Me 649B

Scheme 1. Retrosynthetic analysis of 1b and 1e. TBS= tert-butyldi-
methylsilyl
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equilibrating conditions delivered olefin 6 as a mixture of
isomers (E/Z= 93:7, Scheme 2). Asymmetric hydrobora-
tion[15] of this mixture with monoisopinocampheylborane
derived from (+)-a-pinene (91% ee) followed by oxidative
workup led to the desired anti alcohol 7 (81% ee according to
chiral GC) and some of the syn isomer in 76% combined
yield. Treatment of this mixture with vinylsulfonyl chloride
induced a smooth domino esterification/intramolecular
Diels–Alder reaction[6,8, 16,17] to give the pure exo sultone 8
(� 99% ee according to chiral HPLC) after chromatographic
purification and recrystallization. Application of the reaction
sequence[7,8, 18] domino elimination/alkoxide-directed 1,6-
addition,[19] sequential ozonolysis/cyclization, Lewis acid
catalyzed hydroxy/phenylthio exchange, and domino reduc-
tive elimination/hydrogenation converted sultone 8 to methyl
esters 12a,b.

Benzyl esters 3a,b featur-
ing the relative configuration
at C2’ present in 1b and 1e
were prepared in a three-step
sequence[9] from methyl esters
12a,b (Scheme 3). After sapo-
nification of 12a,b and Yama-
guchi lactonization[20,21] of hy-
droxy acids 13a,b, the C2’-
epimerized lactones 14a,b
were isolated as the major
products, which was revealed
by 2D NOESY investigation of
both lactone diastereomers.
Lactone 14a was recently iso-
lated from Streptomyces glo-
bisporus and exhibited signifi-
cant antibacterial activity.[22]

Subsequent cleavage of the
medium-sized lactones 14a,b
with the lithium alkoxide pre-
pared from benzyl alcohol[4,23]

gave isomerically pure 3a,b.
The absolute configuration
of 3a and hence 3b was
proven by comparison of
the optical rotation data of
the known diol 16,[13a]

which was derived from
3a, with literature
values.[24] On the other
hand, dibutyltin oxide cat-
alyzed transesterifica-
tion[25] of 12a,b with
benzyl alcohol directly
provided 4a,b in excellent
yields.

Yamaguchi coupling[20]

of the silylated larger hy-
droxy acid 2 with the nat-
urally configured smaller
building block 3a
(1.2 equiv) for 1b effi-

ciently furnished the doubly protected seco acid 17
(Scheme 4). After desilylation and reductive debenzylation,
modified Yamaguchi macrolactonization[23] of 19 (1.3 B
10�3m) at room temperature in dichloromethane gave a
high yield of pamamycin-621A (1b).[11,26,27] Since utilization
of 4a instead of 3a for fragment coupling promised a shortcut
to 1b, we decided to explore such a simplified approach as
well. Intermolecular Yamaguchi esterification of 2 with 4a
(1.2 equiv) provided the coupling product 20 in high yield.
Desilylation followed by debenzylation proceeded unevent-
fully to give seco acid 22. Most gratifyingly, Yamaguchi
macrolactonization of 22 (1.2 B 10�3m) under Fleming con-
ditions[23] again afforded pamamycin-621A (1b)[11,26,27] as the
single macrodiolide product in 64% yield. Thus, as was noted
for the corresponding ring closure to give 1a,[2] the cyclization
of 22 is accompanied by complete epimerization at C2’ under

Scheme 2. Sultone route to hydroxy esters 12a,b. a) BuMgBr, Et2O, reflux; b) cat. HCl, CH2Cl2, reflux, 58%
from 5, E/Z=93:7; c) 1. IpcBH2, THF, �25 8C, 2. H2O2, NaOH, 70 8C, 76% 7 (81% ee) + syn isomer;
d) 1. CH2=CHSO2Cl, NEt3, THF, 0 8C!RT, 2. recrystallization, 74% (�99% ee); e) 1. 2MeLi (for 9a) or
2EtLi (for 9b), THF, �78 8C!RT, 2. NH4Cl, H2O, �78 8C!RT, 53% 9a, 68% 9b ; f) 1. O3, NaHCO3,
CH2Cl2, MeOH, �78 8C, 2. Ac2O, pyridine, CH2Cl2, RT!reflux, 87% 10a, 86% 10b ; g) PhSH, BF3·Et2O,
CH2Cl2, RT, 79% 11a, 80% 11b ; h) Raney Ni (W2), 50 bar H2, EtOH, RT, 59% 12a, 58% 12b. IpcBH2=
monoisopinocampheylborane.

Scheme 3. Synthesis of the smaller fragment surrogates 3a,b and 4a,b. a) 2n NaOH, RT (for 13a) or 90 8C (for
13b), 100% 13a, 79% 13b ; b) 1. 2,4,6-trichlorobenzoyl chloride, Et3N, THF, RT, 2. DMAP, toluene, reflux, 65%
14a, 11% 15a, 68% 14b, 14% 15b ; c) BnOLi, BnOH, THF, RT, 59% 3a, 40% 3b (yield based on recovered
starting material); d) LiAlH4, Et2O, RT!reflux, 70% from 3a ; e) BnOH, 10 mol% Bu2SnO, 160 8C, 93% 4a,
100% 4b. DMAP=4-(N,N-dimethylamino)pyridine.
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these conditions. Encouraged by the facile lactonization of 22
to 1b, we directly applied such a streamlined sequence to
access pamamycin-635B (1e). However, seco acid 25 readily
obtained after coupling of 2with the non-naturally configured
smaller building block 4b (1.4 equiv) and subsequent
deblocking proved to be reluctant to cyclization under the
modified Yamaguchi conditions used for 1b. This is probably
a result of the increased steric shielding imparted by the C2’
ethyl group. To our delight, Yamaguchi macrolactoniza-
tion[20,21] of 25 performed by separate mixed-anhydride
activation of the acid function and subsequent reflux in
toluene under high dilution in the presence of 4-(N,N-
dimethylamino)pyridine eventually afforded pamamycin-
635B (1e)[14,27,28] as the sole macrodiolide product in 57%
yield.

In summary, a short and highly stereoselective access to
the smaller fragment surrogates 3a,b and 4a,b of the
pamamycins 1b-g has been developed by means of asym-
metric hydroboration and application of sultone method-
ology. Using benzyl esters 3a and 4a, the first total synthesis
of the macrodiolide antibiotic pamamycin-621A (1b) has
been accomplished, while the first total synthesis of pama-
mycin-635B (1e) was achieved using benzyl ester 4b. Further
synthetic work in this area and investigations on the biological
activity of the pamamycins will be reported in due course.
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Activation of a Zinc-Bound Ethyl Group by
Formation of a Zn-CEt-Ba Moiety and Crystal
Structure of [{(Me3Si)2N}Ba(thf)Zn2(m-Et)(m3-
PSitBu3)2]2 with Bridging Ethyl Substituents**

Matthias Westerhausen,* Gerhard Sapelza, and
Peter Mayer

The organometallic chemistry of the heavy alkaline-earth
metals has been studied for many decades. However, despite
the enormous efforts to prepare and structurally characterize
such compounds only very few crystal structures of organo-
barium compounds are known. More than 60 years ago
Gilman and Woods reported that the addition of diethylzinc
drastically increases the reactivity of dialkylbarium towards
benzonitrile.[1] However, up to now most of these compounds
remain poorly characterized because of their poor solubility
in common organic solvents (highly ionic metal–carbon
bond), poor yields (side reactions, necessity of metal activa-
tion prior to use), poor purity, and reactions with the solvent
(ether cleavage). Within the last decades several procedures
have been developed for the preparation of s-bonded
alkylbarium compounds.[2] The majority of these derivatives
contain a-bound aryl[3] and trialkylsilyl groups[4] for stabiliza-
tion. These compounds found wide use as polymerization
initiators,[5] but their structures were determined only quite
recently.[6,7] In order to avoid side reactions the substituents
bear no b-hydrogen atoms. In addition ab initio calculations
predict bent structures for solvent-free monomeric dimethyl-
barium.[8] Even though Cherkasov and co-workers[9] reported
reactions of diethylbarium with vinylalkynes, the resulting
products were identified solely after protolysis reactions.
Here we present an example of activation of a zinc-bound
alkyl group by formation of an interaction with a barium
center.
The reaction of dialkylzinc with tri(tert-butyl)silylphos-

phane in an equimolar ratio yields quantitatively dimeric
alkylzinc tri(tert-butyl)silylphosphanide (1; Scheme 1). The
deprotonation of 1 in THF by addition of [(thf)Ba-
{N(SiMe3)2}2]2 yields (thf)4Ba[(RZn)2(PSitBu3)2] (2) (metal-
ation). Also the reaction of 1 with barium metal in THF gives
2 (transmetalation reaction). However, if the reaction is
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performed in toluene and an excess of THF is avoided, the
barium atom must be sterically saturated intramolecularly,
and the reaction of 1 (R=Me, Et) with [(thf)Ba{N(SiMe3)2}2]2
leads to compound 3 (Scheme 1). The main difference
between these reactions is that in the synthesis of 2 all
bis(trimethylsilyl)amido groups react as the deprotonation
reagent, whereas for the formation of 3 two ethyl and two
amido groups deprotonate the phosphanides. This observa-
tion can be explained by a prior activation of the ethyl
substituents by formation of Ba-CEt-Zn three-center two-
electron bonds or by agostic interactions between the C�H
s bonds and the barium cation as observed in 3. In contrast to
the reaction performed in toluene, the formation of such
bonds in 2 is not necessary because in THF the barium atom
always remains sterically saturated by solvent molecules.
Whereas in 2 the distorted octahedral coordination sphere

of the heavy alkaline-earth metal atom is completed by four
THF molecules (Figure 1), in 3 the barium atom displays the
coordination number of 5. Here, the Ba atom is shielded by
the bulky bis(trimethylsilyl)amido group, one THF ligand,
and the neighboring P-bound tri(tert-butyl)silyl substituents
(Figure 2). Furthermore, a zinc-bound ethyl group assumes a
bridging position. Thus the central cage consists of a distorted
Ba2C2P4Zn4 cuboid. The distortions result from the nearly
trigonal-planar environment of the zinc atom (angle sum
348.88. The other two-coordinate zinc atom, Zn1, shows short
Zn1�P bonds 224 pm in length.

The Ba�C bond length of 337.9(5) pm in 3 is very large
compared to those of known organobarium compounds; also
the Zn�C bond of 204 pm is elongated. In zincates such as (h6-
toluene)2Ba[Zn(CH2SiMe3)3]2

[10] and its thermolysis product
[Ba4Zn6(CH2SiMe3)8(CHSiMe3)6]

[11] shorter Ba�C bonds of
302.8(5)/305.5(5) pm and 299.4(4)/320.0(4) pm, respectively,
have been observed. For ([18]crown-6)Ba(C�C-SiPh3)2
extremely short Ba�C distances of 285.3(3) pm have been
reported,[12] whereas in (dme)Ba[C(SiMe3)2(SiMe2OMe)]2
values of 304.9(2) pm were found.[7] The Ba�C distances in
3 are in the upper range of those in molecules with p-bonded
ligands having significant charge delocalization[13,14] or with
side-on coordinated alkene moieties.[15]

A comparison of the Ba�P distances of 3 (323.2(5) and
333.9(5) pm) with those of 2a (313.9(1) pm) shows elongated
bonds despite the smaller coordination number. This fact can
be attributed to the bulkiness of the substituents. However,
the Ba�O distances of the two compounds are similar.
The importance of such an activation of the alkylzinc

moiety can be seen from the observation that, for example,
alkylzinc amides and phosphanides are stable and form amine

Scheme 1.

Figure 1. Molecular structure of 2a. Symmetry-related atoms (x, 0.5�y,
z) are marked with apostrophes. The ellipsoids are set at a probability
of 50%. For clarity reasons the CH2 groups of the THF ligands and all
hydrogen atoms are omitted. Selected bond lengths (pm): Ba�P
313.9(1), Ba�O1 272.9(6), Ba�O2 269.4(6), Ba�O3 275.1(5), Zn1�P
235.8(1), Zn1�C1 197.5(8), Zn2�P 237.2(1), Zn2�C2 199.3(7), P�Si
220.9(2).

Figure 2. Molecular structure of 3. Symmetry-related atoms (1�x, �y,
�z) are marked with apostrophes. The ellipsoids are set at a probabil-
ity of 50%. For clarity both the Si-bound alkyl groups and the hydrogen
atoms are omitted. Selected bond lengths (pm): Ba1�P1’ 323.2(5),
Ba1�O1 269(2), Ba1�N1 255(1), Ba1�P2333.9(4), Si5�N1 167(1),
Si6�N1 171(1), Zn1�P2 224.1(5), Zn1�P1 223.8(5), Zn2�P2 242.6(5),
Zn2�P1’ 242.7(4), Zn2�C49 204(1), P1�Si1 226.7(7), P2�Si2 226.4(6).
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and phosphane adducts rather than undergo deprotonation
reactions.[16] The enhancement of the reactivity of organome-
tallic compounds by formation of heterobimetallic derivatives
has often been observed.[1, 17] In 3 a kinetic stabilization by
shielding of the Ba-CEt-Zn moiety of the barium-bound ethyl
group with large substituents enabled the structure elucida-
tion by X-ray diffraction. Thus far, the characterization of
compounds with alkylbarium moieties has been limited to a-
phenyl- and a-trialkylsilyl-substituted derivatives and to the
identification of protolysis products. It is very likely that the
structural feature described here plays a key role in the
activation of zinc-bound alkyl groups. In ether solvents where
the alkaline-earth metal atom remains coordinatively satu-
rated by Lewis bases throughout the reaction the alkylzinc
moiety shows a strongly reduced reactivity towards H-acidic
substrates.

Experimental Section
All manipulations were carried out in an anhydrous argon atmos-
phere. The solvents were thoroughly dried and distilled under argon.
The starting compounds H2PSitBu3

[18] and [(thf)Ba(N(SiMe3)2)2]2
[19]

were prepared according to literature procedures. In the elemental
analysis the carbon content is low as a result of carbonate formation
during combustion.

2a (Procedure 1): A solution of H2PSitBu3 (0.47 g) in 10 mL of
toluene was treated with 1 mL of a 2m solution of dimethylzinc in
toluene. A solid precipitate of 1a formed (m.p. 174 8C; n(P-H)=
2308 cm�1; 31P NMR (109.365 MHz, [D8]toluene, �80 8C, AA’XX’):
d(31P)=�232.4, 1J(P,H)= 257, 2J(P,P)= 60, 3J(P,H)= 5, 4J(H,H)
< 1 Hz). This compound was dissolved by addition of 5 mL of THF.
After addition of [(thf)Ba(N(SiMe3)2)2]2 (0.6 g, 1 mmol) in 10 mL of
THF, this solution was stirred for several hours at room temperature.
Then all volatile materials were removed under vacuum, and the
residue was dissolved in 3 mL of THF. At 5 8C colorless crystals of 2a
(0.3 mmol, 30%) precipitated.

2a (Procedure 2): Compound 1a was prepared as described
above and dissolved by addition of 5 mL of THF. After the addition of
barium metal (0.17 g, 1.2 mmol), the solution was stirred for three
days. Then the volume was reduced to a third of the original volume.
At 5 8C colorless crystals of 2a (0.21 mmol; 21%) formed. No melting
point was observed. 1H NMR (270.166 MHz, [D6]benzene, 20 8C): d=
�0.13 (s, ZnCH3), 1.34 ppm (s, tBu); 13C NMR (100.526 MHz,
[D6]benzene, 20 8C): d=�3.5 (ZnCH3), 24.4 (s, CMe3), 32.4 ppm (s,
CMe3);

29Si NMR (53.674 MHz, [D6]benzene, 20 8C): d= 26.7 ppm
(pseudo-t, AA’X, j J(AX)+ J(A’X) j= 25.0 Hz); 31P NMR
(109.365 MHz, [D6]benzene, 20 8C): d=�183.8 (s); IR: ñ [cm�1]=
1495w, 1479vs, 1441w, 1419vw, 1390s, 1366m, 1300vw, 1260vw,
1246vw, 1185m, 1073vs, 1005s, 965w, 934w, 867vw, 844vw, 819vs,
727vw, 694vw, 671vw, 628m, 615m, 567w, 508w, 469m, 460m;
Elemental analysis (C42H92BaO4P2Si2Zn2, 1047.34 gmol

�1): calcd: C
48.16, H 8.85; found: C 47.10, H 8.47.

Crystal data for 2a·toluene:[20] C49H100BaO4P2Si2Zn2,
1139.54 gmol�1, monoclinic, P21/m (no. 11), a= 1100.96(8), b=
2543.8(1), c= 1117.98(7) pm, b= 104.984(8)8, Z= 2, 1calcd=

1.251 gcm�3, m= 1.558 mm�1, l= 0.71073 H, T= 200(2) K, 3.88
< 2q< 51.88, 5734 independent reflections,Rint= 0.072, 3346 observed
reflections (I> 2s(I)), 285 parameters, wR2= 0.1010, s= 0.84, min./
max. residual electron density �0.44/0.61 eH�3.

3 : For the preparation of 1b a 1m solution of diethylzinc in hexane
(2.0 mL, 2.0 mmol) was added to a solution of H2PSitBu3 (0.47 g,
2.0 mmol) in 15 mL of toluene. (1b : m.p. 181 8C; n(P-H)= 2304 cm�1;
31P{1H} NMR ([D8]toluene): d(

31P)=�231.5). [(thf)Ba(N(SiMe3)2)2]2
(0.6 g, 1 mmol) was added and the solution stirred for an additional

three days. After reduction of the volume and storage at 5 8C yellow
crystals of 3 (0.32 mmol; 65%) precipitated. No melting point was
detectable. 1H NMR: (270.166 MHz, [D6]benzene, 20 8C): d= 0.32 (s,
SiMe3); 0.34 (q, CH2,

2J(H,H)= 7.3),1.28 (s, tBu); 1.37 ppm (t, CH3);
13C NMR (67.933 MHz, [D6]benzene, 20 8C): d= 5.3 (s, SiMe3 and
ZnCH2), 6.0 (s, CH3), 24.0 (s, Cq), 32.1 ppm (t, tBu,

2JP,C= 20.0 Hz);
31P NMR (109.365 MHz, [D6]benzene, 20 8C): d=�245.0 ppm (s);
IR: ñ [cm�1]= 1477m, 1441vw, 1415vw, 1384m, 1357vw, 1249s,
1179w, 1012s, 932s, 876s, 817vs, 758m, 665w, 603m, 564m, 506m,
479w, 459m. Elemental analysis (C86H186O2N2P4Si8Ba2Zn4,
2165.2 gmol�1): calc: C 47.70, H 8.65, N 1.38; found: C 45.43, H
8.62, N 1.45.

Crystal data for 3 :[20] C86H186Ba2N2O2P4Si8Zn4, 2165.20 gmol
�1,

triclinic, P1̄ (no. 2), a= 1194.19(6), b= 1788.8(1), c= 2711.7(2) pm,
a= 90.325(3), b= 90.773(3), g= 105.701(3)8, Z= 2, 1calcd=
1.290 gcm�3, m= 1.724 mm�1, l= 0.71073 H, T= 200(2) K, 7.28
< 2q< 488, 11723 independent reflections, Rint= 0.057, 9248 observed
reflections (I> 2s(I)), 903 parameters, wR2= 0.2280, s= 1.10, min./
max. residual electron density �1.27/1.65 eH�3.
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Standing out from the vast majority of metal organic
coordination polymers is the class of highly porous basic
zinc carboxylates developed by Yaghi and co-workers.[1] Its
prototype is MOF-5 (MOF=metal organic framework), in
which {Zn4O} building blocks are linked together by tereph-
thalate bridges to form a zeolite-like, cubic framework.[2] The
extremely high specific surface area[2] of up to 4500 m2g�1 and
a pore volume of 0.69 cm3cm�3 (for MOF-177), which has not
been surpassed by any other crystalline substance, and
thermal stability (up to 350 8C) opens up fascinating perspec-
tives for the supramolecular host–guest chemistry.[3] Applica-
tions for these materials in miniaturized fuel cells and
convenient gas-storage devices (for H2, CH4), as gas sensors
and for gas separation, as catalyst materials, and also for
molecular electronics are emerging.[4]

A report on the quantitative inclusion of C60 and large
polycyclic dye molecules (e.g. Astrazon Orange R) into the
cavities of MOF-177 single crystals attracted our attention.[5]

Could these MOF host lattices also be suitable to efficiently
and selectively absorb typical metal organic chemical vapor
deposition (CVD) precursors, provided these were volatile
(gas absorption) or very soluble in nonpolar hydrocarbons
and had matching size and shape to fit into the cavity? The
release of the metal atoms of the precursors imbedded in the
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cavities should then lead to “naked” metal-nanoclusters of a
size regime otherwise difficult to access (1–2 nm) that are
trapped in a novel and presumably only weakly interacting
chemical environment.

When pure, freshly synthesized MOF-5 gently dried at
110 8C (to remove embedded solvents)[2] was exposed to the
vapor of the auburn palladium-precursor [(h5-C5H5)Pd(h3-
C3H5)] (1)[6] in static vacuum (1 Pa) at 293 K in a tightly sealed
Schlenk-tube, the originally colorless to light beige micro-
crystalline MOF-5 material turned dark red within 5 min.
Surprisingly, while the palladium adsorption is not reversible,
the corresponding charging with pentacarbonyl iron
[Fe(CO)5] is. The quantitative desorption occurs at 0.01 Pa
(dynamic vacuum, 298 K, IR control).

The three-dimensional crystalline order of the MOF-host
lattice remains unchanged after loading with 1, as shown by
the comparison of the powder X-ray diffraction (XRD)
pattern before and after adsorption. The analysis of the IR
and 13C magic-angle spinning (MAS) NMR solid-state spectra
(see Supporting Information) reveal the presence of intact
molecules of 1 in the MOF. The elemental analysis data
suggest a formal inclusion of exactly four molecules per cavity
(Figure 1, Table 1).

The molecular volume of the precursor can be calculated
from the structural data[6] with Gaussian98[7] as 196.6 G3. The
palladium precursors 1 thus fill 36.3% of the elemental cell,
which amounts to 45.3% of the pore volume. Analogously,
other typical metal organic precursors for metal deposition

are absorbed unchanged, for example, [(h5-C5H5)Cu(PMe3)]
(2)[8] and [(CH3)Au(PMe3)] (3)[9]

As expected, size and form selectivity are very high. For
example, with 2 which is only slightly more space demanding
than 1 and 3 only two instead of four embedded molecules are
found, even though then only 28% of the pore volume is filled
with precursor molecules 2. The only slightly larger copper
precursor [Cu(OR)2] (R=CH(CH3)CH2NMe2)

[10] with a
volume of 327.5 G3 (principal axes of the circumscribed
ellipsoids 8.3, 10.4, 6.4 G) is not absorbed by MOF-5 in which
the pore opening diameter is 8 G, whereas it will be absorbed
by isoreticular IR-MOF-8[4] in which the pore opening
diameter is approximately 9.5 G.

As the partial pressure of the precursors is comparatively
very low (< 1 Pa at 298 K) the question of maximum loading
of the cavities remains open. Solution penetration proved to
be far less efficient than loading the empty cavities through
the gas phase. The driving force for the exchange by diffusion
of the solvent molecules in the cavity against the precursor
molecules is weak. Note that highly reactive precursors such
as ZnEt2 or TiCl4 will destroy the MOF-5 material immedi-
ately upon contact at room temperature.

If the inclusion compound 1@MOF-5 is treated with H2

gas, the reddish powder will turn to black immediately at
�35 8C, indicating the reduction to palladium. GC/MS
analysis of the components desorbed into the H2 stream
(293 K, 2 h) that are condensable at 77 K indicates the
presence of cyclopentane and propane as the expected by-
products (catalytic hydrogenation of the ligands). Further-
more, we found plenty of other species formed as a result of
C�C couplings, C�H activation, isomerization, and (partial)
hydrogenation of the ligands and their C�C coupling
products. The obtained material Pd@MOF-5 is thus highly
reactive and extremely air sensitive (glowing/calcination).

The XRD pattern (Figure 2) of a capillary probe prepared
under argon displays a broad reflection (full width at half
maximum (FWHM)= 5.48) at 40.998 2q, which indicates
palladium nanocrystallites of the dimension 1.4 (� 0.1) nm
(profile analysis with Topas P 1.0, Pseudo Voigt). The shift of
the 2q angle to slightly bigger values, corresponding to a
shrinking of the Pd–Pd distance, is also characteristic for small
metal particles.[11] The particle size is also confirmed by TEM
data (Figure 2).

The characteristic reflections for the MOF-5 framework
in the XRD of the Pd@MOF-5 samples prepared by H2

reduction (Figure 3) are significantly reduced or completely
missing, whereas the typical high Langmuir surface areas of
approximately 1600 m2g�1 are still obtained. A noteworthy
hydrogenation of the terephthalate ligands of the lattice

Figure 1. MOF-5 cage (blue/yellow) with four incorporated [(h5-
C5H5)Pd(h3-C3H5)] (1) precursors (red). The elemental cell of the crys-
talline MOF-5 contains eight cavities of this kind.

Table 1: Loading parameters of precursors 1–3 in MOF-5.

Precursor Molecules per Elemental analysis [measured/calculated] Volume precursor [G3][a] Allocation of
cavity M [%] C [%] H [%] Per molecule Per elemental cell MOF-5[b] pore volume [%][c]

1 4 26.4/26.3 41.5/41.5 3.14/3.2 196.6 6291 45.3
2 2 10.7/10.8 40.4/40.7 3.4/3.4 242.6 3882 28.0
3 4 40.8/41.0 23.4/24.9 3.4/3.1 159.3 5098 36.7

[a] Calculated with Gaussian98[14] (B3LYP/SDD). [b] The elemental cell of MOF-5 consists of eight cavities. [c] The framework of MOF-5 occupies only
20% of the volume of the elemental cell (V=17343.6 G3).[2]
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structure can be excluded on the basis of the IR data. We
assume that only the long-range order of the host lattice is
faulty. The existence of, for example, a defect or layer
structure with 2D-order could be possible. The compound
Pd@MOF-5 proved to be a moderately active catalyst for the
hydrogenation of cyclooctene (coe) which was chosen as test
reaction[12] (Table 2).

We also found catalytic activity for the material Cu@
MOF-5 which was obtained by reduction of 2@MOF-5 in
hydrogen stream at 150 8C (1 h). With 70 mmolMeOHg�1

cat:h
�1

methanol production from synthesis gas (rapid test at normal
pressure[13]) Cu@MOF-5 matches the standard of our recently
reported novel supported mesoporous catalysts Cu/ZnO@
MCM-41/48 (Table 2) prepared by metal organic CVD.[14] The
specific copper surface of approximately 6 m2g�1 (at
13.8 wt% Cu) proved to be stable. According to the XRD
data (Figure 3) there are copper particles in the range of 3–
4 nm as well as an intact MOF-5 framework. The Langmuir
surface area was determined to be 1100 m2g�1 (after catalysis
tests). This activity of Cu@MOF-5 is surprising as the
promotion of copper by zinc or ZnOx species[13,15] normally
essential for catalysis is, in this case, apparently not necessary,
or is provided in a novel way by the MOF-5 framework
stabilizing the copper particles and not collapsing under the
catalysis conditions (220 8C, CO/H2). These observations
confirm our earlier assumption, namely that the complicated
metal–support interaction in the case of Cu/ZnO could imply
a local interfacial phenomenon of Cu-O-Zn species that
apparently does not require a well-developed (nano)crystal-
line ZnO phase.[14]

Thermal transformation of 3@MOF-5 (190 8C, 4 h, H2

stream) into Au@MOF-5 leaves the crystalline host lattice
completely intact (XRD and Langmuir) as also found for
Cu@MOF-5 but in contrast to Pd@MOF-5. TEM data
(Figure 4) show polydisperse gold particles in a range of 5
to 20 nm. Apparently the gold atoms or gold clusters (or
nuclei) primarily formed by decomposition of 3 are more
mobile in the open MOF structure than the copper or
palladium clusters and thus bigger aggregates are formed
within the pores and a diffusion of gold particles to the outer
surface also takes place, which accounts for the large gold
particles of around 20 nm found outside the pores. Analo-
gously this phenomenon was found for Au@MCM-41 and, as
in our case, attributed to a very weak gold-particle–support or
wall interaction.[16]

The highly porous Au@MOF-5 material proved to be
inactive for catalytic CO oxidation. The gold nanoparticles
spread through the intact MOF-5 lattice and at the surface of
the MOF-crystallites apparently lack the strong metal–
support interaction or promotion (Au/TiO2, Au/ZnO)[17]

necessary for this catalytic effect.

Figure 2. Powder diffraction patterns of a) MOF-5, b) photolytically
generated Pd@MOF-5, c) Pd@MOF-5 (reduction by H2). The 2q
values characteristic for palladium are highlighted. The enlargement
shows the shift to higher 2q values, typical of small particles; d) TEM
image of photolytically generated Pd@MOF-5.

Figure 3. Powder diffraction patterns of a) MOF-5 b) photolytically gen-
erated Cu@MOF-5, c) Cu@MOF-5 (after methanol catalysis test,
reduction by H2), d) TEM image of Cu@MOF-5 (sample in (b)).

Table 2: Catalytic performance of different metal@MOF-5 systems.

Catalyst Production rate Metal surface wt% metal

[mmolMeOHg�1
cat:h

�1] [mmolMeOH m�2
Cu h�1] [m2

Cug�1
cat:] wt% Cu wt% Zn

Cu@MOF-5 70 11.1 6.3 13.8 29.0[a]

Cu/ZnO@MCM-41 19 4.1 4.6 6.9 10.4
Cu/ZnO@MCM-48 130 22.4 5.8 10.6 21.9

[mmolCOAg�1
cat:h

�1][b] [mmolCOAm�2
cat:h

�1][b] [m2
Pdg
�1
cat:] wt% Pd

Pd@MOF-5 47.34 1.42 33.3 35.6

[mmolCO2
g�1

cat:h
�1] [mmolCO2

m�2
cat:h

�1] [m2
Aug�1

cat:] wt% Au
Au@MOF-5 – – – 48

[a] Zinc content of the MOF lattice and not additionally incorporated into MOF-5. [b] COA=cyclooctane.
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An alternative, and very gentle path to metal@MOF
materials with a persistant, crystalline host lattice is the UV
photolysis of the intermediate inclusion compounds 1–3@
MOF-5 at room temperature (water cooling) under inert gas
(Ar, He) or vacuum. GC/MS analysis of the gaseous by-
products in the case of photochemically generated Pd@
MOF-5 merely shows cyclopentadiene as well as three further
products of composition C8H10 and C10H12. For Cu@MOF-5
C10H12 (fulvalen) as well as PMe3 are found. TEM images
(Figure 2 and Figure 3) reveal very small palladium and
copper clusters (1–2 nm).

Our results show that metal organic chemical vapor
deposition offers novel perspectives for the host–guest
chemistry of porous coordination polymers. Nonaqueous
colloid chemistry of metal and semiconductor nanoparticles
is likewise based on metal organic precursor chemistry.[18,19]

Thus, MOF-5 and related solid-state materials will have lots
to offer as moderately temperature stable “crystalline solvent
cages” for the analysis of the chemical and physical properties
of “naked” inorganic nanoparticles of all kinds, even beyond
the scope of heterogeneous catalysis.

Experimental Section
Metal@MOF-5: Thermal metal organic CVD (MOCVD) loading: a
sample of the freshly synthesized,[2, 4] pure solvent free MOF-5
template (50 mg) was placed in a Schlenk tube together with
precursor (1–3 ; 100.0 mg) in a separate glass boat and warmed in
static vacuum (1 Pa) for 3 h to 343 K (for 2 and 3), or left at room
temperature (for 1). Samples of the thus obtained well defined
intermediates 1–3@MOF-5 (40 mg) were then reduced under H2 at
23 8C (30 min) for Pd@MOF-5 or at 150 8C (1 h) for Cu@MOF-5 and
190 8C (2 h) for Au@MOF-5. Cooling in vacuum (10�3 mbar) to room
temperature (2 h) removed traces of the gaseous decomposition
products (control by IR and 13C-/31P-MAS-NMR).

Photo MOCVD loading: Samples of the intermediates 1–3@
MOF-5 (30 mg) synthesized as described above where photolysed in
an inert gas stream (Ar, He) for 2 h at 25–308C (Hg high-pressure
lamp, 500 W, Normag TQ718) and traces of remaining ligand
fragments were removed in vacuum as described above.

The specific surface (SLangmuir) of the empty MOF-5 and the
samples metal@MOF-5 was determined by application of the
Langmuir surface model in the pressure range p/p0= 0.1–0.3 at T=

77.36 K. The copper surface area of Cu@MOF-5 and its methanol
synthesis activity was determined as described elsewhere in detail.[16]

A mixture of 72% H2, 10% CO, 14% CO2, and 14% He was used as
synthesis gas. For tests on Au-catalyzed CO oxidation see ref. [20].
For the determination of the Pd surface and details on cyclooctene
hydrogenation see ref. [21].

Further experimental details can be found in the Supporting
Information.
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Copper Oligophosphanides

DOI: 10.1002/anie.200501607

Synthesis and Molecular Structure of the Cu4P8
Cage Compound [Cu4(P4Ph4)2(PCyp3)3]**

Robert Wolf and Evamarie Hey-Hawkins*

Linear and cyclic oligophosphanide anions (PnRn)
2� (n= 2–4)

and cyclo-(PmRm�1)
� (m= 3–5) are an attractive class of

ligands displaying a plethora of potential coordination modes.

The linear dianionic (PnRn)
2� species were first obtained by

Issleib et al. by reduction of cyclooligophosphanes cyclo-
(PnRn) with alkali metals.

[1] The chain length of the (PnRn)
2�

fragments can be controlled by the stoichiometry of the
reaction.[1,2] Subsequently, it was shown that 31P NMR spec-
troscopy can serve as a valuable tool to establish the identity
of the resulting alkali metal salts M2(PnRn).

[3,4] Moreover, the
alkali metal compounds K[cyclo-(P3tBu2)],

[2] K[cyclo-
(P5Ph4)],

[5] and Li[cyclo-(PntBun�1)] (n= 3–5)
[6,7] have also

been described. However, these compounds were not isolated
in pure form.

In spite of the established syntheses of alkali metal
oligophosphanides, they have only been used sporadically in
the synthesis of main group or transition metal complexes.[8–13]

Significantly, transmetalation of K2(P4tBu4) with halides of
SiIV, GeIV, and SnIV leads to five-membered cyclic species
cyclo-(P4tBu4ER2) (R= organic substituent or Cl; E=Si, Ge,
Sn).[8] In contrast, the (PnRn)

2� chains do not remain intact in
transmetalations of K2(P2tBu2) with [NiCl2(PMe3)2], and of
M2(PnPhn) (n= 2–4) with [Cp2M’Cl2] (M’=Ti, Zr, Hf).[9,10]

Recently, the renaissance of oligophosphanide chemistry has
been spurred by the targeted synthesis of Na[cyclo-(P5tBu4)],
which displays highly versatile coordination chemistry,[14,15]

and by the simplified syntheses of alkali metal oligophos-
phanediides M2(PnRn) (n= 2–4),

[16–18] which have enabled
detailed structural investigations thereof.[16–20] In the context
of our ongoing studies on the synthesis of metal complexes
containing oligophosphanide ligands,[14–21] we now report the
synthesis and structural characterization of [Cu4(P4Ph4)2-
(PCyp3)3] (1; Cyp= cyclo-C5H9), which to our knowledge is
the first copper(i) complex with an oligophosphanediide
ligand.

One major difficulty in the transmetalation of alkali metal
oligophosphanediides is their high reducing ability, which
often leads to reduction of the metal halide employed and the
formation of thermodynamically stable neutral cyclooligo-
phosphanes. Thus, only a black precipitate, consisting of
elemental copper and NaCl according to X-ray powder
diffraction, and the cyclophosphanes cyclo-(PnPhn) (n= 4–6)
or cyclo-(P4tBu4), respectively, were formed in the reaction of
two equivalents of CuCl with [Na2(thf)4(P4Ph4)] (2) or
K2(P4tBu4). However, no reduction was observed in the
reaction of 2 with [CuCl(PCyp3)2] [1:2; Eq. (1)]. Instead,
[Cu4(P4Ph4)2(PCyp3)3] (1) was isolated as air-sensitive orange
crystals in 66% yield.

An X-ray crystal structure analysis revealed that 1 exists
in the solid state as a solvate with 3.5 molecules of toluene in
the asymmetric unit. A tetranuclear aggregate of four Cu+

ions with two (P4Ph4)
2� dianions is observed (Figure 1),[22] and
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three of the Cu+ cations are additionally coordinated by
tricyclopentylphosphane ligands. Thus, three distinct coordi-
nation environments can be distinguished for copper. Two of
the cations (Cu1 and Cu4) are each coordinated by two
terminal phosphorus atoms of different (P4Ph4)

2� chains and a
tricyclopentylphosphane molecule. These attain a trigonal-
planar coordination geometry (sum of angles around Cu1:
359.288 ; around Cu4: 359.168). This results in the formation of
a “crownlike” ten-membered [Cu2(P4Ph4)2]

2� macrocycle
which coordinates two further copper ions through two
terminal phosphorus atoms of the same P4 chain and one
internal phosphorus atom of the other P4 chain. Thus, a
unique Cu4P8 cage arrangement is formed (Figure 2).

In contrast, the formation of four- to eight-membered
CunPn rings is generally observed in other Cu

I phosphanido
complexes.[23, 24] Of the two remaining copper ions, Cu2 is
additionally coordinated by a tricyclopentylphosphane mol-
ecule and therefore displays a distorted tetrahedral coordi-
nation environment, while the fourth copper cation (Cu3) is
coordinated in a trigonal-pyramidal fashion (sum of angles
around Cu3: 343.608). The higher coordination number of
Cu2 is reflected in its rather long Cu�P bonds (d(Cu2�
P2,P5,P8,P12)= 2.316(2)–2.403(2) F) compared to the
remaining Cu�P bond lengths (d(Cu�P)= 2.239(2)–
2.320(2) F). These differences apart, the Cu�P bond lengths

of the anionic and the neutral P donors are in a similar range
and compare well with those found in other copper phospha-
nides,[23,24] copper polyphosphides,[25] and related CuI coordi-
nation compounds.[26]

The P�P bond lengths are in the usual range for single
bonds [d(P�P)= 2.180(2)–2.241(2) F].[27] Although the P4
chains are in a syn arrangement they display rather large
torsion angles compared to the structure of [Na2(thf)5(P4Ph4)]
(2·thf) (1: P1-P2-P3-P4 62.908, P5-P6-P7-P8 �67.178 ; cf. P1-
P2-P2’-P1’ 32.18 in 2·thf).[16] This appears to be a consequence
of the coordination of an internal phosphorus atom to copper
in each of the ligands, and underlines the structural flexibility
of the (P4Ph4)

2� ligands as they adapt to the coordination
requirements of the metal atoms.

The composition of 1 is additionally supported by NMR
spectroscopic investigations, C,H analysis, and mass spectro-
metric measurements. Due to its high mass the molecular ion
was not observed in the LDI-MS spectrum, but dominant
fragment ions were reproducibly detected which, according to
their characteristic isotopic patterns, are derived from the
parent molecule by loss of organic substituents (Ph, Cyp) and
tricyclopentylphosphane units. As expected, the 1H NMR
spectrum of 1 displays overlapping resonances for the cyclo-
pentyl groups, the phenyl substituents, and the toluene
molecules, which are also present in the solid-state structure
of 1. After drying in vacuum it still contains about 1.5 equiv-
alents of toluene. This is indicated both by the C, H analyses
and by the ratio of aliphatic and aromatic resonances in the
1H NMR spectrum.

The room-temperature 31P{1H} NMR spectrum is
extremely complex, displaying several broad peaks of varying
intensity. This is not entirely surprising considering that an
unsymmetric spin system of 11 different phosphorus nuclei
would be expected if the solid-state structure of 1 were to
remain in solution. However, the spectrum becomes even
more complicated at �80 8C and shows numerous severely
broadened multiplets in the regions between d=++ 20 and
0 ppm, �10 and �30 ppm, �70 and �105 ppm, as well as a
broad symmetric multiplet at + 44.1 ppm. This indicates that
line broadening at higher temperatures is not exclusively
caused by coupling between phosphorus and the quadrupolar
63Cu/65Cu nuclei, but that a fluxional process also plays a key
role. Although the exact nature of this process is still unclear,
it appears unlikely that the molecular structure of 1 is retained
in solution. This is in contrast to the behavior of alkali metal
tetraphosphanediides, the solid-state structures of which are
generally retained in solution.[16, 17]

In summary, the copper(i) tetraphosphanediide complex
[Cu4(P4Ph4)2(PCyp3)3] (1) has been synthesized and structur-
ally characterized. In the solid state, it displays a twelve-
membered Cu4P8 cage arrangement with an unprecedented
coordination mode of the (P4Ph4)

2� ligands involving one
internal and two terminal phosphorus atoms of the P4 chain.
The synthesis of 1 demonstrates that in principal such
complexes are readily accessible by transmetalation of the
respective alkali metal tetraphosphanediides. In future work,
the preparation of other copper oligophosphanido complexes
will give further insight into the solution structures of such
species. Furthermore, it is well known that CuI phosphanido

Figure 1. Solid-state molecular structure of 1 (without hydrogen atoms
and toluene molecules).

Figure 2. Core structure of 1 (only Cu and P atoms are shown).
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complexes often react differently to their alkali metal
counterparts.[24] Therefore, it will be of great interest to
explore the reactivity of 1 with electrophiles and its utility in
the synthesis of other homo- and heterometallic oligophos-
phanido complexes.

Experimental Section
All experiments were performed under an atmosphere of dry argon.
The NMR spectra were recorded on a Bruker AVANCE-DRX-400
spectrometer. The mass spectra were recorded on an Applied
Biosystems 4700 spectrometer by using the laser desorption ioniza-
tion (LDI) technique. The IR spectra were recorded on an Perkin-
Elmer System 2000 FTIR spectrometer in the range 350–4000 cm�1.
All solvents were purified by distillation, dried, saturated with argon,
and stored over potassium mirror. [Na2(thf)4(P4Ph4)] (2) was synthe-
sized according to the literature procedure;[16] all other reagents were
obtained from commercial sources and used as supplied.

1: A colorless solution of [CuCl(PCyp3)2] (0.99 g, 1.72 mmol),
prepared from CuCl and 2 equiv of PCyp3 in toluene (10 mL), was
added to a yellow to orange solution of 2 (0.66 g, 0.86 mmol) in THF
(6 mL) at �80 8C. The resulting orange suspension was allowed to
warm to room temperature. A clear orange solution formed on
stirring overnight. This was concentrated to ca. 10 mL and layered
with 20 mL of n-hexane. A fine, colorless powder (NaCl) formed on
storage at + 5 8C for several days. This was removed by filtration and
the filtrate was evaporated to dryness. The orange residue was
carefully dissolved in 6 mL of warm toluene. Orange, crystalline
needles formed on storing the clear orange solution at + 5 8C for
several days. This solid was isolated and dried in vacuo. Under
vacuum the compound loses toluene and contains ca. 1.5 equiv of
toluene after evacuating for ca. 25 min at 10�2–10�3 torr. Yield: 0.56 g
(66% ref. to 1·1.5C7H8); m.p. 152–1538C (red oil); 1H NMR
(400.13 MHz, C6D6, 25 8C, TMS): d= 0.85 (br, 1.5H, C5H9), 1.2–1.8
(brm, 79.5H, C5H9), 2.11 (s, 4.5H, CH3 from toluene), 6.8–8.8 ppm
(m, 47.5H, Ph); 13C{1H,31P} NMR (100.16 MHz, C6D6, 25 8C, TMS):
d= 21.08 (s, CH3 in toluene), 25.16–30.47 (s, CH2 in C5H9), 34.83–
35.49 (s, CH in C5H9), 123.58–149.09 ppm (s, Ph); 31P{1H} NMR
(161.9 MHz, C6D6, 25 8C): d=++ 32.5 (br s), + 18.2 (t, JP,P=� 72 Hz),
+ 10.0 (br s), + 5.35 (t, JP,P=� 48.0 Hz), + 2.9 (brs), �20.4 (brm),
�23.8 (brm), �71.2 (brm), �88.8 ppm (brm); IR (KBr): ñ= 3129
(vw), 3046 (m), 2951 (s), 2865 (s), 1941 (w), 1871 (w), 1801 (w), 1649
(w), 1576 (m), 1474 (m), 1448 (m), 1430 (m), 1299 (m), 1261 (m), 1179
(w), 1125 (m), 1089 (m), 1066 (m), 1024 (m), 908 (m), 804 (m), 736 (s),
694 (m), 485 cm�1 (m); MS (LDI): m/z (%): 1061.7 (100)
[M�2PCyp3�2Cyp�2Ph�2H]+, 963.5 (50) [M�3PCyp3�2Ph]+;
elemental analysis (%) for C103.5H133Cu4P11 (M= 1972.10): calcd: C
63.04, H 6.80; found: C 63.12, H 6.69.
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Cover Picture

Bruce H. Lipshutz* and Bryan A. Frieman

The innate stability of the extraordinarily reactive and enantioselective reagent [{(R)-
(�)-DTBM-segphos}CuH] (whose structure is shown in the cover picture) is revealed
in the Communication by Lipshutz and Frieman on page 6345 ff. Although there have
been many advances in ligand-accelerated catalysis of hydrosilylations, these reactions
invariably require the preparation of the catalyst prior to use owing to their limited
shelf-life. This new reagent represents the first asymmetric “CuH in a Bottle”.

Monolayers on SiO2

Self-assembled monolayers offer an ideal platform for the functionalization of silicon
oxide surfaces. Their formation and modification as well as the generation of patterns
are the themes of the Review by B. J. Ravoo, D. N. Reinhoudt, and S. Onclin on
page 6282 ff.

Tridehydrobenzenes
In their Communication on page 6306 ff., W. Sander et al. discuss the matrix isolation
and spectroscopic characterization of 1,2,3-tridehydrobenzene. The triradical has a 2A1

ground state.

Hydrogenation Catalysts
H. Gr=tzmacher et al. present a four-coordinate rhodium(i)amide in their
Communication on p. 6318 ff. The complex heterolytically cleaves H2 activating it for
the hydrogenation of ketones and imines.



Obituary
Christopher S. Foote (1935–2005): Singlet Oxygen F. Jensen, P. Ogilby 6268

Books
Ruthenium in Organic Synthesis Shun-Ichi Murahashi reviewed by W. Tam 6269

Highlights

Asymmetric Catalysis

C. N&jera,* J. M. Sansano* 6272 – 6276

Catalytic Enantioselective 1,3-Dipolar
Cycloaddition Reaction of Azomethine
Ylides and Alkenes: The Direct Strategy
To Prepare Enantioenriched Highly
Substituted Proline Derivatives

Electron-Transfer Reagents

R. W. Hoffmann* 6277 – 6279

Redox Catalysts for Reduction with Base
Metals
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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:

S. Klaus, H. Neumann, A. Zapf, D. Str�bing, S. H�bner, J. Almena,*
T. Riermeier, P. Groß, M. Sarich, W.-R. Krahnert, K. Rossen,
M. Beller*
A General and Efficient Method for the Formylation of Aryl and
Heteroaryl Bromides

N. Mart-n,* .. Mart-n-Domenech, S. Filippone, M. Altable,
L. Echegoyen,* C. M. Cardona
Retro-Cycloaddition Reactions of Pyrrolidinofullerenes

C. H2bartner, S. K. Silverman*
Modulation of RNA Tertiary Folding by Incorporation of Caged
Nucleotides

M. Nakamura,* A. Hajra, K. Endo, E. Nakamura*
Synthesis of Chiral a-Fluoroketones through Catalytic
Enantioselective Decarboxylation

J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, P. Schmuki*
Smooth Anodic TiO2 Nanotubes

Y. Yamaguchi,* S. Kobayashi, T. Wakamiya, Y. Matsubara,
Zen-ichi Yoshida*
Banana-Shaped Oligo(aryleneethynylenes): Synthesis and
Light-Emitting Characteristics

A direct hit! The asymmetric 1,3-dipolar
cycloaddition of azomethine ylides (from
imines A ; EWG=electron-withdrawing
group) and electrophilic alkenes B using
chiral metal complexes in substoichio-

metric amounts provides a direct stereo-
selective synthesis of pyrrolidine or pro-
line derivatives. The successful ligand/
metal cation couples are rationalized on
the basis of recently published results.

A question of potential! Clean reduction
by dissolving base metals can be effected
by employing redox catalysts of appropri-
ate oxidation potential. The traditional use
of aromatic hydrocarbons as redox cata-
lysts has now been expanded by applica-

tion of Me3FeIILi and related ate com-
plexes. The scheme shows, for example,
the catalytic cycle for the reductive clea-
vage of phenylsulfonamides with magne-
sium.
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Reviews

Self-Assembled Monolayers

S. Onclin, B. J. Ravoo,*
D. N. Reinhoudt* 6282 – 6304

Engineering Silicon Oxide Surfaces Using
Self-Assembled Monolayers

Communications

Tridehydrobenzenes

S. Venkataramani, M. Winkler,
W. Sander* 6306 – 6311

1,2,3-Tridehydrobenzene

Rotational Spectroscopy

D. Banser, M. Schnell, J.-U. Grabow,*
E. J. Cocinero, A. Lesarri,
J. L. Alonso 6311 – 6315

The Internuclear Potential, Electronic
Structure, and Chemical Bond of
Tellurium Selenide

Vaccines

D. B. Werz,
P. H. Seeberger* 6315 – 6318

Total Synthesis of Antigen Bacillus
Anthracis Tetrasaccharide—Creation of an
Anthrax Vaccine Candidate
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Engineering on the nanometer scale:
Nanoscale control over surface properties
is of paramount importance in bottom-up
approaches to nanofabrication, which will
revolutionize nanoelectronics and bio-
technology in the near future. Self-
assembled monolayers can form an ideal
platform for nanofabrication on silicon
oxide (see picture). Their formation, deri-
vatization, and patterning are discussed.

The first representative of the tridehydro-
benzenes that could be spectroscopically
characterized and isolated in cryogenic
matrices is 1,2,3-tridehydrobenzene.
Comparison of the measured IR spectrum
with high-level ab initio calculations
allows the assignment of a 2A1 ground
state to this unusual radical.

Joining the jet set : High-resolution, pure
rotational spectra are obtained from a
supersonic jet of TeSe prepared by laser
ablation. The spectra give access to the
internuclear potential, electronic structure
(see picture), and details of the chemical
bond of the first intermetallic 3S com-
pound observed by microwave spectros-
copy.

Fighting Anthrax by recognizing its coat :
The spores of Bacillus anthracis bear
unique oligosaccharides on their surface
for interaction with a host. These specific
oligosaccharides may prove useful in the
development of vaccines against this
major biowarfare threat. The total synth-
esis of such a vaccine candidate (see
picture, Pent=4-pentenyl) is reported.

http://www.angewandte.org




Hydrogenation Catalysts

P. Maire, T. BHttner, F. Breher, P. Le Floch,
H. GrHtzmacher* 6318 – 6323

Heterolytic Splitting of Hydrogen with
Rhodium(i) Amides

Rhodium Complexes

P. Maire, F. Breher,
H. GrHtzmacher* 6325 – 6329

Diamido Rhodates(1�)

Molecular Switches

K. Kitagawa, T. Morita,
S. Kimura* 6330 – 6333

A Helical Molecule That Exhibits Two
Lengths in Response to an Applied
Potential

Peptide Conformations

T. S. Kang, S. Vivekanandan, S. D. S. Jois,
R. M. Kini* 6333 – 6337

Effect of C-Terminal Amidation on Folding
and Disulfide-Pairing of a-Conotoxin ImI
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A split decision : Efficient heterolytic
hydrogen splitting is achieved with novel
tetracoordinate rhodium(i) amides. This
reaction is reversible, and DFT calcula-
tions imply that the cleavage is a one-step
process with a relatively low activation
barrier. Ketones and imines are hydroge-
nated by the amide complexes without the
need for further additives.

The filled/filled repulsion model can be
used to explain qualitatively the trends in
the acidity of the coordinated NH groups,

the redox potentials of the amides, and
the UV/Vis absorptions in different
aggregates between a counter cation,
[M(solv)n]+, and the first stable diamido
rhodate(1�) anion (see structure and
space-filling model), which was synthe-
sized by using the tetradentate diamino
diolefin ligand (S,S)-trop2dpen.

Outstanding in the electric field : Bundles
of helical peptides undergo stochastic
switching in response to the applied bias
polarity as observed by STM. This beha-
vior results from a conformational change
between the a-helical (left) and 310-helical
(right) states and affects the overall helix
length. The interaction of the helical
dipole moment with the applied electric
field determines the preferred conforma-
tion of the peptides.

Building bridges : a-Conotoxins (C1–C3,
C2–C4 disulfide pairing) adopt a globular
conformation, whereas c/l-conotoxins
(C1–C4, C2–C3 disulfide pairing) fold into
a ribbon conformation. Amidation of the
peptide C terminus has been shown to
influence the folding (see picture) and
hence the biological activity of conotoxins.

http://www.angewandte.org


DNA Recognition

D. D. Jones, P. D. Barker* 6337 – 6341

Controlling Self-Assembly by Linking
Protein Folding, DNA Binding, and the
Redox Chemistry of Heme

Protein Structures

F. Arnesano, L. Banci, I. Bertini,*
A. Fantoni, L. Tenori,
M. S. Viezzoli 6341 – 6344

Structural Interplay between Calcium(ii)
and Copper(ii) Binding to S100A13
Protein

Hydride Reagents

B. H. Lipshutz,*
B. A. Frieman 6345 – 6348

CuH in a Bottle: A Convenient Reagent for
Asymmetric Hydrosilylations

Dendrimers

E. V. Andreitchenko, C. G. Clark, Jr. ,
R. E. Bauer, G. Lieser,
K. MHllen* 6348 – 6354

Pushing the Synthetic Limit:
Polyphenylene Dendrimers with
“Exploded” Branching Units—22-nm-
Diameter, Monodisperse, Stiff
Macromolecules
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Heme recognizes genes : As a step
towards the electronic control of reading
DNA code at a molecular level, heme and
DNA recognition can be linked through
protein folding (see picture). Through the
conversion of an engineered DNA-binding
cytochrome into a heterodimer, the
sequence-specific DNA recognition can
be controlled by heme recognition and the
oxidation state of the iron center.

New binding sites : Calcium(ii) binding to
the dimeric protein S100A13 triggers key
conformational changes, thus creating
two symmetrical copper(ii)-binding sites
between the helices of the monomers (see
picture). These solvent-exposed binding
sites are unique among the S100 proteins.

Bottled for freshness : [{(R)-DTBM-seg-
phos}CuH] (see formula; DTBM=3,5-di-
tert-butyl-4-methoxy) generated in situ
represents the first reported copper hy-
dride reagent that can be stored and used
over time without loss of activity in several
types of asymmetric hydrosilylation reac-
tions.

Structural perfection up to the fifth gen-
eration of a polyphenylene dendrimer has
been achieved by inserting p-terphenyl
spacers into the arms of each branching
unit (see picture). The stiff, monodisperse
macromolecules with diameters up to
22 nm were synthesized in a stepwise
manner, during which the topology of the
branching units was controlled. Dendri-
mers containing up to 1368 phenyl rings
with high porosity were generated.

http://www.angewandte.org


Metal–Organic Frameworks

P. D. C. Dietzel,* Y. Morita, R. Blom,
H. FjellvPg 6354 – 6358

An In Situ High-Temperature Single-
Crystal Investigation of a Dehydrated
Metal–Organic Framework Compound
and Field-Induced Magnetization of One-
Dimensional Metal–Oxygen Chains

Functionalized Nanotubes

W. Wu, S. Wieckowski, G. Pastorin,
M. Benincasa, C. Klumpp, J.-P. Briand,
R. Gennaro, M. Prato,
A. Bianco* 6358 – 6362

Targeted Delivery of Amphotericin B to
Cells by Using Functionalized Carbon
Nanotubes

Asymmetric Catalysis

X. Wang, L. Shi, M. Li,
K. Ding* 6362 – 6366

Heterogenization of Shibasaki’s Binol/La
Catalyst for Enantioselective Epoxidation
of a,b-Unsaturated Ketones with
Multitopic Binol Ligands: The Impact of
Bridging Spacers

Organocatalysis

S. H. McCooey,
S. J. Connon* 6367 – 6370

Urea- and Thiourea-Substituted Cinchona
Alkaloid Derivatives as Highly Efficient
Bifunctional Organocatalysts for the
Asymmetric Addition of Malonate to
Nitroalkenes: Inversion of Configuration
at C9 Dramatically Improves Catalyst
Performance.
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The arrangement of the spins of adjacent
helical cobalt–oxygen chains that form the
backbone of the framework (see figure) of
a microporous coordination polymer lead
to metamagnetic behavior. When the
polymer is heated, the metal center loses
a coordinated water molecule and alters
its coordination geometry from octahedral
to square-pyramidal, although the frame-
work remains stable.

Tasty tubes : Multiwalled carbon nano-
tubes functionalized with fluorescein iso-
thiocyanate and amphotericin B (AmB)
have been shown to be rapidly interna-
lized by mammalian cells (see picture)
without the toxic effects typically dis-
played upon treatment with AmB. Fur-
thermore, the modified drug exhibits a
higher antifungal activity than native
AmB.

Bridging the gap: Heterogenized Shiba-
saki’s binol/La catalyst is synthesized by a
self-supporting strategy through the reac-
tions of multitopic ligands with La(OiPr)3
(see picture). The catalyst shows high
activity and enantioselectivity, and can be
reused in the asymmetric epoxidation of
a,b-unsaturated ketones.

Natural not always best : Novel N-aryl
urea and thiourea derivatives of dihydro-
cinchona alkaloids serve as efficient cat-
alysts for the asymmetric addition of
dimethyl malonate to a range of nitroalk-
enes. Catalytic activity and selectivity

depend strongly on the relative config-
uration at C8/C9. Catalysts with “non-
natural” inverted configuration at C9
display excellent activity and enantio-
selectivity at loadings as low as 0.5 mol%.
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From amber to red : The water-soluble
polythiophene derivative 1 forms a
supramolecular complex with ATP
(adenosine triphosphate) through elec-
trostatic and hydrophobic cooperative
interactions which results in a color
change of the aqueous solution from
yellow to pink-red (see photo; AMP/
ADP=adenosine mono-/diphosphate).
Besides naked-eye detection of ATP, the
detection limit may be extended to 10�8m
by using fluorometry.

Pattern formation : Analysis with an array
of differential receptors such as 1 rather
than specific receptors leads to patterns
for various proteins and glycoproteins
that can be examined by principal com-
ponent analysis. This allows for the direct
recognition of large substrates for which
the creation of synthetic specific receptors
would be very difficult.

The heavy cyclopropene analogues 1H-
siladigermirene R4SiGe2 (1a) and 1H-
trigermirene R4Ge3 (1b) have been
obtained, and the X-ray crystal structure of
1a shows that it forms an isosceles
triangle with a highly trans-bent endocyclic

Ge=Ge bond (bending angle 51.0(2)8).
The interaction of 1a and 1b with CH2Cl2
unexpectedly affords the unusual four-
membered-ring compounds 2a and 2b as
a result of ring expansion (see scheme:
E=Si, Ge; R=SiMetBu2).

Hydrolytic enzymes : The marine plancto-
mycete Rhodopirellula baltica DSM 10527
displays high stereo- and enantioselective
alkyl sulfatase activity towards (� )-sec-
alkyl sulfates with retention of configura-

tion through cleavage of their S�O bond
(see scheme; pathway B), whereas inver-
sion of configuration is observed upon
cleavage of the C�O bond (pathway A).
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My stars! Star polymers that contain
otherwise incompatible acid or base cat-
alysts, such as para-toluenesulfonic acid
or 4-(dialkylamino)pyridines moieties, at
their sterically restricted cores (see
scheme) are readily prepared. Homoge-
neous catalysis using these star polymers
can perform reaction cascades in the
same pot and is demonstrated with an
acid-catalyzed deprotection and the
nucleophilic amine-catalyzed Baylis–Hill-
man reaction.

Happy couples : A new hybrid technique,
capillary electrophoresis combined with
online detection through electrothermal
atomic absorption spectroscopy, allows
the study of metal speciation and metal–
biomolecule interactions, important
aspects of metallomics. Advantages
include complete sample introduction,
nanoliter sample and reagent consump-
tion, real-time detection, high sensitivity,
and low cost.

Conductive polypyrrole (Ppy) nanowires
(see picture) can be grown from single
adsorbed synthetic polyelectrolyte mole-
cules by oxidative polycondensation of
pyrrole. The location and length of the Ppy
nanowires are defined by the location and
length of the adsorbed single-molecule
templates. The diameter of the Ppy
nanowires varies from a few to hundreds
of nanometers and can be adjusted by
varying the reaction conditions.

A flexible host : The use of pyridyl-substi-
tuted cyclotriveratrylene ligands coupled
with geometrically accommodating silver
centers has resulted in the isolation and
structural characterization of a compact
[M2L2] molecular capsule and an [M4L4]
tetrahedral prism (see structure). The
former incarcerates two coordinated
CH3CN molecules while the latter has an
unusual star-burst shape and also acts as
host for CH3CN molecules.
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Overall charge unchanged : Disulfide
bonds in gaseous polypeptide cations can
be cleaved efficiently by ultraviolet photo-
dissociation (UVPD) at 157 nm (see
scheme). Unlike electron-capture disso-
ciation, UVPD cleaves S�S bonds without
overall charge reduction in the product
ions. This cleavage is suggested to be a
result of electronic excitation caused by
the absorption of photons of 7.9 eV.

Blueprints for an inhibitor : The de novo
molecular design program SPROUT was
used in conjunction with the X-ray crystal
structures of the bacterial enzymes DdlB
and VanA to produce a novel enzyme-
selective inhibitor template. Following
short and efficient synthesis and in keep-
ing with the design predictions, the
resulting inhibitor showed useful levels of
enzyme-selective inhibition.

Interconversion of organonitrogen oxides :
Nitrosyl, nitrosoalkane, and hydro-
xylamido(1�) ligands are interconverted
on an organoruthenium platform (see
structure and scheme). These stepwise
and sequential reactions provide insights

into the mechanism of the biological
nitrite–ammonia interconversion, a major
process in the inorganic nitrogen cycle in
which nitric oxide, nitroxyl, and hydroxy-
lamine have been invoked as intermedi-
ates.

The tail end : The Rh-catalyzed selective
functionalization of commercial linear
low-density polyethylene (LLDPE) with
boron reagents is demonstrated. Subse-
quent oxidation and transformations of

the boron-containing polymer yields
materials that contain a variety of polar
functionalities, such as hydroxy, amino,
and formyl groups, at the termini of the
side chains (see scheme).
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Sun sensitivity : A charge-transfer sensiti-
zer with an ion-complexing moiety formed
by oxyethylene side groups (see picture) is
used in a solid-state dye-sensitized solar
cell. Lithium coordination to the dye
backbone produces under realistic condi-
tions photovoltages of nearly 900 mV and
efficiencies of 3.8%.

Four-gone confusion! An assembly of four
N-confused porphyrinatosilver(iii) subu-
nits (see structure; N blue, Ag olive-
colored, C silver/red) placed on the peri-
meter of a cyclic structure that comprises
two silver(i) ions is effectively formed
from a bis(N-confused porphyrin) free
base and a silver(i) salt.
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Christopher S. Foote (1935–2005):
Singlet Oxygen

Christopher Spencer Foote, profes-
sor of chemistry at the University of Cal-
ifornia, Los Angeles (UCLA), passed
away at the age of 70 on June 13, 2005.

Born in Hartford,
Connecticut, Foote grew
up in an intellectual envi-
ronment. His father was
the editor of the local
newspaper, while his
mother was a descendant
of the Benjamin Sillimans
(father and son), who
were eminent chemists at
Yale University. Foote
graduated from Kings-

wood School in West Hartford, Con-
necticut, and obtained a Bachelors
degree in chemistry from Yale Univer-
sity in 1957. He spent the following
year as a Fulbright scholar with G. O.
Schenck at the University of G2ttingen
in Germany. In retrospect, this year in
Germany clearly set the stage for his
life4s work. Foote4s first scientific
paper, on the “Photosensitized Autoox-
idation of Menthofuran”, with Schenck
as a coauthor, was published in Ange-
wandte Chemie in 1958.[1]

Foote took “time off” from the study
of photooxygenation reactions to obtain
a PhD: He joined the research group of
R. B. Woodward at Harvard University
in 1958 and graduated in 1962 with a
thesis entitled “Angle Strain and Solvo-
lytic Reactivity in Bridged Bicyclic Sys-
tems.” Immediately after leaving Har-
vard, Foote joined the chemistry faculty
at UCLA. It was here that he returned
to the study of photooxygenation reac-
tions, establishing the lifelong program
for which he is now recognized. Foote
was associated with UCLA throughout
his entire academic career. He attained
the rank of full professor in 1969 and
served as department chairman from
1978 to 1981.

Foote arguably established his
career with two communications of his
results that appeared in J. Am. Chem.
Soc. in 1964.[2] In these reports, he pro-
posed that the lowest excited electronic
state of molecular oxygen, singlet
molecular oxygen, O2(a1Dg), was the
pertinent reactive intermediate in a sol-

ution-phase dye-sensitized photooxyge-
nation reaction. In effect, Foote was
confirming a hypothesis originally
made by H. Kautsky in 1931 which was
subsequently dismissed by, among
others, G. O. Schenck. The final sen-
tence in the latter of these two commu-
nications was, “Further experiments
are in progress”; a statement that essen-
tially presaged the next 40 years of his
life.

Foote4s primary research interest
centered on reactive oxygen species,
with singlet oxygen being the most
prominent.[3,4] Despite its reactivity and
short lifetime in condensed phases, sin-
glet oxygen displays many selective
reactions, some of which are syntheti-
cally useful. The reaction with dienes
to form endoperoxides is still one of
the most selective and mild reactions
to form these types of compounds. The
singlet-oxygen-mediated formation of
allylic hydroperoxides from unsaturated
hydrocarbons and the oxidation of
sulfur-, nitrogen-, and phosphorus-con-
taining compounds have important bio-
logical ramifications. Indeed, singlet
oxygen is an acknowledged intermedi-
ate in processes that result in cell
death, a phenomenon that forms the
basis for photodynamic therapy, a medi-
cal procedure used to destroy undesired
tissue in the treatment of cancer, for
example. Likewise, the process of
ageing involves the destruction of key
biochemical compounds by reactive
oxygenating species.

The mechanistic aspects of these
oxygenation reactions are often com-
plex, involving one or more reactive
intermediates. One of Foote4s scientific
achievements was to methodically eluci-
date many of these reaction mecha-
nisms. It was through these studies that
he established his reputation as the fore-
most authority on the reactions of sin-
glet oxygen. In his latter years, Foote
expanded his research program to
include studies on the photophysical
properties of fullerenes.

Foote4s research covered a broad
spectrum of science. Although formally
an organic chemist, his interests and
tools ranged from biology to physics
and from experimental to computa-
tional. He was a cross-disciplinary
chemist of the highest level. In addition
to an extensive list of research publica-

tions, Foote was coauthor of a textbook
now in its fourth edition.[5] He was pres-
ident of the American Society for Pho-
tobiology during 1988–89 and was a
senior editor of Accounts of Chemical
Research during the last 10 years of his
life. In 1994, the American Chemical
Society acknowledged his contributions
with the Arthur C. Cope Scholar Award.

Foote always allowed members of
his research group to pursue their own
ideas, thereby creating a stimulating
environment for the large number of
graduate students and postdoctoral fel-
lows for whom he served as mentor
(the authors of this article are two of
his former PhD students). He was very
tolerant and patient when listening to
research presentations, but always
asked sharp questions at the end. In his
private life, Foote particularly enjoyed
music. He was a noted fan of Bach and
never tired of Wagner4s “Der Ring des
Nibelungen”. He had the amazing nose
of a good old-fashioned qualitative
organic chemist; one that could readily
distinguish an aldehyde from a ketone.
This characteristic was frequently put
to good use in distinguishing a good
merlot from a bad merlot.

It was a privilege and a pleasure to
have known and worked with Chris.
His brilliance, insight, companionship,
and warmth will be missed. Christo-
pher S. Foote passed away having
earned the deep-seated respect of his
colleagues. No higher award can be ach-
ieved.

Frank Jensen
University of Southern Denmark
Peter R. Ogilby
University of Aarhus (Denmark)
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The interest in asymmetric synthesis is
continuously increasing owing to the
continuous demand for enantiomeri-
cally enriched molecules. The main
challenge in this area is to create the
maximum number of stereogenic cen-
ters in one reaction step by employing
the minimum number of reagents. From
both an economic and a synthetic point
of view, asymmetric catalysis[1] can con-
stitute a powerful tool, especially for
pericyclic reactions, where the relative
and absolute configuration of several
carbon atoms can be established almost
simultaneously.

One example is the 1,3-dipolar cy-
cloaddition of azomethine ylides (from
imines A) and alkenes B,[2] which allows
the stereoselective synthesis of pyrroli-
dines or proline derivatives C
(Scheme 1). Among such molecules of
type C, which can be obtained through
longer and more sophisticated routes,
are very important pharmaceuticals and
natural alkaloids, organocatalysts, and
building blocks in organic synthesis.[3] In
this cycloaddition, the particular struc-

ture of the azomethine ylide promotes a
characteristic frontier molecular orbital
(FMO) controlled reactivity with al-
kenes, which can lead to the formation
of four stereocenters with high stereo-
selectivity. There are several procedures
for generating azomethine ylides, of
which the metalation of imino esters A
is the most widely used in organic
chemistry.[2a,c] The benefits of the in situ
preparation of metallo-
azomethine dipoles
from a-imino esters A
in basic media, such as
working at room tem-
perature with a highly
coordinated transition
state and starting from
easily available com-
pounds, make this reac-
tion much more attrac-
tive (Scheme 1).

The asymmetric ver-
sion of this 1,3-dipolar
cycloaddition reaction
can be accomplished fol-
lowing different strat-
egies: a) by attaching a
chiral auxiliary to the
imino (R1) or to the
electron-withdrawing
group (EWG1) of the

dipole A ; b) by attaching a chiral aux-
iliary to the EWG2 of the alkeneB ; c) by
employing a chiral Lewis acid capable of
chelating both components A and B.
According to the last strategy, and con-
sidering all of the previous advantages
of these metalloazomethine ylides,
Grigg and co-workers employed a stoi-
chiometric amount of the catalytic sys-
tem ephedrine derivative 1/cobalt(ii)
chloride in the reaction of the dipole
precursor 3 with the dipolarophile 4
(Y=CO2Me, used as solvent) giving an
excellent ee in the case of the enantio-
mer 5a with total endo-selectivity
(Scheme 2, Table 1).[4,5] However, the
stoichiometric catalyst formed by bis-
phosphine 2/AgOTf (Tf= trifluoro-

Scheme 1. EWG=electron-withdrawing group.

Scheme 2. R1=2-naphthyl, R2: see Table 1; 4 as solvent when
Y=CO2Me, Bn=benzyl.
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methanesulfonyl) afforded the other
enantiomer, endo-5a’, albeit with lower
enantioselection.[5] The high enantio-
meric excesses obtained in these exam-
ples can be justified, presumably, by the
presence of the compact transition
states 6 and 7, respectively.

Despite these attractive precedents,
the first asymmetric catalytic 1,3-dipolar
cycloaddition reaction, in which substoi-
chiometric amounts of a chiral metallic
complex were used, was not described
until 2002.[6] Zhang and co-workers
screened several chiral bisphosphine
ligands such as, binap ((R-) or (S)-2,2’-
bis(diphenylphosphanyl)-1,1’-binaphth-
yl), Me-DuPhos ([(�)-1,2-bis-(2R,5R)-
2,5-dimethylphospholano]benzene),
PennPhos (P,P’-1,2-phenylenebis(endo-
2,5-dialkyl-7-phosphobicyclo[2.2.1]hep-
tane) and bicp ((R,R)- or (S,S)-2,2’-bis-
(diphenylphosphanyl)dicyclopentane),
with silver acetate, and obtained very
poor enantioselectivities and even dia-
stereoselectivities, in the cyclization re-
action of imino esters 3 and dimethyl
maleate.[6] However, Trost>s ligand 8[7]

provided a promising higher enantiose-
lectivity; the weak interaction of the
nitrogen atom of the bisamide seems to
be very important in the assembly of the

chiral ligand with the silver cation
(Scheme 3).[6]

A similar ligand 9, which incorpo-
rates an additional element of planar
chirality (two ferrocene units), was de-
signed to impart different steric and
stereoelectronic properties on the prod-
uct (Scheme 3). The best results for the
endo-10 adducts were obtained with
these ligands when the aryl group was
3,5-dimethylphenyl and dimethyl mal-
eate was used (Table 2).[6] Surprisingly,
the adduct 10 was also formed in good
yield and noticeable enantiomeric pu-
rity when the substituent R1 of the

precursor 3 was a cyclohexyl or
isopropyl group. In previous
work, it has been pointed out
that the Michael-type addition
reaction of the dipole to the
electrophilic alkene is the ex-
pected pathway and, normally,
no further cyclization occurred
when R1 is an alkyl substitu-
ent.[8] Very good enantioselec-
tion was also exhibited by the

dipolarophile tert-butyl acrylate (Ta-
ble 2).[6]

However, it has been demonstrated
that chiral bisphosphine ligands form a
more suitable complex with copper tri-
flate than with silver acetate. Komatsu
and co-workers observed reverse exo-
selectivity using chiral bisphosphine/
copper(ii) triflate at �40 8C.[9] In most
of the cases, the exo/endo ratio exceeded
95:5 using N-phenylmaleimide (NPM),
the higher enantioselection being ach-
ieved with the catalytic systems formed
by (R)-binap 11 or (R)-SegPhos 12/
copper(ii) triflate (Scheme 4). With oth-

er dipolarophiles, such as di-
methyl fumarate or fumaroni-
trile, the endo-adduct (e.g. 14)
was formed in higher propor-
tion (Table 3).

The authors proposed a
plausible mechanism for the
cycloaddition reaction and for
the explanation of the ob-
tained diastereoselection
(Scheme 2) by which the azo-
methine ylide 15 would be
generated under basic media,
and in turn this would react
with NPM to give the exo-

transition state 16, because here the
steric interactions between NPM and
the bisphosphine ligand are less than in
the endo-transition state 16 (Scheme 5).
This hypothesis was also supported by
ZINDO calculations.[9]

Focusing on the silver(i)-catalyzed
enantioselective cycloaddition devel-
oped by Zhang and co-workers, Schreib-
er and co-workers studied the catalytic
1,3-dipolar cycloaddition reaction of
azomethine ylides with a series of chiral
monophosphines bearing a donor
group; the P,N-ligand quinap 17 is an

Table 1: Asymmetric catalytic 1,3-dipolar cyclo-
addition using stoichiometric catalyst systems
(see Scheme 2).

R2 Y Lig.[a] Metal
salt[a]

Yield
[%]

5, ee
[%]

H CO2Me 1 CoCl2 84 5a, 96
Me COMe 2 AgOTf 83 5a’, 70
Me SO2Ph 2 AgOTf 84 5a’, 70

[a] 100 mol%.

Scheme 3. R1: see Table 2, R2=H, R3,R4: see dipolarophiles listed in Table 2, Ar=3,5-dimethyl-
phenyl.

Table 2: Asymmetric catalytic 1,3-dipolar cycloaddition us-
ing substoichiometric amounts of a chiral metal complex
(see Scheme 3).

R1 Dipolarophile Yield [%] ee [%]

Ph methyl maleate 87 87
4-(NC)C6H4 methyl maleate 90 86
2-Naph[a] methyl maleate 98 97
iPr methyl maleate 82 70
Cy[b] methyl maleate 82 81
Ph methyl acrylate 90 60
Ph tert-butyl acrylate 85 93
Ph NMM[c] 87 79

[a] Naph=naphthyl, [b] Cy=cyclohexyl, [c] NMM=N-
methyl maleimide.

Scheme 4. R1: see Table 3, R2=H; SegPhos= (4,4’-bi-1,3-benzo-
dioxole)-5,5’-diylbis(diphenylphosphane).
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excellent chelating molecule for the
silver cation (see chelate 7 in
Scheme 2).[10] The catalyst loading
(3 mol%) was very similar to that re-
ported in previous examples (see
above). When substrates 3 were allowed
to react with tert-butyl acrylate, tert-
butyl crotonate, and tert-butyl cinna-
mate (Scheme 6, Table 4), the enantio-
selectivities achieved were very high.
Nevertheless, the reaction between the
imino ester 3 and dimethyl maleate
furnished compound 19 in 60% ee. In
all these cycloadditions the endo-selec-
tivity was overwhelmingly predominant,
except when tert-butyl cinnamate was
employed as dipolarophile. In addition,
a-substituted esters 3 (incorporating
methyl, isobutyl, benzyl, and 3-indolyl-
methyl groups) were also evaluated in
this transformation using a catalyst
loading of 10 mol%; proline derivatives
19 with a quaternary carbon atom in the
a-position were obtained in high yields
and very good ee values.

The same enantioselection and
yields were achieved by Carreira and
co-workers with the ligand O-(S)-pinap
18 under the reaction conditions de-
tailed in Table 4 (R1= 4-(NC)C6H4),

[11]

namely 3 mol% of the catalytic mixture
18/AgOAc was employed at �40 8C.
This result also confirmed the efficient
coordination of the silver cation to the
chiral moiety of (S)-quinap 17 and O-
(S)-pinap 18, as was shown in the model
7 (Scheme 2).

Jørgensen and co-workers demon-
strated that chiral bisoxazolines 20–22
(Scheme 7) were suitable ligands for the
standard 1,3-dipolar cycloaddition reac-

Table 3: Asymmetric catalytic 1,3-dipolar cycloaddition with catalyst systems comprising the chiral
bisphosphines 11 and 12 and Cu(OTf)2 (see Scheme 4).

R1 Ligand Dipolarophile Yield [%] Cycloadduct exo/endo eeexo [%]

4-(MeO)C6H4 11 NPM 83 >95:5 87
Ph 12 NPM 78 89:11 72

Ph 11 dimethyl fumarate 80 36:64 77

Scheme 5.

Scheme 6. R1, R2, R3: see Table 4; (S)-pinap= (S)-1-[2-(diphenylphosphanyl)-1-naphthyl]phthal-
azine, (S)-quinap= (S)-1-[2-(diphenylphosphanyl)-1-naphthyl]isoquinoline.

Table 4: Asymmetric catalytic 1,3-dipolar cycloaddition with catalyst systems comprising the P,N-
ligands 17 and 18 and AgI (see Scheme 6).

R1 R2 R3 Ligand T [8C] Dipolarophile Yield [%] ee [%]

Ph H Me 17 �20 tert-butyl crotonate 97 84
Ph Me H 17 �20 tert-butyl acrylate 98[a] 80
Ph iBu H 17 �20 tert-butyl acrylate 97[a] 84
4-(NC)C6H4 H H 17 �45 tert-butyl acrylate 92 96
4-(NC)C6H4 H H 18 �40 tert-butyl acrylate 94 95

[a] By using 10 mol% of the catalyst system 17/AgI.

Scheme 7. Ph-box=2,2’-isopropylidene-
bis[(4S)-4-phenyl-2-oxazoline], Ph-
dbfox= (R,R)-4,6-dibenzofurandiyl-2,2’-bis(4-
phenyloxazoline), tBu-box=2,2’-isopropyli-
denebis[(4S)-4-tert-butyl-2-oxazoline].
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tions of azomethine ylides and electro-
philic alkenes when zinc(ii) triflate,
rather than copper(ii) triflate, was used
as Lewis acid.[12] The reaction of the
imino ester 3 in basic media with several
dipolarophiles occurred at room tem-
perature with excellent diastereoselec-
tivity (endo-products 23 were exclusive-
ly formed) in very good yields and very
high ee values, although an improve-
ment of the enantioselectivity was ob-
served when the reaction was carried
out at �20 8C (Scheme 8, Table 5). The

catalyst loading employed in this reac-
tion is higher than that employed in the
previously described cases. These reac-
tion conditions were independent of the
quantity of base used and were very
sensitive to the bulkiness of the sub-
stituents anchored to the dipolarophile
(the ee value decreased when tert-butyl
acrylate was used as the dipolarophile).
Based on the absolute configuration of
the N-tosylated adducts 23 (determined
by X-ray structure analysis), the authors
proposed an intermediate 24 in which
the azomethine ylide coordinates with
the ZnII-tBu-box catalyst to form an 18-
electron complex with a tetrahedral
arrangement of the ligand around the
metal center (Scheme 8).[12]

In summary, if we evaluate all these
aspects we determine that the metal-
catalyzed 1,3-dipolar cycloaddition re-

action of azomethine ylides is a very
difficult reaction because too many
parameters have to be controlled. For
example, the coordination between the
metal center and the chiral ligand has to
be stronger than the coordination of the
metal center and the 1,3-dipole; how-
ever, the interaction with the final
pyrrolidine should be weaker to allow
the regeneration of the chiral catalyst.
The chiral domain must differentiate the
two enantiotopic faces of the 1,3-dipole
on attack of the dipolarophile. The

substituents of the imine and
the ester groups, as well as the
structure of the electron-defi-
cient olefin are crucial for the
course of the enantioselection.
Finally, the solvent and the tem-
perature play important roles in
fine-tuning this asymmetric re-
action and have to be consid-
ered carefully.

The five contributions de-
scribed previously[6,9–12] consti-
tute very good pieces of chemis-
try, each of which has some
intrinsic drawbacks that need
to be corrected. Which ligand/

metal cation couple can ensure a very
good enantioselection? From the work
done so far, it is seen that N,P-ligands/
AgI, P,P-ligands/CuII , and N,N-ligands/
ZnII are, a priori, suitable combinations
for this enantioselective cycloaddition.
The perfect asymmetric reaction, for
which yields and enantiomeric enrich-
ment are excellent, independent of the
structure of the 1,3-dipole and dipolar-
ophile, has not been reported yet. A fast
reaction, at room temperature, in the
presence of a recoverable chiral ligand
without any significant loss of efficiency
or activity of the catalyst system, is very
desirable. Thus, this area remains fasci-
nating and much work still has to be
done in the pursuit of the perfect
catalytic system.[13]
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Scheme 8. R1, R3: see Table 5, R2=H.

Table 5: Asymmetric catalytic 1,3-dipolar cycloaddition with a catalyst system comprising chiral
bisoxazoline 21 and Zn(OTf)2 (see Scheme 8).

R1 R3 T [8C] Dipolarophile Yield [%] ee [%]

Ph H 0 methyl acrylate 95 78
4-BrC6H4 H �20 methyl acrylate 89 94
2-Naph H �20 methyl acrylate 84 91
Ph CO2Me �20 dimethyl fumarate 78 76
2-Naph CO2Me 0 dimethyl fumarate 84 90
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[13] Note added in proof: After this High-
light had been written, Pfalz and co-
workers reported the catalytic enantio-
and diastereoselective [3+2] cycloaddi-

tion of azomethine ylides 3 using a chiral
phosphanylazoline–AgI complex as the
catalyst. Inter- and intramoleculare cy-
clizations were achieved with up to

99% ee ; R. Stohler, F. Wahl, A. Pfaltz,
Synthesis 2005, 1431 – 1436.
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Reduction of organic compounds by
dissolving base metals (short: dissolving
metal reduction) is one of the establish-
ed methods in functional group inter-
conversion.[1] Organic chemists tradi-
tionally use lithium (E8=�3.28 V),[+]

sodium (E8=�2.95 V), magnesium
(E8=�2.60 V), sodium amalgam (E8=
�1.80 V), or zinc (E8=�1.00 V) as
reductants, which allows a rather coarse
differentiation between various reduci-
ble groups in a substrate. A major step
forward in the field of dissolving metal
reduction was the development and
progress made by Yus and Ramon[2] on
the redox catalysis[3, 4] by naphthalene
(E8=�2.50 V) or di-tert-butylbiphenyl
(E8=�2.70 V) of reductive metalations
with lithium metal. This provided con-
venient reduction procedures,[5] at po-
tentials less negative than those of
sodium or lithium metal (Scheme 1).[6]

In fact, the metal reductions with
naphthalene or di-tert-butylbiphenyl
were so convenient, that different redox
catalysts, which might allow access to
other regimes of redox potentials have
hardly been explored. In this regard the
report[7] is remarkable that organome-
tallic ate complexes such as Me3FeLi,
Me3CoLi, or Me3MnLi are useful cata-
lysts for the reduction of various func-
tional groups by magnesium metal.
Their oxidation potentials (E8=�2.55
to �2.65) fall in between those of
naphthalene and di-tert-butylbiphenyl.

These compounds have for example,
been applied (10 mol% in THF) to
mediate the reductive cleavage of sulfo-
namides by magnesium
metal (Table 1).

This reduction reac-
tion is apparently based
the catalytic cycle given
in Scheme 2. This and
related reductive cleav-
age reactions[7] appear
to proceed by electron
transfer and not by
group transfer,[8] other-

wise rapid turnover in a catalyzed reac-
tion would be difficult to explain. It is
fortunate that the trimethyl metal(iii)
intermediate 1 is sufficiently long-lived
to maintain the catalytic cycle, rather
than to decompose by homolysis of the
metal�carbon bond [9] or by reductive
elimination.[10]

But what could be important about
the use of metal ate complexes as
electron transfer catalysts? First of all,
it underscores that efficient catalysts for
electron transfer reactions may be found
outside the trodden paths of aromatic
and heteroaromatic compounds.[11]

When redox catalysts with a rather
negative oxidation potential had to be
sought, it seems quite rational to look

Scheme 1. Reductive cleavage of p-toluenesul-
fonamides with naphthalene as electron trans-
fer catalyst.

Table 1: Reductive cleavage of phenylsulfonamides with magnesium and trimethyl metalates as
electron transfer catalysts. Yields refer to amines obtained.

Yield [%]
Reaction Mg/Me3CoLi Mg/Me3MnLi Mg/Me3FeLi

100 100 89

94 82 80

100 83 83

Scheme 2. Proposed catalytic cycle for the reductive cleavage of
phenylsulfonamides.
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[+] The redox potentials given herein are all
relative to the saturated calomel electrode,
SCE.
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among the electron-rich organometallic
compounds and ate complexes.[12] It was,
however, by no means obvious to exam-
ine the trialkyl ferrates(ii)[13] or the
related manganates(ii) or cobaltates,
which had hitherto not attracted much
attention in chemistry. The fortunate
aspect of this choice is that the reactivity
of these reagents can be tuned by way of
the metal and ligand.[14] Thus, a change
fromMe3FeLi to (tBuO)3FeK provides a
catalyst with a more positive oxidation
potential (E8=�1.90 V), which allowed
a high-yielding pinacol coupling of ar-
omatic aldehydes (Scheme 3).[7]

The unexpected move from aromat-
ic systems to the metal ate complexes as
redox catalysts for dissolving metal
reduction leads one to ask, which mo-
lecular properties besides possessing the
“right” oxidation potential a compound
should have to function as an efficient
electron transfer catalyst.[3] In the end,
the catalyzed process should be faster
than the noncatalyzed direct electron
transfer from the stoichiometric metal
to the substrate. The catalyst is therefore
required to provide a fast two-stage
electron transfer, that is, the electron
transfer rates to and from the catalyst
should be high. This brings the Marcus
theory into focus:[15] The electron trans-
fer rate is increased when the reorgan-
ization energy on electron transfer re-
mains small. Hence systems, in which
the reduced and oxidized state have
essentially the same molecular geome-
try, are favored.[16] In fact, BP86/SV(P)
calculations indicate for the trimethyl-
ferrate system 1 that upon electron
transfer changes in bond length remain
less than 0.01 D and changes in bond
angles less than 28.[17] As far as solvent
reorganization goes, the valence elec-
trons in the redox catalyst should be in

delocalized orbitals which do not cause
a marked solvation in either the reduced
or the oxidized state. The shape of the
frontier orbitals is also of consequence:
spatially extended and spatially directed
frontier orbitals allow a better overlap
between the partners during electron
transfer and affect, via the electronic
matrix coupling elementHAB, the rate of
the electron transfer.[18] Besides these
intrinsic factors that make a good elec-
tron transfer catalyst, there are also
nontrivial external factors of impor-
tance: Obviously both the oxidized and
reduced state should have sufficient
kinetic stability that they persist long
enough to permit reversible electron
transfer and turnover. Second, reducing
agents with a high-lying HOMO are
likely not only to be strong reductants
but also good nucleophiles. A reagent
with a predominant nucleophilic reac-
tivity such as [Na2Fe(CO)4]

[19] might
therefore have a handicap if considered
as an electron transfer catalyst.

From these considerations it be-
comes clear that the trimethylferrates(ii)
will not be the only candidates for
efficient redox catalysts in dissolving
metal reductions. Just staying with iron,
inorganic chemistry has provided re-
markable redox catalysts such as 2 or 3
(Scheme 4), which appear to have so far
been overlooked by the organic chemis-
try community.

The cyclopentadienyl–FeII–arene
complexes (2) are readily prepared and
soluble in organic solvents.[20] They are
reversibly reduced to neutral cyclopen-
tadienyl–FeI–arene complexes at poten-
tials between �1.1 to �1.9 V,[21] and
have already been applied as redox

catalysts in the reduction of nitrate
ions.[22] This bodes well for their appli-
cation as redox catalysts in the dissolv-
ing metal reduction of a variety of
organic substrates.

The iron–sulfur cubane clusters[23] 3
are perhaps a little bit more difficult to
handle on account of their air-sensitivity.
These[24] and the related MoFe3S4 dou-
ble cubane clusters[25] offer reversible
redox systems that span redox potentials
in the + 0.13 to �1.61 and the �0.7 to
�2.1 V range. The clusters 3 have been
applied as redox catalysts in the reduc-
tion of acridine derivatives by sodium
dithionite.[26] Overall the series of com-
pounds 2 and 3 should allow the choice
of an appropriate redox catalyst any-
where in the potential range of interest
for group selective reduction in organic
chemistry. Potential applications have
been delineated by Semmelhack and
Heinsohn,[27] who devised a series of
different ester protecting groups, which
can be removed selectively by control-
led potential electrolysis in the �0.6 to
�2.1 V range (Scheme 5).

Rather than relying on controlled
potential electrolysis, which many or-
ganic chemists consider as inconvenient,
dissolving metal reduction with a redox
catalyst of appropriate reduction poten-
tial should effect the same results. A
cautionary word regarding chemoselec-
tivity by electrochemical methods (or
catalyzed metal reduction) should be
added. Electrochemical reduction will
not only occur when it is thermodynami-
cally downhill. Rather an uphill reduc-
tion may occur, when the substrate is
reduced to a radical anion that under-
goes a rapid follow-up reaction such as
an irreversible decomposition. This par-
ticularly holds for the reductive cleavage
of protective groups that occurs by bond
breaking in the intermediary radical
anion.

Scheme 3. Example of ligand tuning in the
metalate-catalyzed reduction of benzaldehyde
by magnesium metal.

Scheme 4. Examples of potential redox cata-
lysts for metal reductions by sodium or mag-
nesium.

Scheme 5. Chemoselective cleavage of reduci-
ble esters by controlled potential electrolysis.
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The results and possibilities referred
to here suggest that the field of dissolv-
ing metal reduction no longer should be
considered as a static and ripe technol-
ogy. Rather it appears that a renaissance
in the development of versatile synthetic
methods is forthcoming in this area of
chemistry.
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1. Introduction

The term “self-assembling monolayer” was coined in 1983
inNew Scientist[1] in an anonymous report describing the work
of Lucy Netzer and Jacob Sagiv on the chemically controlled
layer-by-layer self-assembly of multilayer films.[2] The self-
assembly of adsorbates on an appropriate surface has been
known since 1946, when Zisman and co-workers reported the
formation of monomolecular films of long-chain hydrocar-
bons carrying polar groups on a variety of polar surfaces.[3,4]

Although these films are extremely thin (typically ca. 2 nm),
they are able to completely change the surface properties.
However, the versatility of these adsorbed monolayers was
not realized until 1978, when Polymeropoulos and Sagiv
proposed their use for measuring electrical conduction
between two metal surfaces.[5] In 1980, Sagiv published the
first article demonstrating the formation of well-defined
organosilane monolayers on SiO2 by direct adsorption (that is,
self-assembly) from solution.[6]

Self-assembled monolayers (SAMs) are highly ordered
two-dimensional structures that form spontaneously on a
variety of surfaces. Several reviews have discussed this
subject.[7–10] The most common adsorbate/substrate combina-
tions are alkylsilanes on oxide surfaces,[6] and sulfur-contain-
ing molecules on gold.[11] Although the latter combination has
received the most attention, presumably because of the ease
of preparation, alkylsilane monolayers on oxide surfaces such
as SiO2 possess some advantageous features. The covalent
nature of the assembly process results in them displaying
superior stability, which allows extensive handling and further
modification steps without deterioration of the monolayer.
Moreover, these SAMs are compatible with silicon technol-
ogy and permit the use of optical techniques, such as
fluorescence spectroscopy, as read-out methods.

Since the pioneering work of Sagiv and co-workers in the
1980s,[2,6, 12–19] the field of SAMs on SiO2 surfaces has grown
exponentially. SAMs are not merely a method to passivate
surfaces, but constitute ordered molecular platforms that can

be employed in surface patterning and
bottom-up nanofabrication techni-
ques. However, in contrast to the

increasing sophistication of the molecular architectures
based on SAMs, the actual mechanism of monolayer for-
mation remains a subject of debate. Many studies have been
carried out to elucidate this process, but the results are often
conflicting.

In this Review the mechanism of monolayer formation
will be discussed, followed by an overview of the chemistry
that has become available to derivatize monolayers. Much of
this chemistry is exploited for applications, such as (bio)-
chemical sensing. Particularly important for the application of
SAMs in areas such as nanotechnology and biological array
formation has been the development of (soft) lithographic
methods, which can be used to address and modify selected
parts of the surface in a controlled manner. These methods
greatly facilitate the preparation of high-density chemical
patterns on a surface, which in turn are available for further
functionalization by, for example, self-assembly. In this way,
SAMs form well-defined platforms for nanofabrication,
where a 2D pattern is expressed and amplified in a 3D
functional structure. An overview of the techniques available
for surface patterning is presented and future applications of
SAMs are discussed.

2. Self-Assembled Monolayers on Silicon Oxide

The development of analytical tools for the study of SAMs
has been impressive in the last two decades. The methods that
are used most frequently are listed briefly here. It should be
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Although a molecular monolayer is only a few nanometers thick it can
completely change the properties of a surface. Molecular monolayers
can be readily prepared using the Langmuir–Blodgett methodology or
by chemisorption on metal and oxide surfaces. This Review focuses on
the use of chemisorbed self-assembled monolayers (SAMs) as a plat-
form for the functionalization of silicon oxide surfaces. The controlled
organization of molecules and molecular assemblies on silicon oxide
will have a prominent place in “bottom-up” nanofabrication, which
could revolutionize fields such as nanoelectronics and biotechnology
in the near future. In recent years, self-assembled monolayers on
silicon oxide have reached a high level of sophistication and have been
combined with various lithographic patterning methods to develop
new nanofabrication protocols and biological arrays. Nanoscale
control over surface properties is of paramount importance to advance
from 2D patterning to 3D fabrication.
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noted that a satisfactory characterization of films with a
thickness of just a few nanometers can only be obtained by
combining several of these techniques, each providing specific
information. Contact angle goniometry provides information
on the polarity, roughness, and order of a SAM.[7] Ellipsom-
etry is a common optical technique for the determination of
the thickness of thin films.[7, 20] Detailed information on the
elemental composition of SAMs can be gathered by X-ray
photoelectron spectroscopy (XPS),[21] which probes the
kinetic energy of the inner or valence electrons ejected by
an incident photon with a known energy hn. An alternative
technique to study the composition of a monolayer is
secondary ion mass spectrometry (SIMS).[22,23] SIMS uses a
beam of high-energy “primary” particles (ions) to bombard
the SAM and analyses the ionized “secondary” particles that
are emitted. Fourier transform infrared spectroscopy (FT-IR)
can be employed to determine the molecular packing and
orientation as well as to identify functional groups in
SAMs.[22] It is mainly used in three spectroscopy modes:
attenuated total reflection,[24] grazing angle,[25] and Brewster
angle.[25] The electron-density profile of thin films can be
probed by X-ray reflectivity, which can be used to determine
the film thickness.[26] The technique of choice to measure
surface topology, nanoscale structures, and molecular as well
as atomic scale lattices is atomic force microscopy (AFM),[27]

which measures the repulsive and attractive forces between a
very sharp tip (radius 10–100 nm) and the sample surface.

2.1. Mechanism of Formation

There has been considerable debate on how SAMs are
formed on SiO2. Especially in the late 1980s and 1990s, when
the field started to grow rapidly, many fundamental studies
were performed to establish a clear picture of the mechanism
of monolayer formation and to formulate procedures that
would guarantee reproducibility. It soon became apparent
that several parameters are important in monolayer forma-
tion and, in particular, the role of water has been investigated
thoroughly. The first SAM of octadecyltrichlorosilane (OTS)
molecules was reported by Sagiv.[6] He recognized that water
adsorbed on the surface was necessary to hydrolyze the
chlorosilane and assumed that the hydrolyzed molecules

would undergo condensation reactions with the surface
hydroxy groups[28] and other OTS molecules to form a
polymerized network of molecules in which each OTS
molecule is covalently anchored to the surface.

This view on the self-assembly process had to be adjusted
when Finklea et al. discovered that organized monolayers of
OTS could also be formed on a gold surface, that is, a surface
devoid of hydroxy groups.[29] They concluded that self-
assembly occurs on the adsorbed water film on the gold
substrate and that the silane head groups are incorporated
into a two-dimensional cross-linked network of Si-O-Si bonds.
This view was later confirmed by Allara et al.[30] The
observation of a lower roughness of silanized wafers com-
pared to unmodified wafers, as observed in X-ray reflectivity
experiments by Silberzan et al., also indicated that not all
molecules are individually linked to the surface, but rather
form a cross-polymerized network of molecules with only a
few bonds to the surface.[31] This scenario was supported by
the IR studies of Tripp and Hair:[32, 33] they found in a low-
frequency IR study that the adsorbed species form few, if any,
Si-O-Si bonds with the surface.

Commonly, the surface is activated prior to the self-
assembly to clean the surface and maximize the number of
silanol groups at the surface.[28] There are several methods to
achieve this, but usually strong acids or an oxygen plasma are
employed. This procedure renders the surface hydrophilic
and prone to the formation of a thin water layer. There is a
general consensus that trace amounts of water are essential
for the formation of well-packed monolayers. Several studies
even reported that the quality of SAMs increases with the
degree of hydration of the substrate.[24,32,34–36] SAMs formed
on dry SiO2 surfaces are generally of poor quality. IR data
suggested that a uniform film containing disordered alkyl
chains was formed.[24] Tripp and Hair showed that a solution
of OTS in carbon tetrachloride does not react at all with the
surface in the absence of moisture.[32,37] Rye et al. compared
the saturation coverage of octadecyldimethylchlorosilane
(ODMS) and OTS.[38] The ODMS coverage on hydrated
surfaces was approximately one third of the OTS coverage. In
contrast, when the substrates were vacuum-baked prior to
self-assembly the saturation coverages were comparable. Rye
et al. attributed this to coupling reactions being limited to the
surface hydroxy groups.
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The same authors proposed a model of a growing
crystallite resulting from the reaction of an alkyltrichlorosi-
lane with oxidized silicon covered by a thin water layer.[38,39]

The model, shown in Figure 1, is controversial. The model

shows alkyl chains that are forced into proximity by the
covalent bonds of the Si-O-Si framework and not by the
interaction of the alkyl chains. A distance of 3.5 D between
nearest neighbor Si atoms was used in the construction of the
model and the circles around the hydrocarbon chains
represent the van der Waals radius for linear hydrocarbons

(2 D). Rye et al. claimed that the steric crowding imposed on
the alkane chains can be reduced by a tilt of the chains
relative to the surface normal. However, in a modeling study
by Stevens it was shown that cross-polymerization, which was
considered an essential element in the formation of stable
SAMs on SiO2, cannot occur for monolayers at full surface
coverage.[40] The reason for this is because of steric effects.

A fundamental inconsistency in the organization in a
monolayer as proposed in Figure 1 is that the covalent bonds
in the Si-O-Si network (3.2 D) are substantially shorter than
the van der Waals diameters for C atoms (3.5 D). The steric
overlap is even larger when the hydrogen atoms of the
hydrocarbon chain are also taken into account. Moreover,
complete cross-polymerization would yield an area per chain
of around 11 D2, which is not possible and not observed.
Instead, the experimentally observed area per chain of 21–
25 D2[26,41–45] is more consistent with the area per chain of 20–
24 D2 that was found for hexagonally close-packed Lang-
muir–Blodgett layers of OTS,[46, 47] thus indicating that SAMs
on SiO2 are very similar to Langmuir–Blodgett layers.

Kajiyama and co-workers compared OTS monolayers
prepared by the Langmuir–Blodgett method and the chem-
isorption method,[48] and found that OTS molecules in the
Langmuir monolayer were less tilted (ca. 8–108) than in the
chemisorbed layers (15–178). The Langmuir monolayers are
also slightly better ordered, as concluded from the spacing of
the molecules. The molecular packing of chemisorbed mono-
layers was discussed earlier.[49] Taking into account the overall
experimental evidence furnished by IR and X-ray scattering
data collected strictly from the same film specimens, they
proposed a dynamic structural model that can reconcile the
steric limitations imposed by the packing of perpendicularly
oriented hydrocarbon tails with the apparent formation of
extended lateral siloxane (-Si-O-Si-O-) chains. More recently,
further evidence in support of this model was put forward in a
semiquantitative experimental evaluation of the intra- and
interlayer modes of bonding in organosilane multilayers.[50]

The hydrocarbon chains in these highly ordered multilayers
adopt an essentially perpendicular orientation (that is, no
significant tilt) with a maximum molecular area of 20 D2.
Thus, it seems reasonable to conclude that SAMs of
alkylsilanes on SiO2 are very similar to Langmuir–Blodgett
layers and that the reduced ordering of the SAMs can be
explained by a certain degree of cross-polymerization. This
most likely accounts for the fact that no long-range order is
observed.

Recently, Wang et al. reported a method to grow ultra-
smooth OTS monolayers on native SiO2.

[51] By comparing the
deposition of OTS under “dry” and “wet” conditions, they
concluded that growth occurs by different mechanisms. In dry,
hydrophobic solvents, when water is only present as a thin
layer on the surface and not in solution, true monolayers
could be grown with a root-mean-square roughness of about
1 D in two days, which is a much longer deposition time than
usually applied. Under “wet” conditions OTS condensed into
flat aggregates in solution which subsequently adsorbed onto
the substrate. Since the aggregates are preformed in solution,
they cover the substrate much faster than under “dry”
conditions, but are not able to form a smooth monolayer.
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Figure 1. Model of a growing monolayer crystallite resulting from the
reaction of an alkyltrichlorosilane with a silicon oxide surface.[39]
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The role of solvents on the self-assembly process was
systematically investigated by McGovern et al. ,[52] and by
Hoffmann et al.[20] McGovern et al. found that aromatic
solvents such as toluene, which are able to extract significant
amounts of water from the substrate, yielded the densest OTS
films in one hour and postulated that hydrolysis of OTS took
place in solution rather than at the surface, as had commonly
been assumed until then. In the second study, kinetic
information on the monolayer growth in different solvents
was obtained by in situ ellipsometry measurements. Different
solvents resulted in differences in the rate of monolayer
growth of up to a factor of 50.

The study of partially formed monolayers is helpful to
understand the self-assembly process and was a topic of
controversy during the 1980s and early 1990s. Sagiv and co-
workers proposed that monolayers are formed through
islands, as suggested by IR data on partially formed
SAMs,[14,17] while others concluded that disordered, homoge-
neous, but incomplete monolayers are formed.[26,42,53–55] Both
processes are illustrated in Figure 2.

Eventually, it was shown by AFM that OTS monolayers
grow via islands that are virtually perpendicular to the
substrate surface.[56] Perfluorinated trichlorosilanes also
grow via island formation,[57] and alternate phases depending
on the deposition conditions.[58] In contrast, shorter-chain
molecules do not show island growth.[56] Several AFM studies
revealed that the deposition process strongly depends on
parameters such as solvent,[59] solution age,[60–62] water con-
tent,[51, 60,61,63] deposition time,[62–64] and temperature.[65–68]

Vallant et al. observed both homogeneous growth and
island-type growth depending on the water content and age
of the silane solution.[60] Island-type growth was found to be
strongly favored with increasing water content or age of the
solution. This result is indicative of the formation of larger
preorganized aggregates of siloxanes in solution. However,
Wang and Lieberman recently showed that even in the
absence of traces of water in solution, the self-assembly
process still proceeds via island-type growth.[51] The reason
that this was not observed in other studies is probably the slow
kinetics. Wang et al. claim that they observed monolayer
islands after 18 h of deposition time in the absence of water,

while deposition times of only seconds to a few hours are
common. Figure 3 shows a tapping-mode AFM image of a
partial OTS film on oxidized silicon, which clearly shows the
growth of an OTS monolayer via islands.

The formation of monolayers appears to proceed through
a number of stages. A combined lateral force microscopy
(LFM) and sum-frequency generation (SFG) spectroscopy
study by Liu et al. showed OTS adsorption from solution and
the beginning of island formation during the initial stage. This
process was followed by a dramatic change in the conforma-
tion of the alkyl chain within the film from a disordered to an
ordered, mainly all-trans conformation, with only a small
increase in surface coverage.[63] The final stage is a much
slower adsorption process to form a complete monolayer.
Balgar et al. observed two regimes: a nearly linear growth up
to a coverage of about 75%, followed by slow saturation at
higher coverages.[64]

Despite the complex mechanism of monolayer formation,
and its dependence on many parameters, several studies
reported first-order Langmuir adsorption kinetics by using
analytical techniques such as in situ attenuated total reflec-
tion infrared spectroscopy (ATR-IR),[69] in situ AFM,[61] X-
ray reflectivity,[70] and in situ ellipsometry.[20] Recently, a
simple two-dimensional model for the growth of alkylsilane
monolayers on hydroxylated surfaces was proposed.[71] The
model, which takes into account the weak and strong bonding
interactions of the aggregating species, was able to reproduce
characteristics such as island-type growth and first-order
Langmuir adsorption kinetics. In addition, it provides an
explanation for the observed deviations from the first-order
Langmuir adsorption kinetics in various ex situ studies.[64,72]

The observation that monolayer formation depends on
temperature was reported in the very first paper on mono-
layer self-assembly.[3] A thorough account reporting the
existence of a critical temperature above which monolayers
are not produced followed as early as 1947, in the second
classic paper published by Zisman and co-workers on the
formation of such monolayers.[4] These observations were

Figure 2. Schematic representation of island-type growth and homoge-
neous growth of SAMs.

Figure 3. Tapping mode AFM image (20@20 mm2) of a partial OTS film
on oxidized silicon.[67]
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“rediscovered” 45 years later by Silberzan et al.[31] who also
found that lower temperatures favor the chemisorption,
which may seem paradoxical at first sight. Several research
groups have studied this phenomenon by monitoring the
surface tension and confirmed that a critical temperature,
close to ambient temperature for OTS, exists for the
formation of high-quality SAMs.[73–75] As the critical temper-
ature was found to depend on the length of the alkyl chain,
these studies related the critical temperature to the triple
point observed in the phase diagram of Langmuir layers at the
air–water interface. Silberzan and co-workers confirmed the
analogy to Langmuir films by AFM studies.[65,72] Island-type
growth takes place below the critical temperature, while
islands were not observed for depositions above the critical
temperature. However, Rye reported that a much simpler and
more straightforward correlation exists between the melting
points of alkanes and the observed critical temperature.[39]

Time-resolved AFM studies by Carraro et al. indicated
three distinct mechanisms, depending on deposition temper-
ature: island growth at low temperatures, homogeneous
growth at high temperatures, and a mixed regime at
intermediate temperatures.[66] Later, they reported an experi-
ment that showed reversible structural change of the same
partial OTS monolayer as a function of temperature at
constant coverage.[67] They concluded that the highly mobile
monolayer exists in a hydrogen-bonded state at the surface
and is closely related to the equilibrium state of Langmuir
films at the air–water interface.

Recently, the interplay between water and temperature
on the growth of OTS submonolayers was investigated.[76]

Dynamic light scattering studies revealed the formation of
aggregates in solution with a hydrodynamic radius of
approximately 200 nm for all examined water concentrations
and temperatures. However, formation of the aggregates was
faster at higher water contents and lower temperatures. In
addition, a characteristic temperature was found above which
such aggregates could no longer be detected, and which was
higher for higher water concentrations.

2.2. Stability of the Self-Assembled Monolayers

Part of the attractiveness of SAMs on SiO2 stems from
their stability, which is a vital issue in applications. The
stability is caused by partial in-plane cross-linkage of the
molecules and possible covalent anchoring to the substrate.
SAMs of OTS are stable in air up to about 150 8C,[17,77–80] after
which irreversible changes occur in the monolayer structure.
Perfluorinated SAMs appear to be even more resistant
towards thermal decomposition:[78, 81] Srinivasan et al.
reported that 1H,1H,2H,2H-perfluorodecyltrichlorosilane
coatings remain intact even up to 400 8C.[78] The stability
toward various chemicals is also remarkable: OTS SAMs can
be washed with organic solvents, hot (tap) water, or detergent
solutions without detectable damage to the layer.[82, 83] Their
stability in boiling solvents such as chloroform and water is
good,[84] but when exposed to 2.5m sulfuric acid in boiling
dioxane or 48% aqueous HF the layers were damaged
significantly, as witnessed by reduced ellipsometric thick-

nesses.[85] Wasserman et al. found that exposure of tetrade-
cyltrichlorosilane SAMs to 0.1n HCl for more than 40 h did
not affect the monolayer, but immersion in 0.1n NaOH
resulted in immediate degradation.[86] This lack of stability in
basic media was attributed to the hydrolysis of Si�O bonds
close to the surface.

One of the first applications where SAMs on SiO2 were
thought to play a key role was in boundary lubrication in, for
example, magnetic storage devices. As early as in 1993, the
tribological properties of alkylsilane films on solid substrates
were investigated.[87] The friction of coated interfaces was
lower compared to the friction of bare interfaces, and the
lifetime of the lubricated interfaces increased with increasing
chain length.[87,88] Srinivasan et al. examined the potential of
SAMs for the reduction of adhesion in microelectromechan-
ical systems.[78] They found a reduction in adhesion by more
than three orders of magnitude upon applying an OTS
coating, while fluorinated SAMs reduced it further by a factor
of four. The mechanical strength of octadecyltriethoxysilane
(OTE) layers on mica has been investigated by scratching
studies with an AFM tip.[89] Nomechanical wear was observed
for loads up to 300 nN when a large tip radius was used. When
sharper tips were used a load of about 10 nN was sufficient to
displace the OTE monolayer. n-Alkanethiols on Au were
removed with a smaller force (ca. 5 nN) using the same sharp
tip. However, a more recent study questioned the mechanical
stability of OTS SAMs on SiO2.

[90] Lower friction coefficients
for monolayer-coated surfaces were reported, as well as a
poor load-carrying capacity and antiwear ability. This report
concluded that OTS SAMs could only be potential boundary
lubricants at low loads.

3. Chemical Diversity of Self-Assembled Monolayers
on Silicon Oxide

SAMs on SiO2 provide molecularly defined platforms for
chemical derivatization. Potential applications range from the
control of surface properties to the fabrication of sensors and
biochips as well as their use in nanotechnology. Progress in
the development of these fields partly depends upon the
ability to functionalize SAM surfaces with suitable groups.
Two constraints determine the utility of SAMs on SiO2 for the
creation of functionalized surfaces: 1) the range of function-
alities that can be tolerated in the self-assembly process to
yield stable and ordered SAMs, and 2) the scope of chemical
modifications of the monolayer that can be achieved.

An efficient reaction in solution is not necessarily
successful on a solid substrate. The reactivity of immobilized
reactants can be significantly reduced as a consequence of
steric constraints, transport limitations, solvation effects,
charge, and dipole effects.[91] Therefore, the extent of reaction
in a SAM depends strongly on the location of the reaction
center: When it is located on the incoming reagent, the
transition state does not experience much steric limitation,
while if it is confined to the surface the reaction center is
severely crowded by immobilized neighbors. Acid/base prop-
erties of surface-confined molecules can also differ signifi-
cantly from those in solution.[92–95] Important factors might be
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the polarity of the surface, interfacial electrostatic fields, and
the local structure of the solvent.

3.1. Self-Assembly of Functionalized Alkylsilanes and Chemical
Transformations at the Monolayer Surface

The most straightforward way to prepare a functionalized
SAM is by using an w-substituted alkylsilane. In general,
chlorosilanes are preferred over alkoxysilanes since they are
more reactive. However, the reactivity of chlorosilanes
severely limits the range of functional groups that can be
introduced in this manner. The preparation of w-functional-
ized alkyltrichlorosilanes is facilitated by using trialkoxysi-
lanes as synthetic intermediates, as was reported by Barness
et al.[96] These offer superior stability with respect to synthetic
operations and can be converted into trichlorosilanes by
reaction with trichloroacetyl chloride.

The first functionalized SAM was reported by Netzer and
Sagiv, and contained vinyl groups that could be transformed
into terminal hydroxy groups by hydroboration and oxida-

tion.[2] Other reactions on these layers generated carboxylic
acid, and bromo-terminated films.[86] A nice example of
surface chemistry with these carboxylic acid monolayers was
shown by Sagiv et al.[97] The carboxylic acids were used to
form a bilayer with octadecylamine through electrostatic/
hydrogen-bonding interactions. Exposure of the bilayer to
microwaves resulted in the formation of imides (Scheme 1).

More recently, vinyl SAMs have been covalently coupled
to zwitterionic phosphorylcholine groups.[98] Such monolayers
are biocompatible and prohibit the deposition of enzymes and
proteins. In addition, vinyl monolayers can be modified with
adenine, and subsequently zeolite crystals functionalized with
thymine were assembled at that surface through adenine–
thymine hydrogen bonding.[99] Tillman et al. prepared mono-
layers incorporating phenoxy groups and methyl esters, of
which the latter were reduced to the corresponding alcohols
by LiAlH4.

[82,83,100] Other functional groups incorporated into
monolayers include methyl ether,[101] acetate,[101] thiocya-
nate,[102] a-haloacetate,[103] (trimethylsilyl)ethynyl,[104] and
thioacetate,[102] which can be reduced to thiols.[105]

Scheme 1. Microwave-induced imide formation in SAMs.[97]

B. J. Ravoo, D. N. Reinhoudt, and S. OnclinReviews

6288 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6282 – 6304

http://www.angewandte.org


A convenient starting point for chemistry on monolayers
is provided by bromo-terminated SAMs.[69,101,106,107] Bromides
can be quantitatively replaced by azide groups, which in turn
are reduced to w-amino SAMs,[102, 108] or can be used to tether
to a fullerene molecule.[109] In addition, bromides have also
been replaced by other anionic nucleophiles such as thiocya-
nate and thiolate.[110] These reactions did not go to comple-
tion, most likely because of steric congestion and because
thiocyanates and thiolates are less nucleophilic than azides.

An alternative method to obtain amino-terminated SAMs
is by self-assembly of cyanide monolayers.[69, 102] These SAMs
can be reduced in one step using LiAlH4 or BH3.

[102] Such
amino-terminated SAMs form an important platform for
reaction with functionalized molecules. Ordered and well-
defined layers are obtained when amino-terminated SAMs
are prepared by reduction of azides or cyanides.[102, 108,111]

Aminosilane films prepared in one step, on the other hand,
are completely disordered.[112] XPS and IR measurements
indicated that this is probably a result of interaction of the
amino group with the SiO2 surface.[112,113] Nevertheless,
aminosilanes, and particularly 3-aminopropyltrialkoxysilanes
(APS), have been used extensively as adhesion promoters and
the well-known reactivity of amines has been exploited for the
introduction of various functionalized molecules. APS layers
were used to covalently bind fullerenes,[114, 115] chromo-
phores,[116,117] and fluorophores,[118,119] and to coordinate to a
zinc porphyrin.[120] In addition, photoresponsive spiropyran
molecules were covalently attached to an APS layer and used
to induce reversible changes in wettability upon switching to a
more polar zwitterionic merocyanine isomer, triggered by the
absorption of UV light.[121,122] Other reactions on amino-
terminated SAMs will be discussed in Sections 3.3 and
3.4.

SAMs exposing sulfanyl groups are potentially interesting
because of their ability to coordinate to noble metals. The
self-assembly of (mercaptopropyl)trimethoxysilane
(MPTMS) has been reported,[91,123] and the preparation of
colloidal gold multilayers using MPTMS as a linker molecule
has been investigated.[124] This layer-by-layer growth method
yields uniform colloidal Au multilayers. More recently,
MPTMS layers have been oxidized to produce sulfonic acid
functionalized silica that can be used as a catalyst in
esterification reactions,[125] and MPTMS monolayers have
also been used for electroless plating of Ag.[126]

Homogeneous epoxy-terminated SAMs have been
reported by Luzinov et al. to serve as templates for the
chemical tethering of polymer layers.[127] These layers can
serve as functionalized surfaces and react with various amino-
derivatized molecules. Kulak et al. attached an APS layer to
zeolite crystals and found that the modified crystals assem-
bled as monolayers on an epoxide SAM.[128] The zeolite layer
remained intact after sonication, thus indicating that strong
linkages were formed between each crystal and the substrate.
Furthermore, epoxide layers were used to immobilize per-6-
amino-b-cyclodextrin on SiO2, which led to a surface exposing
host molecules.[129]

The immobilization of polymers at a surface is a conven-
ient way to tailor the surface properties of inorganic materials.
One way to accomplish this is by the immobilization of

initiators for the in situ generation of grafted polymers. RKhe
and co-workers prepared layers of polystyrene and a per-
fluorinated polymer in a controlled manner and with high
graft densities by using SAMs carrying azo initiators.[130, 131] A
particular interesting development in this area has been the
use of a “living” free-radical process at the surface to prepare
accurately controlled polymer brushes.[132–135] Advantages of
this “living” polymerization include the control of molecular
weight and polydispersity and the wide variety of monomers
amenable to the process. In this way, surface-attached block
and random copolymers can be formed for applications such
as the precise tuning of surface properties and the preparation
of responsive surfaces.[133, 135]

Tailoring surface properties using SAMs does not neces-
sarily require polymers. Surfaces with very low surface free
energies are generated by self-assembly of fluorinated
silanes,[57,101,136,137] while poly(ethylene glycol)-carrying silanes
are widely used to prepare SAMs that resist the nonspecific
adsorption of biomolecules.[138–140]

3.2. Formation of Multilayers

Whereas a SAM is only a few nanometers thick, many
practical devices require the formation of high-quality, close-
packed, and highly ordered films with thicknesses of a few
hundred nanometers to several micrometers.[83] The growth of
highly ordered multilayers is necessary to extend the two-
dimensional structure of SAMs to the third dimension.
Multilayer formation was studied for the first time by
Netzer and Sagiv.[2] They described the conversion of an
olefin-terminated SAM into a hydroxy-terminated surface,
which could be used to deposit a second layer of olefinic
silanes. However, hydroboration of the olefin was not
quantitative and led to increasing disorder in the subsequent
layers. An improvement of this strategy was reported in which
the reduction of methyl esters to alcohols by LiAlH4 was
used,[83] which led to the construction of ordered assemblies of
up to 25 discrete monolayers. A methodology to produce
hydroxy-terminated siloxane-anchored SAMs and multilay-
ers, which takes advantage of the photolysis of a nitrate-
functionalized SAM for the formation of surface hydroxy
groups without any reagents, was later reported.[141] This
photoconversion allowed the photopatterning of films and
subsequent construction of multilayers.

An alternative procedure to yield multilayer assemblies
involves the immobilization of a boronate-protected trichlor-
osilane, which can be hydrolyzed conveniently with water/
ethanol to a diol, after which the process can be repeated.[142]

A different approach, reported by Yam and Kakkar,[143]

involved acid-base hydrolysis of aminosilanes with dihy-
droxy-terminated molecules. The layer-by-layer construction
methodology used Si(NEt2)4 and rigid, rodlike diols, and led
to relatively close-packed multilayered structures.

Hydrogen bonds can also be used instead of covalent
coupling to stabilize the three-dimensional structure of the
multilayer. Maoz et al. oxidized an olefinic SAM to the
corresponding carboxylic acid before the next silane layer was
assembled on top.[49,144,145] Lateral cross-coupling of the silane
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head-groups provided structural robustness and a self-healing
capability to the films. Noncovalent multilayers were also
reported by Mallouk and co-workers.[146,147] They used the
strong electrostatic and coordinative interaction between
phosphonates and Zr4+ ions for the formation of multilayers.

Marks and co-workers prepared thin-film nonlinear
optical (NLO) materials consisting of self-assembled chro-
mophore-containing multilayer structures.[148–154] They
reported the formation of an acentric monolayer by self-
assembly of a trimethoxysilane-functionalized azobenzene
chromophore from solution. A siloxane capping layer was
subsequently formed, which stabilized the structure by cross-
linking and provided hydroxy groups to start a new cycle
(Figure 4). The advantages of this approach to prepare NLO
materials are the high chromophore concentration of the
SAM and its robustness as a consequence of the covalent
bonds.

3.3. Sensor Layers

One field of increasing interest in which SAMs are
employed extensively is (bio)chemical sensing. Immobiliza-
tion of sensor systems implies the transition from solution to
the solid state, which offers a convenient way to couple

sensing systems to the macroscopic world through read-out
functions. Furthermore, immobilized sensors usually have
faster response times, are easier to handle, and may be
recycled. Most sensor functionalities in SAMs were devel-
oped for gold surfaces, with read-out techniques such as
electrochemistry, surface plasmon resonance, and AFM.[25]

Fluorescence spectroscopy has advantages over electro-
chemical methods, as there is no need for reference electrodes
or additional electrolytes.[155] Moreover, molecules labeled
with fluorescent probes are easily prepared or commercially
available and can even be visualized individually. Fluores-
cence spectroscopy is extensively used in biological sensing
(see Section 3.4), where it is applied in, for example, DNA
chips and protein microarrays to gain information at the
nucleic acid or protein level. The reason for the limited use of
fluorescence spectroscopy on gold lies in the strong quench-
ing effect of the gold substrate on the fluorescence of nearby
molecules,[156] thus making oxide surfaces such as SiO2 the
surface of choice for the immobilization of fluorescent sensing
molecules.[157–161]

One of the first immobilized sensors was reported by
de Silva et al.[162] The sensor consisted of an anthracene
fluorophore covalently connected to an APS layer. The
fluorophore could behave as a pH probe depending on the
protonation state of the amino group. Porphyrins linked to an
APS layer were reported by McCallien et al.[163] After attach-
ment to the substrate, zinc was inserted and the interaction of
the zinc porphyrins with amino ligands was investigated by
UV/Vis spectroscopy. Porphyrins could also be immobilized
through reaction of a vinyl or hydroxyethyl group of a
porphyrin with a sulfanyl-terminated monolayer, thus provid-
ing a simple and direct method for attaching porphyrins on
solid substrates.[164] UV/Vis measurements were used to
monitor the coordination of carbon monoxide to various
metal porphyrins.

Sensing by host–guest interactions on the SiO2 surface has
been reported by several research groups. Fullerenes were
attached to silica gel to investigate binding affinities of
potential hosts such as calixarenes and cyclodextrins.[165]

Cyclodextrins (CDs) constitute a class of receptor molecules
that have been studied extensively in solution. CD films were
prepared to monitor the interactions with various guest
molecules,[129,166,167] and in an elegant experiment Flink et al.
monitored the interaction of b-CD hosts with monolayers of
dansyl adsorbates by polarity-dependent fluorescence.[168]

Recently, we reported a procedure that yields densely
packed b-CD monolayers, and it was shown that the binding
properties of the CDs were retained when they were
assembled at a surface.[111] A monolayer bearing preorganized
binding sites for metal ions was reported by van der Veen
et al. (Scheme 2).[155] They used a calix[4]arene receptor
modified with ligating groups and two pyrene fluorophores.
The immobilized receptor site showed selectivity for Na+ over
other alkali-metal ions. The complexation of Na+ ions could
be monitored by a decrease in monomer emission and an
increase in excimer emission.

Although the fluoroionophore shown in Scheme 2 was
found to be a good receptor for Na+ ions, the use of
preorganized recognition sites brings forth certain disadvan-

Figure 4. NLO materials obtained by self-assembly of chromophoric
superlattices.[154] Self-assembly of the chromophore yields a hydropho-
bic surface. Treatment with octachlorotrisiloxane (Si3O2Cl8) results in
deprotection and in the formation of a robust polysiloxane capping
layer approximately 0.8 nm thick.
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tages: It requires lengthy syntheses and results in disordered
monolayers as a result of the bulkiness of the receptor
molecule. Therefore, a new approach was developed more
recently.[169,170] It relies on the immobilization of ligating
functionalities on an amino-terminated SAM, without any
preorganization. A small library containing various simple
ligating and reporter molecules was made, and the response to
different metal ions was measured. The results showed that
selectivity for different metal ions depended on the surface
functionalization. The same approach was used by Brasola
et al. to develop a fluorescence nanosensor for Cu2+ ions on
silica particles, the only difference being the immobilization
of ligating and reporter molecules in one step, instead of
linking them to a preformed monolayer.[171]

3.4. Immobilization of Biomolecules

The attachment of biologically active molecules to
surfaces is of considerable importance for the development
of biological microarrays, such as DNA chips and protein
microarrays.[172, 173] DNA chips are promising for obtaining
information on nucleic acid levels and sequences in a fast,
simple, and cheap way, and are developed for use in large-
scale genotyping and gene-expression profiling.[172] Protein
microarray technology is valuable in the pharmaceutical
industry for the acceleration of drug target and diagnostic
biomarker discovery.[173] Crucial to the development of these
small-molecule microarrays is the ability to selectively attach
molecules to the surface under mild conditions and at the
same time avoid nonspecific interactions. Moreover, the
reactions should be compatible with a wide variety of
functional groups that occur in biologically relevant mole-
cules. To meet these requirements, extensive research has

been performed to expand the immobilization techniques on
surfaces. Recently, an overview of different reactions that
have been studied with monolayers on Au and SiO2, with the
emphasis on immobilization of biomolecules, was
reported.[174]

The formation of amine-terminated SAMs on glass
surfaces allows immobilization of biologically important
molecules in both a covalent and a noncovalent way. Cells
stick to the SAMs through electrostatic interactions between
the positively charged ammonium groups and the negatively
charged cell membrane.[175] This simple electrostatic adsorp-
tion has also been used to link short oligonucleotides to a
positively charged amino-functionalized SAM.[176] This
method produced a stable oligonucleotide monolayer with a
density that approached a two-dimensional close-packed
array.

Several mild methods have been developed to covalently
couple biological molecules to the glass surface. Successful
reactions include N,N’-dicyclohexylcarbodiimide (DCC) cou-
pling of pepsin,[91] 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) coupling of DNA,[177] the immobilization of p-
nitrophenyl chloroformate activated dextrans,[178] reaction of
compounds containing acidic protons with diazobenzilidene-
functionalized glass slides,[179] and a photoaffinity reaction.[180]

Many research groups have employed a two-step approach,
where the amine-functionalized SAM was derivatized with a
linker molecule after self-assembly to increase the reactivity
of the monolayer. Heterobifunctional reagents such as N-
succinimidyl-6-maleimidocaproate react with APS monolay-
ers to expose the maleimide functionality, which in turn can
be used in a Michael addition with sulfanyl groups.[181–183] A
critical feature of this methodology is the resistance to
nonspecific adsorption, which was attributed to the hydro-
philicity of the maleimide functionality.[183] It has also been

Scheme 2. Immobilized Na+-selective fluoro-ionophore which shows a change from the monomer emission to excimer emission upon complexa-
tion of Na+ ions.[155]
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shown that the same heterobifunctional molecule could be
attached to a sulfanyl-terminated SAM.[184] In this case it was
utilized to link an amine-containing, fluorescently labeled
oligodeoxynucleotide probe to the surface for hybridization
experiments. A slightly different approach to attach DNA
covalently to glass surfaces was reported by OMDonnel
et al.[185] They applied a heterobifunctional cross-linking
agent to incorporate an iodoacetamido group, which was
treated with a reduced oligodeoxynucleotide presenting free
sulfanyl groups.

As was mentioned before, resistance to nonspecific
adsorption is a critical issue when designing microarrays.
Sekal et al. described a method to prepare monolayers that
are resistant to nonspecific protein adsorption and present
primary amino groups for derivatization.[186] By treating an
APS layer with glutaraldehyde and subsequently with 2,2’-
(ethylenedioxy)bis(ethylenediamine) they were able to incor-
porate ligands and protein-sensitive fluorescent reporter
groups, and used these monolayers for the detection of
protein–ligand interactions.

Efficient surface silylation reactions can be complicated
by formation of inhomogeneous layers, poor surface cover-
age, and instability to frequent regeneration steps.[187] To
overcome these problems, Benters et al. developed a method
for generating highly homogeneous activated silicon oxide
surfaces that can be applied to the efficient coupling of
oligonucleotides to produce DNA microarrays.[187] The
method involves the initial formation of an APS layer,
which is activated by a homobifunctional linker such as 1,4-
phenylenediisothiocyanate (DITC), and then allowed to react
with a starburst dendrimer containing 64 primary amino
groups at the periphery. The attached dendritic molecules are
subsequently activated and cross-linked with a homobifunc-
tional spacer to display a surface with high coverage and
decreased steric hindrance, and that is resistant against
repeated regeneration procedures. Recently, layers obtained
by this procedure and APS layers were derivatized with
appropriate phosphane groups to immobilize azido-function-
alized biomolecules by Staudinger ligation.[188,189] This cou-
pling strategy affords rapid immobilization and offers the
advantage that it is compatible with unprotected functional
groups, which are often required for interactions in biological
systems.

Epoxy-terminated SAMs can react with molecules bear-
ing amino groups. In this way it was possible to bind
cyclopeptides to the glass surface for use as a molecular
receptor[190] and to determine binding constants between an
immobilized tripeptide and vancomycin using confocal fluo-
rescence detection.[191] Hydrolysis of an epoxide-functional-
ized SAM yields a diol-functionalized SAM, which was used
to develop a biosensor of immobilized nucleic acid aptamers
to detect nonlabeled targets such as proteins.[192]

Another relatively simple coupling strategy involves the
reaction of aldehyde-modified glass surfaces with amine-
containing molecules. The aldehydes react readily with
primary amines of proteins or DNA to form a Schiff base
linkage.[177,193] This strategy was applied to prepare libraries of
peptidyl coumarins in microarrays. It was demonstrated that

the immobilized peptides were accessible for proteolytic
cleavage.[194]

Other reported strategies to attach biological molecules to
SiO2 surfaces involve the reactions of sulfanyl-terminated
SAMs with disulfide-modified oligonucleotides or heme
proteins,[195, 196] iodopropyl monolayers with sulfanyl-contain-
ing proteins,[197] alcohols with a silyl chloride surface,[198] and
bromoacetamide SAMs with phosphorothioate-functional-
ized oligonucleotides.[199]

4. Engineering the Silicon Oxide Surface Using
Self-Assembled Monolayers

The development of methods to control surface chemistry
on the 1–100-nm length scale is a fundamental challenge in
nanoscience and nanotechnology because it opens up new
possibilities in fields ranging from molecular electronics to
biomedicine and catalysis.[200] SAMs offer an ideal platform
for engineering surfaces on a molecular level, provided that
techniques are developed to pattern or assemble SAMs with
high resolution and fidelity.

4.1. Spacing of Chemical Functionalities

The positioning of chemical groups at regular intervals on
a surface is of technological importance to localize adsorption
and tune surface coverage, for example. The density of probe
molecules is a critical issue in the design of DNA and protein
chips. A facile method to achieve low surface coverage of
functional groups is by preparing multicomponent SAMs so
that chemical functionalities are diluted in an “inert” matrix
of other molecules, which might be either unfunctionalized or
carry a different functionality. Several approaches have been
described in the literature, of which the most widely used
involves competitive chemisorption, that is, the treatment of a
surface with a mixture of adsorbates. Although the compo-
sition and properties of mixed monolayers are not at all
straightforward, numerous binary monolayers have been
prepared, as listed by Fadeev and McCarthy in Ref. [201].

Fan et al. stimulated phase separation in a binary mono-
layer by using two very different alkylsilane amphiphiles—
one with strong cohesive interactions and one able to form
hydrogen bonds—to generate a surface with nano-islands of a
chemical functionality.[202] The surface composition was
analyzed by AFM, which showed pronounced differences in
height and friction for the two components. The phase
behavior of multicomponent SAMs could be used as an
effective “latent image” to generate features on the surface by
wet etching.[203] This difference in etch resistence was
achieved by the assembly of molecules with different chain
length, and it was proposed that regions of more densely
packed molecules were more etch resistant than regions of
less coherent packing. Mixed SAMs can be conveniently used
to control the surface free energy, as was shown in an elegant
experiment by Lee et al.[204] They used different ratios of
hydroxy and methyl groups to tailor the surface free energy of
silicon substrates, and found that in this way they could
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control the growth modes of atomic layer deposition (ALD)
of TiO2.

An alternative approach for the preparation of “mixed
surfaces” involves reaction of partially silanized surfaces with
a second silane. As mentioned earlier, SAMs on SiO2 grow
through an island growth mechanism, thus offering the
possibility to fill partial monolayers of one component with
another. Recent examples have reported small domains of
OTS islands filled with bromine-terminated[205] and amino-
terminated SAMs.[206] Fadeev and McCarthy have used a very
bulky silane for deposition, and found by size-exclusion
contact angle hysteresis measurements that nanopores with a
cross-section of about 0.5 nm2 were still present at the surface,
and accessible to probes of smaller dimension.[201] In this way
uniformly mixed binary monolayers were generated
(Figure 5).

A different strategy to achieve the positioning of chemical
functionalities on a surface comprises the self-assembly of
large molecules carrying only one type of functional group.
Focally functionalized dendrons appear to be particularly
suitable molecules for this method (Figure 6). Sub-monolay-

ers, monolayers, and multilayers of trichlorosilane-terminated
carbosilane dendrons with a phenyl group at the focal point
were reported by Cai and co-workers.[207, 208] Dendrons bear-
ing carboxy groups at the periphery and a protected amine at
the focal point were assembled on an amino-terminated SAM
through multiple ionic interactions.[209] AFM and fluorescence
measurements indicated the formation of a close-packed
layer with spacings between the amino functional groups of
24–34 D.

SiO2 surfaces with spacially separated functionalities are
relatively easily prepared by the methods described above,
without the use of expensive machinery. The process is
flexible, useful on a large scale, and not restricted to flat
surfaces. However, a significant drawback of these
approaches is that only homogeneous surfaces can be
generated and the functionalities cannot be positioned or
patterned accurately, as is required for the bottom-up
construction of nanosized functional entities.

4.2. Patterning Self-Assembled Monolayers with Photons
and Particles

4.2.1. Photolithography

Photolithography on SAMs relies on the absorption of
radiation in the exposed regions of the monolayer which
undergo photocleavage to yield surface residues. The use of
less expensive equipment, compared to, for example, electron
beam lithography (see Section 4.2.2), makes this a popular
method to create patterned SAMs, but the feature sizes that
can be achieved are diffraction-limited.

Irradiation with light in the deep UV region has been used
extensively to remove SAMs in exposed regions. This leaves
an activated surface that can be used for numerous post-
patterning processes. SAMs of different chemical function-
alities were deposited for the immobilization of fluoro-
phores,[210] for cell adhesion,[211] and to control the surface
potential.[212,213] The remaining SAMs have been used as a
mask for wet chemical etching to fabricate microstructures on
Si substrates[214, 215] and as a template for Pd adhesion and
subsequent electroless deposition of ZnO.[216] The exposed
areas could be used as templates for electroless plating of
Ni,[210, 215] and for the deposition of TiO2 films.

[217] Recently,
photocatalytic lithography of alkylsilane SAMs was reported
using UV light and TiO2 to rapidly and homogeneously
remove the SAM by the generation of highly reactive oxygen
species.[218]

Instead of completely removing the monolayer, photo-
lithography can also be used to create patterns with different
chemical functionalities. Some research groups have reported
photodeprotection of protected amino groups, after which the
exposed areas could be selectively developed by the adsorp-
tion of fluorescent particles.[219, 220] A very elegant example is
the combination of photolithography with the immobilization
of biomolecules for the generation of, for example, DNA
chips.[221] Pioneering work in this field was conducted by
Fodor and others.[222–225] They used light-directed, spatially
addressable parallel synthesis to build arrays for rapid DNA
analysis. The pattern of illumination through a mask, using

Figure 5. Schematic representation of a two-step silanization
procedure.[201]

Figure 6. Schematic illustration of the concept of using large mole-
cules to control the spacing between functional groups at a surface.
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light to remove photolabile protecting groups from selected
areas, determines which regions of the surface are activated
for coupling. The first set of building blocks, each bearing a
photolabile group, is exposed to the surface but reacts only
with the patterned areas. The substrate is subsequently
illuminated through another mask for deprotection and
coupling with a second building block. The steps of mask-
ing/irradiation and coupling are repeated to introduce various
oligomers. The patterns of the masks and the sequence of
reagents define the ultimate sequences synthesized, and their
locations on the surface are known.

Other chemical transformations have been shown by the
research groups of Dressick and Sugimura. Dressick and co-
workers were able to transform 4-(chloromethyl)phenyl
chromophores into phenylaldehyde groups, which in turn
could be reduced to amines.[226] Sigimura et al. showed that
OTS SAMs decomposed gradually upon exposure to UV light
in a vacuum to generate carboxilic acid groups that were
successfully treated with functionalized and fluorinated
silanes.[214,215] Surface wettability could also be controlled
using photolithographic methods. In a series of publications
Beebe and co-workers reported cunning experiments to
control liquid flow inside microchannels.[227–229] Surface free
energies were patterned by use of SAMs in combination with
photolithography (Scheme 3). They could confine the flow of

aqueous liquids to the hydrophilic pathways, provided that
the pressure was maintained below a critical value.

Photolithography has recently been applied in a con-
structive procedure.[230] Direct writing with a laser allowed the
formation of sub-200 nm oxide patterns on H-terminated Si.
Exposing these substrates to a solution containing OTS
molecules resulted in selective growth on the oxide patterns.

4.2.2. Electron Beam Lithography

SAMs are candidates for very high resolution resists in
electron beam lithography. Since the feature size generated
with electron beam lithography depends on the thickness of
the resist, the monomolecular thickness of SAMs could
reduce back scattering of electrons and provide ultrahigh-
resolution electron beam patterning. It has been shown that
patterns of several tens of nanometers could be created in
OTS and perfluorinated SAMs on SiO2, and that the patterns
could be transferred into the substrate by wet-etching
techniques.[231–233] Patterns smaller than 10 nm could also be
attained by using scanning electron microscopy (SEM) with a
small beam diameter.[234] A different development of the
created patterns was reported by Marrian et al.[235] Low
voltage electron beam lithography was used to pattern films
and the patterns were applied as templates for the electroless

Scheme 3. UV photolithography to fabricate hydrophilic patterns inside microchannels.[227]
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plating of thin Ni films. Linewidths down to about 20 nm were
observed after plating.

There have been several reports that combine electron
beam lithography with functionalized SAMs. Craighead and
co-workers patterned amino-terminated SAMs and devel-
oped the patterns by exposing them to palladium colloids and
coated polystyrene fluorescent spheres.[236] The colloids and
spheres adhered only to unexposed areas of the monolayers.
Other studies employed the deposition of aminosilanes
through a poly(methylmethacrylate) (PMMA) mask or an
unfunctionalized SAM that was patterned by electron beam
lithography.[237–239] In this way colloidal particles and carbon

nanotubes were deposited selectively on the amine-modified
parts of the substrate.

Recently, electron beam irradiation was used to induce
chemical transformations in monolayers. Park and co-workers
studied several procedures to prepare patterned amino- and
bromo-terminated SAMs, and verified the reactivity by
attaching biotin/streptavidin groups,[240] or amplified the
patterns vertically by radical polymerization.[241] The trans-
formations are shown in Scheme 4. The induced transforma-
tions have been employed to direct adsorption of gold
nanoparticles.[242] In addition, sub-50 nm patterns were pre-
pared in SAMs with embedded disulfide bonds.[243] Phenyl-3-

Scheme 4. Chemical transformations of SAMs with a low-energy electron beam.[240,241]
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(trimethoxysilylpropyl)disulfide monolayers were patterned
with electron beam lithography, which generated 3–4-D deep
and 30-nm wide trenches. XPS indicated the cleavage of the
disulfide bonds to sulfhydryl groups, and the resulting
chemical patterns could be developed by reaction with N-
(1-pyrene)maleimide. Even smaller chemical patterns were
obtained by a combination of electron beam lithography and
gas-phase silanization.[244] It was shown that monolayers with
varying chemical functionalities could be formed through
nanoholes in a PMMA mask. After removing the mask, a
monolayer of different functionality was deposited, and
generated well-defined nano-islands as small as 20 nm of
one chemical functionality in a matrix of another.

4.2.3. Ion-beam and X-ray Lithography

Ion-beam and X-ray lithography are methods that have
been less frequently used to pattern SAMs on SiO2. Pattern-
ing with low-energy ion beams usually employs shadowmasks
because of the difficulty of focusing such sources. However,
high-energy focused ion beams (FIBs) should result in
nanometer-scale patterns, as it is possible to attain beam
diameters as small as 8 nm.[245] FIBs have already been used to
write 10-nm wide features in thin PMMA films.[246] A vinyl-
terminated monolayer was selectively deposited in ion-beam-
etched regions of a methyl-terminated SAM with a resolution
of 1–3 mm.[247] Ada et al. have studied in detail the interaction
of low-energy ions with organosilane SAMs, and were able to
create 300-nm wide gaps by employing FIB.[248] Smaller
feature sizes were reported by exposing monolayers to low
doses of slow, highly charged ions, such as Xe41+ and Th73+.[249]

AFM images showed craters from single ion impacts with
diameters of 50–63 nm. Equally small features have also been
reported by Whitesides and co-workers by utilizing a beam of
neutral Cs atoms.[250]

Irradiation with soft X-rays through a mask can be a
convenient method for chemical patterning of monolayers.
Reported transformations include the loss of halogens in
halogenmethylphenylsilyl layers,[251,252] and the cleavage of
nitro groups in nitro-substituted aromatic SAMs.[253] La et al.
used masks with nanometer-sized features to develop sub-
100 nm patterns, as evidenced by AFM.[254] The patterns could
be derivatized by attachment of fluorescently labeled oligo-
nucleotides. Irradiation of OTS layers resulted in the for-
mation of oxygen-containing groups such as OH and
C(O)H.[255] Pattern transfer of features with dimensions as
small as 150 nm into the underlying substrate were obtained
by reactive ion etching using thin films of Ni selectively
deposited onto the exposed areas of the OTS SAM.

Recently, it was shown that hybrid patterning strategies
allow for the fabrication of defect-free nanopatterns of block
copolymers.[256] A photoresist on top of a phenylethyl mono-
layer was patterned with 45–55-nm-sized features by inter-
ferometric lithography using extreme UV light, and the
pattern was transferred into the underlying SAM by chemical
modification using soft X-rays. After removing the photo-
resist, poly(styrene-block-methylmethacrylate) (PS-b-
PMMA) was spin-coated onto the patterned SAM and
annealed. It was found that the PMMA block preferentially

wetted the modified regions of the surface, and thus domain
structures were formed analogous to the SAM patterns, as
observed by SEM (Figure 7).

4.3. Soft Lithography

Soft lithography[257] is the collective name for a set of
lithographic methods including replica molding, microcontact
printing (mCP), and micromolding using a patterned elasto-
mer as a mold, stamp, or mask to transfer a pattern.[258] Soft
lithography offers advantages over other lithographic meth-
ods for the patterning of nonplanar substrates, unusual
materials, or large areas.[258] Of these techniques, mCP has
been employed most frequently for the facile (sub)micron
patterning of surfaces. mCP relies on the inking of an
elastomeric (usually PDMS) stamp with suitable molecules.
When the stamp is brought into contact with a substrate, the
molecules are transferred from the stamp to the substrate in
the regions of contact. mCP was initially developed for the
patterning of gold surfaces with alkanethiols, and even today
the bulk of the literature comprises patterning of this surface
with these adorbates.

Reports regarding mCP on SiO2 surfaces have been rather
limited. This situation might be explained by the inherent
sensitivity of trialkoxy- and especially trichlorosilanes, and
the lower edge resolution of silanes on SiO2 relative to thiols
on gold.[259] Although Whitesides and co-workers reported
that printed OTS SAMs were only partly etch resistant, later
studies showed that printed patterns could be transferred into
the underlying silicon substrate,[260] even with feature sizes as
small as 80 nm.[261] Detailed studies by Nuzzo and co-workers
indicated that close-packed OTS monolayers were formed
after only 30 s of printing while it took minutes to form a
densely packed monolayer by deposition from solution.[262]

They also found that stable SAMs were formed, but that
patterning at dimensions less than a few micrometers resulted
in the spreading of OTS in regions that had not been in

Figure 7. SEM image of 48-nm wide PS and PMMA domains formed
by selective absorption on a SAM patterned by a combination of UV
and X-ray lithography.[256]
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contact with the stamp. mCP with docosyltrichlorosilane
resulted in more accurate transfer to the substrate, and
these films had an improved etch-resistance.[263]

Amplification of a printed pattern can also be achieved in
a different manner. Harada et al. amplified a printed vinyl-
terminated pattern by selectively attaching a Ru complex,
which reacted with norborene derivatives to give thin
polymer films.[264] The contrast in wettability between clean
SiO2 and a printed OTS pattern enabled the confinement and
alignment of molecules.[265] After printing, the remaining
hydrophilic parts of the substrate were covered with a thin
polyelectrolyte layer, onto which biological macromolecules
and liquid crystals could be confined. This process afforded a
straightforward way to create microchannels on a surface.

The majority of the work concerning mCP of SAMs on
SiO2 involves deposition of metals. Printed monolayers can
serve as a resist for chemical vapor deposition of copper,[266] or
deposition of SnCl2 from solution, which serves as a
nucleation point for electroless plating of Ag.[267]

Instead of printing a monolayer, it is also possible to print
onto a monolayer assembled from solution. Hidber et al. used
an amino-terminated SAM as an adhesion promoter to print
(sub)micron patterns of Pd colloids.[268] The immobilized
colloids served as a catalyst for the electroless deposition of
copper, and yielded (sub)micrometer-scale copper lines on an
insulating surface. Recently, Reinhoudt and co-workers
introduced supramolecular mCP, which is shown schematically

in Figure 8.[269–271] In this method, guest molecules that bind
through multiple supramolecular interactions were printed
onto a densely packed monolayer of cyclodextrin receptor
molecules on SiO2 (or gold). The patterns were characterized
by AFM, XPS, and confocal microscopy. Control experiments
showed that the ink molecules bind to the receptor surface

through specific host–guest interactions. One advantage of
this method is that the stability of the assemblies can be tuned
by the number of interactions between the guest molecules
and host monolayer.

Sulfanyl-terminated MPTMS SAMs can be employed as
adhesion promoters for noble metals.[272] In nanotransfer
lithography a gold-coated PDMS stamp is used to transfer
thin but stable gold layers onto the monolayer (Scheme 5). In
a series of publications Delamarche et al. described an
elegant process to produce NiB stuctures and metal nano-
wires on glass substrates.[273–277] They combined the adhesive
properties of an amino-terminated SAM to bind Pd/Sn
colloids, which were used to initiate electroless deposition
of NiB. Then, copper was electroplated and patterned by mCP
using a protective layer of thiol molecules. The pattern was
subsequently etched into the copper and NiB by two wet
etching techniques. This process was developed to provide a
new and potentially cost-effective way for the fabrication of
gate layers in thin-film transistor (TFT) LCDs, and could even
be applied on a macro (38 cm) scale.

Nanoimprint lithography (NIL)[278] was recently advo-
cated as a powerful alternative to mCP of organosilanes.[279] A
PMMA polymer template obtained by NIL directs the
assembly of a SAM from the gas phase to the uncovered
area of the substrate while preventing the formation of a
SAM in the covered area. After removal of the polymer,
SAM patterns are obtained that may be filled with other
silanes. NIL-patterned SAMs are useful in nanofabrication,
for example, to direct adsorption of particles or deposition of
metal electrodes on SAMs (Figure 9).

4.4. Scanning Probe Lithography

Scanning probe microscopy can visualize surface top-
ography and surface chemistry at the submolecular level. In
addition, probe tips can be used to manipulate atoms and
molecules on surfaces, and in this mode the technique is often
referred to as scanning probe lithography.[280] Sugimura et al.
were among the first to combine a scanning probe tip with
self-assembly on SiO2 surfaces to create nanoscale patterns.
They have used a scanning tunneling microscope tip for local
anodization of a Si-H surface to SiO2 in the presence of an
organosilane vapor.[281] This resulted in the formation of
monolayer features of 20 nm that showed a resistance to
chemical etching. Other studies from the same authors
reported patterning of a homogeneous monolayer by apply-

Figure 8. Schematic representation of supramolecular microcontact
printing (mCP). Cyclodextrin host monolayers are patterned by mCP of
suitable guest molecules.[269,270]

Scheme 5. Metal structures prepared on adhesive SAMs by nanotransfer printing.[272]
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ing a bias voltage to the probe tip, effectively removing the
monolayer from the probe-scanned regions. Next, the
exposed regions were filled with SAMs of different chemical
composition to regulate the surface potential or selectively
assemble proteins at a spatial
resolution on the nanometer
scale.[282,283] A different method
for nanometer-scale patterning
was obtained by field-induced
oxidation (FIO) using a conduc-
tive cantilever.[284] Surface hy-
droxy groups, necessary for
monolayer formation, were
removed and monolayer forma-
tion was suppressed when FIO
was employed locally on an
oxide surface in a dry nitrogen
atmosphere. In this way, a line
structure of an OTS SAM as
narrow as 22 nm could be fab-
ricated. In contrast, OTS SAMs
formed on the entire surface
when FIO was performed under
humid conditions.

4.4.1. Constructive-
Nanolithography

Constructive nanolithogra-
phy was introduced by Sagiv
and co-workers.[285] It involves
nondestructive surface pattern-
ing by means of an electrical

bias to a conducting AFM tip operated under ambient
conditions, followed by template-controlled self-assembly.
The versatility of this approach was demonstrated in several
systems where vinyl-terminated and OTS SAMs were locally
electrooxidized to prepare patterned bilayers,[286] self-assem-
bled metal islands,[285,287] metal nanoparticles,[288–290] and
nanowires.[289] Features with sub-50 nm dimensions could
be fabricated by using this method. A schematic representa-
tion of the organosilane template pattern and the self-
assembly of [Au55] clusters on the template is displayed in
Scheme 6. This methodology could be used for the nano-
meter to millimeter range by employing electrooxidation
with a rigid metallic stamp.[291] Recently, other research
groups have applied local probe oxidation of SAMs for
functionalization with cationic gold nanoparticles, quater-
nary ammonium salts, and polymers.[292, 293]

A few years before Sagiv and co-workers introduced
constructive nanolithography, a similar approach was pre-
sented by Schultz and co-workers, who made use of a
catalytic probe.[294] In this elegant experiment an alkylazide
monolayer was reduced to its corresponding amine by a
catalytic Pt coated AFM tip. The amino groups were then
covalently modified with fluorescently labeled beads and
imaged under a confocal microscope.

4.4.2. Dip-Pen Nanolithography

Dip-pen nanolithography (DPN)[200, 295] uses an inked
AFM tip to deposit molecules on a substrate. This technique,
which is believed to rely on the transport of molecules from

Figure 9. Nanofabrication using SAMs patterned by nanoimprint lithography.
Applications: a) Polymer removal, evaporation of a second silane, and selective
attachment of functionalized particles. b) Selective attachment of functionalized
particles, and polymer removal. c) Metal evaporation and metal lift-off.[279]

Scheme 6. Schematic representation of constructive nanolithography, in which tip-induced electrooxida-
tion and subsequent self-assembly on the written template are employed. In this case [Au55] clusters
were assembled.[288]
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the tip to a surface through a water meniscus, has been used to
generate structures with line widths as small as about 10 nm
(Figure 10a). Reported examples have dealt almost exclu-
sively with the writing of thiol inks on gold substrates, or the
use of metal salts for the electrostatical assembly on
appropriately biased silicon substrates.

Thus far, silane-based inks have rarely been used, mainly
because of the incompatibility of chloro- and alkoxysilane
groups with the water meniscus that mediates ink transport.
Ivanisevic and Mirkin used hexamethyldisilazane to write
organic patterns on SiO2 with sub-100 nm dimensions.[296] Two
recent articles, however, demonstrated that it is possible to
write with trialkoxysilane-based inks. Pena et al. wrote APS
and MPTMS lines of nanometer dimensions, but were not
able to further derivatize the formed structures.[297] They
explained this lack of reactivity by the formation of multi-
layers through hydrogen bonding. These results were contra-
dicted in a study by Jung et al.,[298] who claimed that DPNwith
reactive silanes is possible if proper measures against
polymerization are taken. Writing at low humidity resulted
in the formation of 110-nm-wide MPTMS lines, which were
successfully treated with biotin and fluorescently labeled
streptavidin.

An alternative method to write functionalized structures
on the SiO2 surface constitutes writing on functional mono-
layers. Reinhoudt and co-workers recently demonstrated
supramolecular DPNwhere an AFM tip is inked with suitable
guest molecules and the substrate is a b-cyclodextrin host
monolayer.[270] Sub-500 nm patterns, based on host–guest
interactions, were written and imaged by confocal microscopy

and AFM. Covalently anchored nanoscale patterns of oligo-
nucleotides and maleimide-linked biotin were written onto
MPTMS SAMs.[299, 300] It was found that nanoscale patterning
of maleimide-linked biotin was facilitated by the addition of
small amounts of non-ionic surfactant to the biotin ink. An
increase in the wettability of the substrate is thought to cause
this phenomenon.

The direct writing of proteins on modified SiO2 surfaces
has been reported.[301] A negatively charged surface was used
to bind proteins electrostatically (Figure 10b), and proteins
were covalently bound by writing on a preformed aldehyde-
terminated monolayer. Some modifications to the writing
process had to be made. First, an AFM tip coated with
poly(ethylene glycol) (PEG) was used to minimize protein
adsorption and to reduce the activation energy required for
protein transport from the tip to the surface. In addition, it
protects the protein from denaturation on the tip surface.
Second, it was found that high humidity is a prerequisite for
writing with high-molecular-weight molecules. Patterning was
performed at relative humidities between 60 and 90%,
whereas low humidities were sufficient for writing with low-
molecular-weight trialkoxysilanes.

5. Summary and Outlook

Since the first report on SAMs on SiO2 in 1980, many
studies have investigated the mechanism of monolayer
formation, which has led to a better understanding of the
principles underlying this self-assembly process. It has
become clear that factors such as solvent, temperature,
water content, deposition time, and age of the adsorbate
solution play a crucial role in the self-assembly process. Small
variation of one or more of these factors can result in very
different assembly properties, and several studies appear to
have conflicting outcomes. An illustrative example is the
temperature at which the self-assembly takes place: Lower
temperatures favor island growth, while at higher temper-
ature homogeneous growth has been observed. In addition,
several studies have shown that the assembly process is not so
much covalent in nature as had been assumed for a long time.
Adsorbate molecules that covalently attach to the surface are
scarce, and in-plane polymerization of the adsorbates might
lead to decreased order instead of a close-packed monolayer.
These results indicate that the monolayers have Langmuir-
like features, as was elegantly demonstrated by reversible
temperature-dependent island-growth formation of sub-
monolayers.[67]

Chemical derivatization of SAMs on SiO2 is essential for
many potential applications. Two factors determine the
versatility of functional SAMs on SiO2: the range of
functionalities that are tolerated in the self-assembly of
stable and ordered SAMs, and the scope of chemical post-
modifications that can be achieved. Not all functional groups
can be conveniently introduced in the self-assembly process
because of the inherent reactivity of the trichloro- or
trialkoxysilanes that are used for chemisorption. In addition,
functional groups might interact with the polar surface, thus
resulting in the formation of disorderedmonolayers. For these

Figure 10. a) Schematic representation of dip-pen lithography (DPN).
b) Fluorescence image of DPN-generated labeled antirabbit IgG
structure on SiO2.

[301]
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reasons chemical postmodifications have been studied in
depth and a wide range of surface chemistry is nowadays
available for further derivatization of the SAMs. Selective
attachment of compounds to the surface under mild con-
ditions, while avoiding nonspecific interactions, is crucial
particularly for the development of bioanalytical surfaces.
These reactions should be compatible with a wide variety of
functional groups that occur in biologically relevant mole-
cules. Bifunctional coupling agents are often used to meet
these requirements.

Positional control of surface chemistry on the nanoscale
allows the development of arrays containing a high density of
chemical information. The chemical information can then be
translated into high-density functional surfaces, such as
proteins or DNA chips, or be exploited as a platform for
building nanosized functional materials (for example, by self-
assembly). The ability to pattern surfaces with chemical
information is therefore of prime importance. Electron beam
lithography, and especially photolithography, have been the
principal techniques for the patterning of surfaces for many
years, but soft and probe lithographic techniques have
recently witnessed a tremendous development. The main
advantages of these methods include the use of inexpensive
equipment, the high (sub-100 nm) resolution, and the possi-
bility to prepare positive patterns under mild conditions.

The logical extension of surface patterning is to express
and amplify a 2D pattern into a 3D structure. This is a
requirement for the bottom-up fabrication of nanoscale
devices. Taking nature as a source of inspiration, it is expected
that self-assembly techniques will play a major role in
nanofabrication. Striking examples of this trend have already
been published by Sagiv and co-workers, who used self-
assembly techniques to translate a chemical pattern into
nanostructures of colloidal gold,[288] and by Mirkin and co-
workers, who employed an AFM tip to write protein
structures on a SAM.[301] It is expected that this trend from
2D to 3D will be continued in the next decade, while the focus
of research in this area will shift more and more toward the
nanofabrication of devices.
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1,2,3-Tridehydrobenzene, a novel
triradical derived from benzene, was
isolated and spectroscopically characterized in cryogenic
neon matrices. The IR spectra are in accordance with a 2A1 ground
state, whereas the 2B2 excited state is 1–2 kcalmol�1 higher in energy
and not observed under these conditions. For more information, see
the Communication by W. Sander and co-workers on the following
pages.
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Didehydrobenzenes (benzynes) 1 are well-established reac-
tive intermediates in organic synthesis that have been the
target of a large number of mechanistic studies.[1–3] The
singlet–triplet splittings in the three isomers 1a–c were

determined by negative-ion photoelectron spectroscopy to
be 37.5� 0.3, 21.0� 0.3, and 3.8� 0.5 kcalmol�1, respec-
tively.[4] These values indicate that the stabilizing interactions
of the radical centers in the singlet ground states of 1 decrease
in the order ortho>meta> para. This bonding interaction
results in a shortening of the 1,2-bond (the formal triple bond)
in 1a and a trapezoid deformation with a comparatively short
C1–C3 distance (205� 5 pm) in 1b.[5–8]

The addition of a third radical center to form tridehy-
drobenzenes 2 results in more-complicated electronic struc-
tures with several close-lying low-spin (doublet) and high-spin
(quartet) states. In a recent computational study, Krylov and
co-workers found that all three isomers 2a–c prefer low-spin

doublet ground states with partial bonds between the radical
centers.[9] Again, the adiabatic energy difference between
high-spin and low-spin states (i.e. the doublet–quartet split-
ting) can be taken as a measure of the interaction between the
three unpaired electrons in the low-spin states. According to
these calculations, 2a has a 2B2 ground state, and the doublet–

quartet splitting is as high as 2.1–2.2 eV, the largest in the
series of the tridehydrobenzenes.[9]

Thermodynamic data for 1,3,5-tridehydrobenzene 2c
were determined by Wenthold and co-workers by means of
collision-induced dissociation in a flowing afterglow appara-
tus.[10] According to these measurements, 2c is best described
as a phenyl radical that interacts only weakly with a meta-
didehydrobenzene unit on the opposite side of the ring. None
of the three isomers had so far been isolated or spectroscopi-
cally characterized. Herein we describe the matrix isolation
and IR spectroscopic characterization of 1,2,3-tridehydro-
benzene (2a). We selected 3-iodophthalic anhydride (3) and
1,2,3-triiodobenzene (4) as photochemical precursors for 2a
[Eq. (1)].[11,12]

Phthalic anhydrides have frequently been used to gen-
erate 1a and its derivatives in inert gas matrices.[13–15]

Iodoarenes, on the other hand, undergo photochemical or
thermal cleavage of the C�I bond and are thus precursors for
aryl radicals and diradicals.[15–17] A general problem in the
matrix photolysis of iodoarenes is the rapid thermal recombi-
nation of the aryl radicals with the iodine atoms which thus
lowers the yield of the radicals. In several instances the yields
of radicals increased when the photolysis was carried out in
neon matrices at 3 K instead of in the more-common argon
matrices at 10 K. As this matrix effect is as yet not well
understood or predictable, we investigated the photolysis of 3
and 4 in argon, nitrogen, and neon matrices.

Photolysis of 3, matrix-isolated in argon at 10 K, with the
308-nm light of a XeCl excimer laser produced CO2, CO, and
3-iodo-1,2-didehydrobenzene 5 as the major product
[Eq. (2)]. The latter exhibits strong IR absorptions at ñ=

1387, 1076, 848, 754, and 473 cm�1, in good agreement with
the values calculated at the B3LYP/6-311G(d,p) level of
theory (Table 1). A further product is 3-dehydrophthalic
anhydride (6), which again was identified by comparison of its
IR spectrum with DFT calculations. In nitrogen the yield of
radical 6 is lower, and benzyne 5 is formed almost exclusively
(besides CO2 and CO).

Continuous irradiation at l= 308 nm in argon or nitrogen
at 10 K did not lead to 2a or other C6H3 isomers. Irradiation at
shorter wavelength (l= 248 nm) resulted in the formation of
several ring-opened alkyne products with characteristic C�C-
H stretching vibrations at ñ� 3300 cm�1. Hexatriyne (7) was
tentatively identified as one of these products.

Irradiation of 3 in neon at 3 K with l= 308 nm produced
the same major products 5 and 6 as in argon. However, the
yield of radical 6 was now higher than in argon. Irradiation of
this matrix, which contained 5 and 6, at shorter wavelength
(248-nm KrF or 193-nm ArF excimer lasers) resulted in a
decrease in the intensity of all the IR bands assigned to these
species and in the appearance of several new absorptions.[18]

Three of these bands (ñ= 1698, 753, and 524 cm�1; Table 2)
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disappeared upon warming the
neon matrix from 3 K to 8 K
(annealing to allow diffusion of
small trapped species) or upon
broad-band UV irradiation at
l> 350 nm (Figure 1). Simultane-
ously, iodobenzyne (5) was formed
as the principal product. Further-
more, radical 6 disappeared and
some starting material 3 was re-
formed, thus confirming that radi-
cal recombination with iodine
atoms takes place under these
conditions. Prolonged irradiation
at ñ= 193 nm also led to the dis-
appearance of the newly formed

IR signals. However, the principal products are now terminal
alkynes formed by opening of the benzene ring. These results
clearly indicate that a new, labile compound with properties
expected for triradical 2a was generated and isolated in a
neon matrix at 3 K.

To assign the three IR signals conclusively to 2a, extensive
quantum-chemical calculations at various levels of theory
were performed (Table 3).[19] Two low-lying doublet states
have to be considered that arise from single occupation of the

Table 1: Calculated and measured (Ne, 3 K) IR data of 5 and 6.

5 6
Mode Sym. ncalcd

[cm�1][a]
Irel,calcd

[b] nexp
[cm�1]

Irel,exp
[b] Mode Sym. ncalcd

[cm�1][a]
Irel,calcd

[b] nexp
[cm�1]

Irel,exp
[b]

4 a’ 440.9 100 475 70 8 a’ 534 1 528 10
8 a’ 666.5 13 652 20 9 a’ 545 1 538 10
9 a’’ 770.7 38 760 20 10 a’ 638 1 631 5
10 a’ 848.0 58 850 100 11 a’’ 646 1 637 5
13 a’ 1032.3 4 1013 <5 12 a’ 682 1 672 5
14 a’ 1098.3 33 1078 35 13 a’’ 737 12 723 40
16 a’ 1182.4 6 1163 5 16 a’’ 801 2 770 5
18 a’ 1420.4 47 1390 45 17 a’ 834 1 828 <5
20 a’ 1461.5 9 1443 15 18 a’ 910 38 915 100
21 a’ 2000.9 23 1840 5 21 a’ 1049 1 1027 5

22 a’ 1087 1 1064 5
23 a’ 1138 10 1122 30
25 a’ 1232 8 [c]
26 a’ 1262 35 1251 90
27 a’ 1359 6 1325 40
28 a’ 1454 1 1430 5
32 a’ 1858 100 [c]
33 a’ 1915 36 [c]

[a] Unscaled frequencies calculated at the (U)B3LYP/6-311G(d,p) level of theory. [b] Relative intensity based on the most intense absorbtion. [c] Peaks
coincide with absorptions of the precursor.

Table 2: IR spectroscopic data of 2a (Ne, 3 K). Calculated vibrational spectra of the 2A1-2a and
2B2-2a.

Mode 2A1 Ne, 3 K 2B2

Sym. ñ

[cm�1][a]
Irel

[b] ñ

[cm�1]
Irel

[b] Sym. ñ

[cm�1][a]
Irel

[b]

1 b1 356.2 0 b1 388.8 2
2 a1 399.3 17 a2 433.9 0
3 b2 521.8 94 524 85 b2 440.8 65
4 a2 548.3 0 b1 533.7 5
5 b1 555.4 2 a1 565.0 3
6 b1 742.4 100 753 100 b1 738.1 100
7 a2 778.5 0 a1 816.7 4
8 a1 809.2 0 a2 838.3 0
9 b2 893.9 14 b1 915.1 0
10 b1 902.8 1 a1 992.6 0
11 a1 1041.3 4 b2 1084.6 19
12 a1 1048.7 4 a1 1090.3 24
13 b2 1076.3 3 b2 1138.3 4
14 b2 1256.4 0 b2 1256.9 2
15 b2 1319.1 3 a1 1364.1 0
16 a1 1375.8 5 b2 1384.9 6
17 b2 1468.7 18 b2 1483.2 5
18 a1 1711.6 39 1698 30 a1 1518.8 0
19 a1 3075.3 22 a1 3085.1 1
20 b2 3142.4 3 b2 3107.2 10
21 a1 3145.3 4 a1 3113.1 15

[a] Unscaled frequencies calculated at the UBLYP/cc-pVTZ level of theory. [b] Relative intensity based on
the most intense absorption.
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11a1 or 7b2 orbitals at small and large C1–C3 distances,
respectively (Figure 2). The 2A1 state resembles a bicyclo-
[3.1.0]hexatriene system with a relatively short C1–C3

distance of 169 pm, whereas the 2B2 state exhibits a C1–C3
distance of 237 pm, as expected for a benzene derivative. As
noted previously,[9] both states exhibit only modest multi-
configurational character.[20] Accordingly, the relative ener-
gies of both isomers calculated at the DFT level agree
favorably with CCSD(T), CAS(9,9)RS2, and CAS(9,9)RS3
calculations. All correlated ab initio calculations as well as
DFT indicate a small preference for the 2A1 state, whereas the
2B2 state lies in a shallow minimum slightly higher in energy.
Interconversion of both isomers requires a distortion to Cs

Figure 1. a) Calculated IR spectrum (B3LYP/6-311G(d,p)) of 5. b) Dif-
ference IR spectrum of a matrix containing the photolysis products of
3 (Ne, 3 K). Bands pointing downwards decrease in intensity during
broad band irradiation (350–450 nm). Black dots indicate bands
assigned to 3. c) Difference IR spectrum of a matrix containing the
photolysis products (l=308, 248 nm) of 3 (Ne, 3 K). Bands pointing
downwards decrease in intensity upon warming the matrix to 8 K.
d) Calculated IR spectrum (UBLYP/cc-pVTZ) of 2a (2A1). e) Calculated
IR spectrum (B3LYP/6-311G(d,p)) of 6.

Table 3: Relative stabilities of the 2A1 and
2B2 states of 2a [E0(

2A1)�E0-
(2B2)].

[a]

Method cc-pVDZ cc-pVTZ cc-pVQZ

UB3PW91 5.6 (5.6) 4.5 (4.4) (4.4)
UBPW91 5.5 (5.6) 4.1 (4.1) (4.0)
UB3LYP 3.4 (3.3) 1.8 (1.7) (1.6)
UBLYP 2.7 (2.7) 0.9 (0.8) (0.6)

CCSD[b] 4.5 (4.4) 4.5 (4.3) 4.4 (4.2)
CCSD[c] 5.1 (5.0) 5.3 (5.2) 5.2 (5.1)
CCSD(T)[b] 2.1 (2.0) 2.0 (1.8) 1.9 (1.7)
CCSD(T)[c] 2.3 (2.2) 2.3 (2.2) 2.3 (2.1)

CAS(9,9)-SCF[b] �14.7 (�14.9) �15.1 (�15.3) �15.3 (�15.4)
CAS(9,9)-SCF[c] �15.1 (�15.2) �15.5 (�15.6) �15.6 (�15.7)
CAS(9,9)-RS2[b] 0.5 (0.3) 0.8 (0.6) 0.9 (0.7)
CAS(9,9)-RS2[c] 0.6 (0.5) 0.9 (0.8) 1.1 (1.0)
CAS(9,9)-RS3[b] 0.4 (0.2) 0.4 (0.2) 0.4 (0.3)
CAS(9,9)-RS3[c] 0.9 (0.7) 1.1 (0.9) 1.2 (1.1)

[a] A negative value indicates that the 2B2 level lies below
2A1. Electronic

contributions [Ee(
2A1)�Ee(2B2)] are given in parenthesis. [b] UBLYP/cc-

pVTZ geometries and ZPVE corrections. [c] UB3LYP/cc-pVTZ geometries
and ZPVE corrections.

Figure 2. a) Energy as a function of the distance of radical centers C1
and C3 calculated at the CCSD(T)/cc-pVTZ//UBLYP/cc-pVTZ level of
theory. b) Qualitative orbital energy diagram of the leading configura-
tions of 2a (CASSCF(9,9)/cc-pVTZ//UBLYP/cc-pVTZ) in the 2A1 ground
and 2B2 excited state. Occupation numbers of natural orbitals are
given in parenthesis. c) Selected structural parameters (bond lengths
in pm, bond angles in degrees) of 2a(2A1), 2a(

2B2), and the transition
state TS (2A’) connecting both isomers (normal print: UBLYP/cc-pVTZ;
italics: UB3LYP/cc-pVTZ; bold: relative energies E0 in kcalmol�1.
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symmetry. The barrier for this process amounts to only 4–
5 kcalmol�1 (relative to the 2A1 ground state).

A comparison of the three IR signals tentatively assigned
to 2a with the values calculated for the 2B2 and

2A1 isomers at
different levels of theory indicates that indeed the more stable
2A1 state of 2a is formed under the conditions of matrix
isolation (Table 2).[21] Vibrational mode 3 at ñ= 524 cm�1 is in
better agreement with ñ= 522 cm�1 calculated for 2A1-2a than
ñ= 441 cm�1 for 2B2-2a. Mode 18 at ñ= 1698 cm�1 is pre-
dicted to have no intensity for 2B2-2a, but significant intensity
(40% relative to the most intense signal) for 2A1-2a.
Displacement vectors for the three experimentally accessible
normal modes of 2a are shown schematically in Figure 3.
Mode 3 corresponds to the intense absorption at around
550 cm�1 characteristic ofmeta-didehydrobenzenes which was
measured for 1b (exp.: ñ= 547 cm�1; BLYP/cc-pVTZ: ñ=
535 cm�1),[7] for various substituted derivatives, and for 3,5-
didehydropyridine.[15–17,22]

The photolysis of matrix-isolated 4 as an alternative
precursor resulted in only very low yields of products. Flash
vacuum pyrolysis (FVP) of 4 at 690 8C with subsequent
trapping of the thermolysis products in argon at 10 K gave 5
and several ring-fragmentation products such as acetylene
and diacetylene. 1,2,3-Tridehydrobenzene was not detected
under these conditions.

In summary, our experiments and calculations indicate
that 1,2,3-tridehydrobenzene (2a) has been isolated and
spectroscopically characterized in cryogenic neon matrices at
3 K. The IR spectra are in accordance with a 2A1 ground state,
whereas the 2B2 excited state is 1–2 kcalmol�1 higher in
energy and not observed under these conditions.
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calculations; DunningLs correlation-consistent basis sets were

Figure 3. Displacement vectors corresponding to the three experimen-
tally accessible normal modes of 2A1-2a (UBLYP/cc-pVTZ).
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used for all computations on 2 : f) D. E. Woon, T. H. Dunning, J.
Chem. Phys. 1993, 98, 1358; g) R. A. Kendall, T. H. Dunning,
R. J. Harrison, J. Chem. Phys. 1992, 96, 6796; h) T. H. Dunning, J.
Chem. Phys. 1989, 90, 1007.

[20] The CI coefficients of the j . .(10a1)2(11a1)1i and j . .(10a1)2(7b2)1i
configurations at the CASSCF(9,9)/cc-pVTZ//UBLYP/cc-pVTZ
level are 0.925 and 0.861 for the 2A1 and

2B2 wave-functions,
respectively.

[21] The structures and IR spectra for both states of 2a show little
dependence on the density functional employed. For consistency
with earlier work on 1,3-biradicals, the UBLYP/cc-pVTZ level is
discussed. The absolute intensities of the most-intense absorp-
tions for both states (74 kmmol�1 for mode 6 of 2A1-2a,
66 kmmol�1 for the same mode of 2B2-2a) are similar, so that
the formation of a mixture of both isomers is unlikely. IR spectra
of numerous other potential by-products (carbonyl compounds,
ring-contraction products, etc.) have been calculated and can be
excluded as the carrier of the three traces assigned to 2a.

[22] W. Sander, M. Exner, J. Chem. Soc. Perkin Trans. 2 1999, 2285.
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With the advances in micro- and nanoelectronics,[1] interest in
the electronic and structural properties of small metal and
semimetal particles is increasing, this is because the concen-

trations of free valences as well as quantum size effects are
more important once the number of atoms falls below a few
ten thousand. The preparation and examination of these
aggregates is quite challenging because of their high insta-
bility.[2] The collision-free environment of a supersonic jet,
which provides a “matrix” without effects that arise from the
interaction with stabilizing materials, is appealing for the
investigation and isolation of pure and mixed-metal or
semimetal species. An intense laser-beam can vaporize
almost every solid[3] and, in particular, pulsed laser sources
can be excellently adapted to pulsed supersonic expansions.
Precise information on the geometrical structure as well as
the electronic and nuclear magnetic properties of small
particles and inorganic clusters formed in the laser-generated
plasma can be gained from high-resolution rotational analysis.
Fourier-transform microwave (FTMW) spectroscopy com-
bines ideally with pulsed-jet techniques.[4]

Even though laser-ablation of metals and semimetals has
found extensive use in mass spectrometry, its combination
with rotational spectroscopy is rare: The first attempts using
single-target laser-ablation molecular beam FTMW spectros-
copy were limited to small inorganic compounds such as
metal oxides,[5] halides,[6] and sulfides.[7] Somewhat later, solid
organic species such as amino acids[8] or urea were used.[9]

However, the study of intermetallic systems is new, to date
only one mixed-metal cluster, PtSi[10] in a 1S closed-shell
ground state, has been studied using this combination of
techniques. Group 14 selenides and tellurides[11] have only
been analyzed by rotational spectroscopy in very hot vapors.

To generate aggregates such as mixed-metal clusters from
two solid precursors we designed a new twin-laser ablation
source and combined it with a state-of-the-art ultra broad-
band (2–26.5 GHz) FTMW spectrometer as shown in
Figure 1, allowing low frequency measurements to cover the
rotational spectra of heavier clusters. This apparatus utilizes a
coaxially oriented beam resonator arrangement (COBRA)[13]

which provides exceptional (sub-Doppler) resolution and
unrivalled sensitivity. Virtually any stable solid compound,
even very ductile and reactive alkali metals,[14] can be
vaporized by laser-ablation from a pressed target rod and
expanded in the supersonic jet.[15] Consequently, the coaxial
ablation twin source (CATS) allows the production of a huge
variety of clusters by secondary reactions in the plasma prior
to the supersonic expansion.

Tellurium selenide is a photoconducting semimetal mate-
rial that is widely used for optoelectronic devices such as
liquid crystal light valves (LCLV).[16] The preparation, study,
and application of nanowires, nanotubes, and semiconductor
heterojunction nanorods prepared from this material are of
current research interest.[17] A prototype building unit in these
structures—the diatomic cluster TeSe—is a heteroatomic
homologue of the oxygen molecule. In contrast to the oxygen
molecule, little is known about TeSe. Thermodynamic proper-
ties of TeSe were derived from Knudsen-cell mass spectro-
metric experiments.[18] Fink et al. observed the rotationally
resolved IR-chemiluminescence spectrum in the gaseous
state[19] while laser-induced fluorescence experiments on
TeSe in the gas phase as well as in inert gas matrices were
performed by Ahmed et al.[20] However, precise data on the
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internuclear potential and quantitative details of the chemical
bond, which can be obtained from high-resolution spectros-
copy, are unavailable to date.

The study of TeSe started with a coaxial single-target
laser-ablation source[6] spectrometer in Valladolid described
elsewhere[21] and was continued with the CATS spectrometer
in Hannover presented herein. Owing to the extraordinary
sensitivity of this technique, it was possible to characterize 43
of the existing 48 isotopologues of TeSe in their natural
abundances. 350 rotational transitions J+ 1,v !J,v for J= 0–6
in the vibrational states v= 0–6 were recorded and analyzed
(see Supporting Information). The extensive analysis of this
huge dataset, using the approach of Dunham[22] andWatson[23]

for a diatomic vibrating rotor as implemented by LeRoy,[24]

will be given in detail in a subsequent publication. From the
multi-isotopologue analysis, the rotational constants Be, the
vibration–rotation interaction coefficients �ae, ge, and ee, and
the fourth-order centrifugal distortion constants �De can be
derived for all isotopologues. With these parameters and
using the Bohr theory expansion[25] the individual spectra can
be described by Equation (1):

vJþ1,v J,v ¼2
�

Be�
2P2

WX1�WX0
�aeðnþ

1
2
Þ þ geðnþ

1
2
Þ2

þeeðnþ
1
2
Þ3�DeðJ þ 1Þ2

�

ðJ þ 1Þ
ð1Þ

The additional term P= hv,Ja,W= 1 jB(Ja)+ j v’,Ja,W= 0i
accounts[26] for the interaction between the two levels of
positive parity, W= 0+,1+, in a 3S state separated in energy by
WX1�WX0, which is accurately described for heavy diatomic

species such as TeSe by HundDs case (c).[27] Since finite
nuclear-size effects, known for Pb and Tl,[28] should be
negligible in this case, such terms are not included. From
the spectroscopic constants the equilibrium bond lengths re
can be calculated and the harmonic vibration frequency we as
well as the first anharmonicity constant �wexe can be
estimated by Equations (2)–(4), with the reduced mass m :[29]

re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h
8p2Bem

s

ð2Þ

we ffi 2

ffiffiffiffiffiffiffiffiffiffiffiffi

�Be
3

De

r

ð3Þ

�wexe ffi �
�

�ae

3
ffiffiffiffiffiffiffiffiffiffi

�De

p þ
ffiffiffiffiffiffi

Be

p

�2

ð4Þ

The constants we and �wexe allow the determination of
the Morse potential parameter a and the Morse dissociation
energy D [Eq. (5) and Eq. (6)][30]

D ffi hwe
2

4ð�wexeÞ
ð5Þ

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�wexe
Be

r

ð6Þ

The results for the most abundant isotopologue are
compared to those from Fink et al.[19] in Table 1. As shown,
the accuracy for the rotational constants from microwave
spectroscopy is two to four orders of magnitude higher. Even
the uncertainty in the indirectly determined vibrational

Figure 1. FTMW impulse experiment: Species are generated and expanded into a supersonic jet from a coaxial ablation twin source (CATS). Using
a coaxially oriented beam-resonator arrangement (COBRA), the molecular systems are coherently excited by an MW pulse and their response is
recorded in the time domain. Subsequent discrete Fourier transformation yields the frequency domain. A time-of-flight (TOF) mass spectrometer
reassembling the principle Wiley–McLaren arrangement[12] can be lowered onto the jet axis for efficient real-time source optimization towards the
desired cluster species.
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parameters is improved, which is generally the case when
microwave data, rather than infrared studies, are used for the
characterization of heavier diatomics.

The dissociation energy of 293.3 kJmol�1 obtained from
Knudsen-cell mass spectrometric experiments is about 25%
lower than the Morse dissociation energy D, this is consistent
with observations in other systems.[31] Using the higher order
anharmonicity contributions that are made available by the
spectroscopic data in Table 1, the potential function can be
expanded further[22] as shown in Figure 2 where the first term
represents the Morse potential. Since the first term is already
a good representation and the Dn values are quite small, the

potential converges rapidly about re. However, the corrected
dissociation energy D(1+D4+D5)= 409.6 kJmol�1 is still not
supposed to be very reliable since the spectroscopic data
sample only the lower region of the potential, where high-
order anharmonicities do not contribute. However, in the
absence of experiments on near-dissociative states, the Morse
dissociation energy D is still valuable as maximum estimate
for the dissociation limit.

Omitting contributions from the second term of Equa-
tion (1) in the multi-isotopologue analysis was quite unsat-
isfactory in terms of experimental accuracy, that is, the
breakdown of the Born–Oppenheimer approximation is
important in this case. This situation strongly indicates the
bi-radical nature of the electronic ground state of this cluster,
this nature was also discussed for the reasonable large
corrections found for PtS.[7] The terms in Equation (1) might
be compared with the expression discussed by Watson.[23] The
equations are essentially the same giving the relation in
Equation (7) with the electron mass me, the atomic masses
Mi(i=Se,Te), and the isotopologue invariant Born–Oppen-
heimer breakdown (BOB) mass-scaling correction constants
Di

0,1 (i= Se,Te).[23]

� 2P2

BeðWX1�WX0Þ
¼ me

MA
DA

0,1þ
me

MB
DB

0,1 ð7Þ

Both parameters, DTe
0,1 and DSe

0,1, have relatively large values
as seen in Table 2. By means of Equation (2)–(4) and using

the pure precession approximation PffiBe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

JaðJa þ 1Þ
p

with
Ja= S+L= 1, the BOB analysis of pure rotational spectra
provides an estimate for the separation of the 3S-state that is
split into a X0- and a X1-sublevel, or by using VersethDs
expression PffiBe

ffiffiffi

2
p
�g/

ffiffiffi

2
p

can give an estimate of the
electron spin-rotation coupling constant g, provided that the
energy separation is known [Eq. (8) and Eq. (9)].[25] This
approach gives WX1�WX0= 1059 cm�1, which is in fair agree-
ment with the energy separation of 1233.49 cm�1 determined
from the IR-chemiluminescence spectrum,[19] or g=

�0.01008 cm�1:

WX1�WX0 ffi �
4Be

me

MSe
DSe

0,1þ
me

MTe
DTe

0,1
ð8Þ

g ffi 2Be�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�BeðWX1�WX0Þ
�

me
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DTe

0,1

�

s
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Table 1: Equilibrium parameters and vibrational ground-state constants
of the main isotopologue 130Te80Se.

This work Ref. [19]

Be [MHz][a] 1834.980709(54)[c]

�ae [MHz] �5.352710(80)
ge [kHz] �4.762(39)
ee [Hz] �47.0(46)
�De [kHz] �0.28060(41)
we [GHz] 9385.0(69)
�wexe [MHz] �22.306(35)

Bv=0 [MHz] 1832.303158(178) 1832.21(75)
�Dv=0 [kHz] �0.28060(41) �0.300(63)
rV=0 [pm] 236.10380(15) 236.11(5)
we [GHz] 9385.0(69) 9384(24)
�wexe [MHz] �22.306(35) �21.6

derived Morse potential parameters
D [kJmol�1][b] 393.9(12)[c]

a 3.4861(28)
re [pm] 235.93148(15)

[a] The rotational constant B, the vibration-rotation-interaction coeffi-
cients �ae, ge, ee, the fourth-order centrifugal distortion constant �D,
the bond length r, the harmonic frequencywe, and the first anharmonicity
constant �wexe. [b] The Morse dissociation energy D, the Morse
parameter a, and the equilibrium bond length re. [c] Standard deviations
in parentheses are given in units of the last digit.

Figure 2. Morse potential (c) and expanded Morse-based poten-
tial (a) functions of tellurium selenide for the main isotopologue
130Te80Se.

Table 2: BOB parameters of TeSe and related compounds.

AB DA
0,1

[a] DB
0,1 Ref.

TeSe �20.9787(71)[b] �20.9541(32) this work
GeSe �1.612(46) �2.014(69) [11]
SnSe �1.555(84) �2.124(50) [11]
SnTe �1.749(97) �2.120(76) [11]
PbSe �11.86(92) �1.653(97) [11]
PbTe �11.98(81) �1.794(110) [11]

[a] BOB correction parameter Di
0,1 for atom i=A, B. [b] Standard

deviations in parentheses are given in units of the last digit.
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Owing to the very high resolution of the COBRA-FTMW
technique, it is feasible to analyze the narrow hyperfine
structure of isotopologues having one or two nuclear spins I=
1=2, thereby gaining some quantitative insight of the chemical
bond. For the W= 0+ component of a 3S state in the HundDs
case (c) limit, the interaction energy[32] for one nucleus in a
diatomic molecule (F= J+ I, j J�I j ) is given by Equa-
tion (10) and Equation (11) in the pure precession approx-
imation. In this case, the unperturbed nuclear spin-rotation
interaction constant f is altered by the low lying W= 1+ state.
The constant b is averaged over each unpaired electron
[Eq. (12) and Eq. (13)] with the molecular gJ-factor on the
order of unity and gN= m/ImN being proportional to the
magnetic moment m of the coupling nucleus and the
probability jy2(0) j of the electron being found at the
nucleus.

Whfs ¼
1
2
CIfFðF þ 1Þ�JðJ þ 1Þ�IðI þ 1Þg ð10Þ

CI ¼ f þ ðb�f Þ 4Be

WX1�WX0
ð11Þ

f ¼ 2gJgNm
2
N

�

1
r3

�

av
ð12Þ

b ¼ gNmNmB

�

16p
3
jy2ð0Þj� 3cos2q�1

r3

�

av

ð13Þ

In Equation (13) the angle q is taken between the
internuclear axis and the radius r from the nucleus to the
electron. Our CAS-SCF calculations show that the unpaired
electrons in the p* orbital have contributions of �0.842p and
�0.059d from Te and + 0.699p and 0d from Se. The lack of
s character for both nuclei makes jy2(0) j essentially zero,
since this probability is negligibly small for p- and d-orbitals.
The parameter b is dominated by the second term, which can
either be positive or negative or vanishes for a spherical
distribution, thus b can become of opposite sign to f, with f
assuming the sign of m. Values of jb j= 1000 MHz are not
unlikely.[32] However, the measured spin-rotation constants,
for example, CI(

130Te77Se)= 45.80(19) kHz given in Table 3,
are rather large and bear the sign of m for all isotopologues.
An estimate for f(77Se) might be the recently determined
CI(

208Pb77Se)= 9.61(30) kHz in a 1S state.[33] Consequently,
with 4Be/(WX1�WX0)� 2 J 10�4, b(77Se) is estimated to be of
the order of 180 MHz, thereby indicating large average values
q for the unpaired electrons in the antibonding p* orbitals.

In conclusion, this investigation on TeSe proves the power
of supersonic-jet FTMW spectroscopy in combination with
laser-ablation for research on intermetallic species. Not only
spectroscopic parameters and structural information are
accessible, but also information on the internuclear potential,
electronic structure, and details of the chemical bond of the
compound can be gained from high-resolution multi-isotopo-
logue rotational spectra determined with high sensitivity.
Even the energy separation of interacting triplet states can be
estimated from pure rotational spectra instead of by elec-
tronic spectroscopy. Such studies are generally applicable to
various metal or semimetal systems. The ability to prepare
supersonic jets of these samples and to obtain high-resolution
rotational spectra extends the horizon for investigations on
the building units of small particles and inorganic clusters that
form new materials.

Experimental Section
A stoichiometric mixture of tellurium and selenium powders (Alfa
Aesar, 99.96%) was sealed in quartz ampoules under reduced
pressure and heated at 800 8C for 24 h. Some grams of the ground
alloy were mixed with a few drops of acrylic acid based glue, pressed
to a rod and dried. Material was ablated from the samples at a
repetition rate of 5–20 Hz by the beams of pulsed Nd:YAG-lasers
(l= 1064 nm, 500 mJ or l= 532 nm, 90 mJ) focused on the rod
surface in neon (Linde, 3.5) at a stagnation pressure of 5–8 bar. The
accuracy of the transition frequencies varies from better than 1 kHz
(Hannover) to 5 kHz (Valladolid). For the microwave excitation, a
radiation power �8 dBm at 0.4 ms pulse duration was needed to
obtain maximum signal-to-noise ratios.
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Total Synthesis of Antigen Bacillus Anthracis
Tetrasaccharide—Creation of an Anthrax Vaccine
Candidate**

Daniel B. Werz and Peter H. Seeberger*

A few letters containing a seemingly inconspicuous white
powder killed four innocent people, instilled fear in most
Americans for several weeks, and brought the US Postal
Service to the brink of collapse shortly after the events of
September 11, 2001. The white powder was identified as
dormant spores of the Gram-positive soil bacterium Bacillus
anthracis,[1,2] which are highly resistant to extreme temper-
atures, radiation, harsh chemicals, desiccation, and physical
damage. These properties allow them to persist in the soil for
many years.[3] These spores cause anthrax, a serious infection
of herbivores and cattle, but infects humans only rarely,
except when specially prepared and dispensed as biowarfare
agents. If the spores are inhaled, the host is usually killed
within days. Three polypeptides that comprise the anthrax
toxin play a major role in all stages of infection, from
germination to the induction of vascular collapse leading to
host death.[4]

Bacillus anthracis, like most bacteria, bears unique
oligosaccharides on the surface of the spore for interaction
with the host. Specific oligosaccharide antigens can be used to
design an antibacterial vaccine for the induction of an
immune response.[5] Carbohydrates are evolutionarily more
stable than proteins and have been exploited in a series of
commonly employed vaccines.[6] Synthetic oligosaccharide
vaccines have shown very encouraging results against
cancer,[7] malaria,[8] and Haemophilus influenzae type b[9] to
name just a few.

The structure of tetrasaccharide 1, which is found on the
surface of the exosporium glycoprotein BC1A of Bacillus
anthracis was elucidated in 2004 (Figure 1).[10] A unique
characteristic of this antigen is the nonreducing terminal
sugar, the so-called anthrose, which is not even found in
closely related species.[10] Tetrasaccharide 1 is therefore a very
attractive target for vaccine development and the elucidation
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of a highly specific immune response against Bacillus
anthracis.

Herein, we describe the first total synthesis of tetrasac-
charide 2 through a convergent [2+2] approach that facilitates
access to analogues and shorter sequences. The terminal
pentenyl group can serve as a point of attachment during
conjugation to a carrier protein in vaccine development. A
straightforward synthesis of the unique monosaccharide
anthrose is part of this total synthesis.

Synthesis of the terminal anthrose[10] started from com-
mercially available d-fucose (3) (Scheme 1).
Acetylation of 3, followed by immediate pro-
tection of the anomeric center with para-
methoxyphenol (MPOH) and subsequent cleav-
age of the acetates furnished 4. A levulinoyl
group proved to be the best choice to protect
the C2 hydroxy group during installation of the
b(1!3) glycosidic linkage in anticipation of its
selective removal prior to methylation of O2.
Thus, reaction of 4 with 2,2-dimethoxypropane
and introduction of the levulinic ester at C2
furnished 5. Removal of the isopropylidene and
tin-mediated selective benzylation of the hy-
droxy group at C3 afforded 6. The configuration
of C4 was inverted by reaction of the hydroxy
group with triflic anhydride to install a triflate,
which was displaced by sodium azide in an SN2-
type fashion to give 7.[11] Removal of the
anomeric p-methoxyphenyl group with wet
cerium ammonium nitrate was followed by the
formation of the anthrose trichloroacetimidate
8 by treatment with trichloroacetonitrile and a
catalytic amount of sodium hydride. A com-
pletely different, more lengthy approach to the
synthesis of an anthrose monosaccharide was
reported recently.[12]

Rhamnose building block 13, which is equipped with a
robust participating group at C2 to ensure a selectivity and a
readily removable temporary protecting group (Fmoc) at 3-
OH was synthesized next (Scheme 2). First, the anomeric

center was protected with a para-methoxyphenol group under
the conditions described above to give 10.[13] Formation of the
cis-fused acetal and subsequent benzylation afforded 11. The
transformation of the acetal into the corresponding

Figure 1. Structure of the terminal tetrasaccharide 1 of the major sur-
face glycoprotein of Bacillus anthracis and analogue 2 ready for conju-
gation.

Scheme 1. Synthesis of anthrose building block 8. Reagents and condi-
tions: a) Ac2O, pyridine, 12 h, quant.; b) MPOH, BF3·OEt2, acetone,
0 8C!25 8C, 12 h, 71%; c) NaOMe, MeOH, 6 h, quant.; d) 2,2-dime-
thoxypropane, BF3·OEt2, acetone, 0 8C!25 8C, 12 h, 96%; e) LevOH,
DMAP, DIPC, CH2Cl2, 0 8C, 3 h, 92%; f) HCl (pH 3), MeOH, 50 8C,
18 h, 85%; g) nBu2SnO, toluene, Dean–Stark apparatus, reflux, 2 h;
h) BnBr, TBAI, toluene, reflux, 3 h, 95% (two steps); i) Tf2O, pyridine,
0 8C, 90 min; j) NaN3, DMF, 25 8C, 10 h, 80% (two steps); k) CAN,
H2O/CH3CN, 25 8C, 1 h; l) Cl3CCN, NaH, CH2Cl2, 25 8C, 45 min, 78%
(two steps). MPOH=para-methoxyphenol, LevOH= levulinic acid,
DMAP=4-dimethylaminopyridine, DIPC=diisopropyl carbodiimide,
Bn=benzyl, TBAI= tetrabutylammonium iodide, CAN=cerium am-
monium nitrate.

Scheme 2. Synthesis of rhamnose building block 13. Reagents and conditions:
a) Ac2O, pyridine, 12 h, quant.; b) MPOH, BF3·OEt2, acetone, 0 8C!25 8C, 12 h, 80%;
c) NaOMe, MeOH, 12 h, 96%; d) 2,2-dimethoxypropane, BF3

.OEt2, acetone, 0 8C!
25 8C, 12 h, 84%; e) NaH, BnBr, DMF, 0 8C!25 8C, 4 h, quant.; f) HCl (pH 3), MeOH,
50 8C, 89%; g) 1,1,1-triethoxyethane, p-TsOH (cat.), DMF, 50 8C, 50 min; h) AcOH/
H2O (4/1, v/v), 10 8C, 10 min, 98% (two steps); i) FmocCl, pyridine, 25 8C, 2 h, 88%;
j) CAN, H2O/CH3CN, 25 8C, 1 h, 76%; k) Cl3CCN, NaH, CH2Cl2, 25 8C, 1 h, 94%.
TsOH=para-toluenesulfonic acid, DMF=N,N-dimethylformamide, Fmoc= fluorenyl-
methoxycarbonyl.
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orthoester and ring opening resulted in the kinetically
preferred axial acetate in 12. The remaining hydroxyl function
was protected with an Fmoc group, and the para-meth-
oxyphenyl glycoside was cleaved. Subsequent reaction with
trichloroacetonitrile in the presence of traces of sodium
hydride afforded building block 13.

The assembly of the tetrasaccharide through a [2+2]
approach commenced with the reaction of known building
block 14[14] with 4-penten-1-ol (Scheme 3). The pentenyl

moiety serves at a later stage as a handle for conjugation to a
carrier protein in the preparation of the vaccine candidate.
Cleavage of the acetate at C2, further glycosylation with 13,
and subsequent removal of Fmoc yielded disaccharide 16.
During the cleavage of the Fmoc group, minor acetate
migration (� 10%) from the 2-OH to the 3-OH group was
observed, but the undesired product was easily removed by
column chromatography.

The second disaccharide (Scheme 3B) was assembled by
glycosylation of rhamnose 12, an intermedi-
ate in the synthesis of building block 13, with
the anthrose unit 8. The levulinoyl group,
which ensured b selectivity, was replaced by
the final methoxy substituent at C2. The
methylation in the presence of acetate
proved to be challenging. Even powerful
methylating agents such as methyl triflate
and diazomethane failed to facilitate the
transformation. Satisfying yields were only
possible with MeI/Ag2O in the presence of
catalytic amounts of dimethyl sulfide. The
commonly used maneuver to convert the
methoxyphenyl glycoside into the corre-
sponding trichloroacetimidate furnished dis-
accharide unit 18.

To complete the total synthesis, the two
disaccharide units 16 and 18 were coupled to
afford tetrasaccharide 19 (Scheme 4).
Sodium in liquid ammonia removed all
permanent protecting groups and trans-
formed the azide moiety into an amine, thus
achieving global deprotection. The formation
of the amide with 3-hydroxy-3-methylbuta-
noic acid under peptide-coupling condi-
tions[15] led to tetrasaccharide 2, whose struc-
ture was confirmed by comprehensive spec-
troscopic analysis and comparison with the
reported analytical data for 1.

In conclusion, we have reported a con-
vergent total synthesis of a Bacillus anthracis
tetrasaccharide antigen ready for conjugation

Scheme 3. Syntheses of disaccharide building blocks 16 (A) and 18 (B). Reagents and
conditions: a) 4-pentenol, TMSOTf, CH2Cl2, �20 8C, 45 min, 79%; b) NaOMe, MeOH,
4 h, 96%; c) 13, TMSOTf, CH2Cl2, 0 8C, 1 h, 91%; d) piperidine, DMF, 25 8C, 30 min,
89%; e) 8, TMSOTf, CH2Cl2, 0 8C, 1 h, 90%; f) hydrazinium acetate, CH2Cl2, MeOH,
25 8C, 12 h, quant.; g) MeI, Ag2O, THF, Me2S (cat.), 25 8C, 8 h, 73%; h) CAN, H2O/
CH3CN, 25 8C, 1 h; i) Cl3CCN, NaH, CH2Cl2, 25 8C, 1 h 95% (two steps). TMSOTf= tri-
methylsilyl trifluromethanesulfonate.

Scheme 4. Completion of the total synthesis. Reagents and conditions: a) TMSOTf, CH2Cl2, 0 8C, 70 min, 73%; b) Na/NH3(l), THF, �78 8C, 60%;
c) 3-hydroxy-3-methylbutanoic acid, HATU, DIPEA, DMF, 25 8C, 2 h, 75%. HATU=N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethyl-
ene]-N-methylmethanaminium hexafluorophosphate, DIPEA=diisopropylethylamine.
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to carrier proteins. Immunological studies as well as the
preparation of derivatives are currently under investigation.
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The classical mechanisms for the catalytic hydrogenation of
C=C double bonds with rhodium(i) or iridium(i) complexes
consist of six steps: 1) ligand dissociation from the catalyst
precursor, 2) oxidative addition of H2, 3) olefin coordination,
4) insertion of the coordinated C=C bond in a Rh�H bond,
5) isomerization, and 6) reductive elimination of the prod-
uct.[1] In the Halpern mechanism,[2] the olefin insertion and in
the Brown mechanism the reductive elimination of the alkane
is rate-determining.[3] In both mechanisms, a T-shaped 14-
electron [ML2X] complex is the key intermediate which adds
H2 oxidatively in an almost barrierless exothermic reaction.
The heterolytic addition of hydrogen across a metal–nitrogen
bond was first investigated systematically by Fryzuk and co-
workers.[4] In the meantime, this reaction has been recognized
as a key step in the very efficient catalytic hydrogenation of
unsaturated substrates RR1C=X,[5–7] especially of ketones
(X=O), which became known as metal–ligand bifunctional
catalysis through the work of Noyori and Morris. This
mechanism is different and involves: 1) heterolytic addition
of H2 across the metal–amide bond as the rate-determining
step, 2) binding of RR1C=X in the second coordination
sphere of the MHd�–NHd+ unit, 3) “concerted” transfer of
Hd� from the metal atom to the C=X carbon atom and Hd+

from the nitrogen atom to the X center, and 4) product
release. In this mechanism no change of the formal oxidation
state and no major structural changes in the first coordination
sphere of the metal center occur. Combined with the
possibility to isolate the species that are directly involved in
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the catalytic cycle,[7b,8] new possibilities for rational catalyst
design emerge.

Recently, we isolated rhodium(i) amide olefin complexes
with a rigid tetrahedrally distorted square-planar structure.[9]

In accord with a calculated high activation barrier (>
29 kcalmol�1), these compounds do not split H2 heterolyti-
cally. Here we report the syntheses of rhodium amides with a
novel structure. These complexes are easily prepared in a few
steps, can be isolated, split H2 heterolytically, and are directly
active hydrogenation catalysts for ketones and imines without
the need for any additives.

The reaction of bis(5-H-dibenzo[a,d]cyclohepten-5-yl)-
amine (1, bis(tropylidenyl)amine, trop2NH)[10a] with [Rh2(m2-
Cl)2(cod)2] (2) gives the dinuclear complex [Rh2(m2-Cl)2-
(trop2NH)2] (3, Scheme 1).

Subsequent reaction with a phosphane leads to the
mononuclear complexes [RhCl(trop2NH)(PPh2R)] 4a (R=

Ph) and 4b (R= 4-MeC6H4=Tol) in which the phosphane
ligand is in the equatorial position and the chloro substituent
is in the apical position (these stereochemical assignments are
based on the NMR spectroscopic data). The complexes 3 (red
crystals) and 4a,b (yellow crystals) are obtained quantita-
tively and can be stored in air.

The NH function of the rhodium(i)-coordinated trop2NH
ligands is sufficiently acidic (pKa 15–20 in DMSO)[9,10] to be

fully deprotonated by addition of one equivalent of KOtBu to
4a,b in THF; this is accompanied by an immediate color
change of the reaction solution from orange-red to intense
green. Deep green, highly air-sensitive crystals of 5a,b grew
from a 1:1 mixture of THF/toluene which was layered with n-
hexane. The result of a structure analysis on a single crystal of
5b is shown in Figure 1.[11]

The structure of the neutral amide 5b is unique among
tetracoordinate d8 rhodium complexes. However, a close
relationship exists to the zero-valent 16 valence-electron
(VE) [Ru(CO)2(PR3)2] complexes studied by Caulton, Eisen-
stein, et al.[12] and to the highly reactive transient carbonyls
[M(CO)4] (M=Fe, Ru, Os).[13] Indeed, like these species, 5b
adopts a “sawhorse” structure with a N-Rh-P angle of
166.18(5)8 and a ct1-Rh-ct2 angle of 135.81(7)8 (ct= centroid
of the coordinated C=C bond). Comparable angles in
[Ru(CO)2(PtBu2Me)2] are: P-Ru-P 165.56(8)8, and C-Ru-C
133.3(4)8.

The amide nitrogen atom N1 has a pyramidal coordina-
tion sphere (�= 3478). At temperatures below 220 K, sharp
and distinct 1H NMR resonances for the inequivalent protons
at the olefinic carbon atoms C4/C20 and C5/C19, respectively,
are observed, which demonstrates that the sawhorse structure
corresponds to the ground-state structure. At room temper-
ature, these NMR resonances collapse to give one broadened
singlet, indicating inversion at the nitrogen and rhodium
centers, probably via a planar transition state.

The rhodium amides 5a,b react rapidly and quantitatively
with H2 (1 atm) even at �78 8C to give the yellow rhodium
hydride complexes [RhH(trop2NH)(PPh2R)] (6a,b). This
reaction is very likely reversible as 6b reacts with D2 to give

Scheme 1. Synthesis of rhodium bis(trop)amine complexes 4a,b, 5a,b,
6a,b, and 7a,b. cod=cycloocta-1,5-diene.

Figure 1. Structure of 5b. Thermal ellipsoids are drawn at 30% prob-
ability; hydrogen atoms are omitted for clarity. Selected bond lengths
[L] and angles [8]: Rh�N1 2.007(1), Rh�P1 2.316(1), Rh�C5 2.165(2),
Rh�C4 2.190(2), Rh�C19 2.174(2), Rh�C20 2.199(2), Rh�ct1 2.058(2),
Rh�ct2 2.070(2), C4�C5 1.423(3), C19�C20 1.407(3); N1-Rh-P1
166.18(5), ct1-Rh-ct2 135.81(7), C16-N1-C1 109.5(1), C16-N1-Rh
118.5(1), C1-N1-Rh 119.0(1).
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[D2]-6b exclusively and, vice versa, [D2]-6b reacts with H2 to
give 6b. The latter reaction was monitored by 1H NMR
spectroscopy and shows that the intensities of the signals for
the NH and RhH protons build up simultaneously. We have
no evidence that deuterium labeling occurs at any other
position in the molecule. The structure of 6b was determined
by X-ray diffraction (Figure 2).[11]

The structural differences between 5b and 6b are very
small. In 6b the Rh�N bond is 9% longer and the Rh�P bond
is 4% shorter than in 5b ; the ct1-Rh-ct2 angle is 2% more
acute, whereas the N-Rh-P angle is 2% more open. Also the
coordination sphere at N1 is not influenced very much (�(C-
N-C, 2GC-N-Rh)= 344.28). ATHFmolecule is coordinated to
the NH function (N1···O1 3.02 I) and indicates, as does the
high-frequency 1H NMR shift (d : 5.56 ppm (6a), 5.09 ppm
(6b)), its acidic character. The hydride ligand H2 in the
equatorial position of the trigonal-bipyramidal structure of 6b
causes the typical[14] shift of the olefinic 13C resonances to low
frequency (by about 20 ppm) and an elongation of the
coordinated C=C bonds.

Solutions of the recrystallized hydrides 6a,b in THF are
stable for at least 24 h. However, impurities provoke the
quantitative isomerization to the air-stable yellow complexes
7a,b in which the hydride ligand adopts the axial position.

The assumption that the amide complexes 5a,b split H2

heterolytically is supported by DFT calculations with the
model complex [Rh(cht2N)(PH3)] (I) (cht= cyclohepta-

trienyl, Figure 3).[15] The formation of the hydride II is
exothermic (DRH=�15.8 kcalmol�1) and proceeds in one
step[16] via the transition state TS-I. The calculated NBO
charges show that the H2 molecule is significantly polarized

(DqNBO= 0.33 e) in the transition state (compare with
DqNBO= 0.57 e in the product II). The polarity of the RhI�N
bond varies little throughout this addition process (DqNBO=

0.94 e (I), 0.91 e (TS-I), 0.83 e (II)). The “classical” oxidative
addition of H2 leading to the rhodium(iii) dihydride III is an
unfavorable endothermic process (DRH= 17.9 kcalmol�1)
and has to encompass the transition state TS-II which is
higher in energy than TS-I by 3.4 kcalmol�1.

The isolated crystalline amide 5b and the hydride 6b were
used in catalytic hydrogenations without any further addi-
tives. The conditions and results are listed in Table 1. Under
these (not yet optimized) conditions,[17] alkyl- (8) and aryl-
substituted ketones (9) and the imine 10 are completely
converted to the corresponding hydrogenated products cyclo-
hexanol, 1-phenylethanol, and N-phenylbenzylamine, respec-
tively. The amide 5b and the hydride 6b are equally active
(see Table 1, entries 2 and 3). Addition of an excess of
phosphine does not significantly slow down the catalytic
activity. However, at the end of each catalytic run, the axial

Figure 2. Structure of 6b. Thermal ellipsoids are drawn at 30% prob-
ability; hydrogen atoms apart from H1 and H2 and one THF solvent
molecule are omitted for clarity. One position of the disordered para-
methyl substituent within the PPh2Tol ligand is shown. Selected bond
lengths [L] and angles [8]: Rh�N1 2.178(1), Rh�P1 2.230(1), Rh�H2
1.59(3), Rh�C5 2.159(1), Rh�C4 2.199(1), Rh�C19 2.158(1), Rh�C20
2.203(1), Rh�ct1 2.057(1), Rh�ct2 2.059(1), C4�C5 1.437(2), C19�C20
1.436(2), N1···O1 3.02; N1-Rh-P1 169.95(3), ct1-Rh-ct2 132.54(5), C16-
N1-C1 110.7(1), C16-N1-Rh 116.15(7), C1-N1-Rh 117.36(7).

Figure 3. DFT[15] computed energies for the heterolytic (shown in
black) and oxidative addition (shown in gray) of H2 to the model com-
plex I. NBO charges are given for the Rh, N, and the adding H2 mole-
cule in I, TS-I, and II.

Table 1: Hydrogenation of the ketones 8 and 9 and the imine 10 with 5b
or 6b as catalysts.[a]

Entry Substrate Cat. S/C[b] t [h] Conversion [%]

1 8 5b 100 16 >97
2 9 5b 100 16 >97
3 9 6b 100 16 >97
4 9 5b 1000 1.5 22
5 9 5b 1000 16 65
6 10 5b 100 16 >97

[a] THF, 100 bar H2 , T=298 K. [b] Ratio substrate/catalyst.
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hydride 7b is the only detectable rhodium- and phosphorus-
containing species and this hydride is catalytically inactive.
We therefore assume that the formation of 7b in course of the
catalytic reaction is responsible for the incomplete conversion
of 9 with low catalyst loadings (Table 1, entry 5).

In summary, rhodium amides with previously unreported
structures can be prepared from readily available starting
materials. These complexes react cleanly with H2 which is
heterolytically split in a one-step process across the polar Rh�
N bond. Both, the amide and hydride can be used directly as
catalysts for ketone or imine hydrogenations, which very
likely proceed via the metal–ligand bifunctional mecha-
nism.[17] Given that the isomerization of the catalytically
active hydride intermediate to an inactive one can be
suppressed, efficient new catalysts for hydrogenations are in
sight.

Experimental Section
The syntheses of 4a,b can be performed without any particular
precautions. In contrast, the amides 5a,b must be handled under
exclusion of moisture and oxygen. Detailed descriptions of the
syntheses and spectroscopic data are given in the Supporting
Information.

The reaction of 2 with two equivalents 1 in CH2Cl2 gave 3·CH2Cl2,
which was obtained as red crystals from the reaction mixture (yield >

90%). Subsequent reaction with PPh2R (R=Ph or Tol) gave yellow
solutions, from which 4a,b were precipitated by addition of n-hexane
(yields > 80%; 4a : R=Ph, 4b : R=Tol). The reaction of 4a,b with
one equivalent of KOtBu in THF gave a deep green reaction solution,
to which was added toluene (50vol%). After all volatiles had been
evaporated under vacuum, the green residue was extracted with THF,
filtered, and concentrated. Layering this THF extract with toluene
and n-hexane (THF/toluene/n-hexane= 1:1:10) gave dark green
microcrystals of 5a,b (yields: 80%). Deep green solutions of 5a,b
in THF were treated with H2 (D2) gas at 2 atm. Layering of the
resulting yellow solutions with n-hexane led to the crystallization of
the hydrides 6a,b or [D2]-6b as yellow air-stable platelets (yields >

80%).
NMR data were recorded at 298 K when not specified otherwise:

3 : M.p.: > 250 8C (decomp). 1H NMR (400.1 MHz, CD2Cl2): d= 5.97
(dd, 3JH,H= 9.4 Hz, 2JRh,H= 2.1 Hz, 4H; CHolefin), 6.20 ppm (d, 3JH,H=

9.4 Hz, 4H; CHolefin);
13C NMR (100.6 MHz, CD2Cl2): d= 71.4 ppm

(br s, 8C; CHolefin);
103Rh NMR (12.7 MHz, CD2Cl2): d= 2992 ppm

(s); UV/Vis (CH3CN): lmax (e)= 232 (sh), 289 (45700), 329 nm (sh).
4a : M.p.: > 260 8C (decomp). 1H NMR (300.1 MHz, CDCl3): d= 1.59
(br, 1H; NH), 5.42 (dd, 3JH,H= 9.4 Hz, 3JP,H= 7.4 Hz, 2H; CHolefin),
5.66 ppm (ddd, 3JH,H= 9.4 Hz, 3JP,H= 5.8 Hz, 2JRh,H= 1.3 Hz, 2H;
CHolefin);

31P NMR (101.2 MHz, CDCl3): d= 7.7 ppm (d, 1JRh,P=

111 Hz). 4b : M.p.: > 260 8C (decomp). In CDCl3 solution two
conformations (likely due to hindered rotation around the Rh�P
bond) in an approximate 2:1 ratio are observed. 1H NMR
(300.1 MHz, CDCl3): d= 1.59 (br s, 1H; NHmaj), 1.71 (br s, 1H;
NHmin), 5.35–5.48 (m, 2H; CHolefin,min; and 2H; CHolefin,maj), 5.60–
5.67 ppm (m, 2H; CHolefin,min; and CHolefin,maj);

31P NMR (121.5 MHz,
CDCl3): d= 6.9 (d, 1JRh,P= 111 Hz, maj), 7.6 ppm (d, 1JRh,P= 111 Hz,
min). 5a : 1H NMR (400.1 MHz, [D8]THF, 200 K): d= 4.69 (ddd,
3JH,H= 9.0 Hz, 3JP,H= 6.2 Hz, 2JRh,H= 1.2 Hz, 2H; CHolefin), 5.62 ppm
(ddd, 3JH,H= 9.0 Hz, 2JRh,H= 3.3 Hz, 3JP,H= 2.9 Hz, 2H; CHolefin);
13C NMR (100.6 MHz, [D8]THF, 200 K): d= 76.2 (d, 1JRh,C= 6.7 Hz,
2C, CHolefin), 84.5 ppm (d, 1JRh,C= 14.7 Hz, 2C, CHolefin).

31P NMR
(162.0 MHz, [D8]THF, 200 K): d= 40.8 ppm (d, 1JRh,P= 124 Hz); 103Rh
NMR (12.6 MHz, [D8]THF, 200 K): d= 838 ppm (d, 1JRh,P= 124 Hz);
UV/Vis (THF): lmax (e)= 301 (20000), 352 (10000), 438 (3000),

662 nm (1000). 5b : 1H NMR (500.2 MHz, [D8]THF, 190 K): d= 4.74
(dd, 3JH,H= 7.3 Hz, J= 7.3 Hz, 2H; CHolefin), 5.68 ppm (d, 3JH,H=
7.3 Hz, 2H; CHolefin);

13C NMR (125.8 MHz, [D8]THF, 190 K): d=
75.7 (s, 2C, CHolefin), 83.9 ppm (d, 1JRh,C= 15.1 Hz, 2C; CHolefin);
31P NMR (121.5 MHz, [D8]THF): d= 38.7 ppm (d, 1JRh,P= 124 Hz).
6a : 1H NMR (400.1 MHz, [D8]THF): d=�8.15 (dd, 1JRh,H= 23.0 Hz,
2JP,H= 23.0 Hz, 1H; RhH), 3.55 (d, 3JH,H= 9.3 Hz, 2H; CHolefin), 3.91
(dd, 3JH,H= 9.3 Hz, 3JH,H= 4.7 Hz, 2H; CHolefin), 5.56 ppm (d, 3JP,H=
4.9 Hz, 1H; NH); 13C NMR (100.6 MHz, [D8]THF): d= 57.8 (d,
1JRh,C= 8.0 Hz, 2C; CHolefin), 60.6 ppm (d, 1JRh,C= 8.6 Hz, 2C; CHol-

efin);
31P NMR (162.0 MHz, [D8]THF): d= 65.4 ppm (d, 1JRh,P=

144 Hz); 103Rh NMR (12.6 MHz, [D8]THF, 230 K): d=�187 ppm
(d, 1JRh,P= 144 Hz). 6b : M.p.: > 100 8C (decomp). 1H NMR
(300.1 MHz, [D8]THF): d=�8.19 (dd, 1JRh,H= 23.3 Hz, 2JP,H=
23.3 Hz, 1H; RhH), 3.65 (d, 3JH,H= 9.4 Hz, 2H; CHolefin), 3.97 (dd,
3JH,H= 9.4 Hz, 3JP,H= 4.5 Hz, 2H; CHolefin), 5.09 ppm (d, 3JP,H= 5.5 Hz,
1H; NH); 13C NMR (75.5 MHz, [D8]THF): d= 57.0 (d, 1JRh,C=
7.9 Hz, 2C; CHolefin), 60.0 ppm (d, 1JRh,H= 8.8 Hz, 2C; CHolefin);
31P NMR (121.5 MHz, [D8]THF): d= 63.0 ppm (d, 1JRh,P= 145 Hz);
ATR IR: ñ= 3169 (m, NH), 1756 cm�1 (m, RhH). [D2]-6b :

2H NMR
(46.1 MHz, THF): d=�8.19 (br s, RhD), 4.92 ppm (br s, ND);
31P NMR (121.5 MHz, [D8]THF): d= 61.3 ppm. The ND and RhD IR
absorptions (expected at about 1580 and 880 cm�1) are hidden by
intense absorptions from the ligand. 7a : M.p.: > 150 8C (decomp).
1H NMR (400.1 MHz, [D8]THF): d=�21.37 (dd, 1JRh,H= 17.4 Hz,
2JP,H= 17.4 Hz, 1H; RhH), 0.82 (s, 1H; NH), 4.40 (dd, 3JH,H= 9.0 Hz,
3JP,H= 7.8 Hz, 2H; CHolefin), 5.15 ppm (dd, 3JH,H= 9.0, 3JP,H= 5.1 Hz,
2H; CHolefin);

13C NMR (100.6 MHz, [D8]THF): d= 57.1 (dd, 2JP,C=
14.7 Hz, 1JRh,C= 9.8 Hz, 2C, CHolefin), 61.2 ppm (dd, 1JRh,C= 8.6 Hz,
2JP,C= 4.90 Hz, 2C, CHolefin);

31P NMR (162.0 MHz, [D8]THF): d=
47.3 ppm (d, 1JRh,P= 138 Hz); 103Rh NMR (12.6 MHz, [D8]THF): d=
�38 ppm (d, 1JRh,P= 138 Hz). 7b : 1H NMR (300.1 MHz, [D8]THF):
d=�21.49 (dd, 1JRh,H= 17.3 Hz, 2JP,H= 17.3 Hz, 1H; RhH), 0.96 (s,
1H; NH), 4.47 (dd, 3JH,H= 8.8 Hz, 3JP,H= 7.8 Hz, 2H; CHolefin),
5.20 ppm (dd, 3JH,H= 8.8, 3JP,H= 5.0 Hz, 2H; CHolefin);

13C NMR
(75.5 MHz, [D8]THF): d= 56.4 (dd, 2JP,C= 14.3 Hz, 1JRh,C= 9.4 Hz,
2C; CHolefin), 60.4 ppm (dd, 1JRh,C= 8.8 Hz, 2JP,C= 5.2 Hz, 2C;
CHolefin);

31P NMR (121.5 MHz, [D8]THF): d= 45.0 ppm (d, 1JRh,P=
138 Hz).
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TheM�N bond in late transition-metal amides[1] is susceptible
to a number of useful synthetic transformations.[2] Some years
ago, Brunet et al. reported the only known bis-
(amido)rhodium(i) complexes, which were characterized in
rather complex equilibria in the reaction of [RhnClm(PR3)l]
compounds with anilide, MNHPh (M=Li, Na).[3] Based on
NMR data, the structure A was proposed for {Li(solv)x-
[Rh(NHPh)2(PR3)2]} (Scheme 1). In this intimate ion pair,

which is only stable in the presence of an excess of anilide in
solution, the NHPh groups are likely rotated such that they
are orientated perpendicular to the central plane, and the lone
pairs are involved in the complexation of the alkali-metal
cation.

Previously, we reported the stable neutral rhodium(i)
amides B and C, which were isolated and fully characterized
(see Table 1 for pertinent data). The pentacoordinate 18-
electron complex B adopts the expected trigonal-bipyramidal
structure with the nitrogen atom in an apical position.[4, 5] The
[Rh(trop2N)(L\L)] amides B (trop2N= bis(5H-dibenzo-
[a,d]cycloheptene-5-yl)amide; L\L= tropNH2, bipy) are
reversibly oxidized at about �0.5 V (versus the ferroce-
nium/ferrocene, Fc+/Fc, couple) to the aminyl radical com-
plexes [Rh(trop2N)(L\L)]+C. Their conjugated acids, [Rh-
(trop2NH)(L\L)]+, have pKa values of about 19 in DMSO.[5]

In the neutral tetracoordinate 16-electron complex [Rh(trop2-
dach�H)], C, the NR2 group is approximately coplanar with
the central plane, which leaves the amide nitrogen lone pair in
a perpendicular position (trop2dach= (R,R)-N,N’-bis(5H-
dibenzo[a,d]cyclohepten-5-yl)-1,2-diaminocyclohexane; the
“�H” indicates mono-deprotonation).[6] This complex is less
readily oxidized (�0.34 V versus Fc+/Fc) and the pKDMSO

a of
the conjugated acid [Rh(trop2dach)]

+ (15.7) is significantly
lower than in B. We now report the first stable and fully
characterized diamido rhodates(1�) and some of their
properties. Interestingly, we observe different aggregates
between the countercation, [M(solv)n]

+ (solv= solvent mol-
ecules), and the diamido rhodate(1�) anion.

For this purpose, we used the chiral tetrachelating amino
olefin (S,S)-N,N’-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,2-
diphenyl-1,2-ethylenediamine ((S,S)-trop2dpen= (S,S)-1)[6]

as ligand (Scheme 2). The reaction of ligand (S,S)-1 with
[Rh(cod)2]OTf was straightforward and gave the orange-red

complex (lmax= 470 nm) (S,S)-3. When an orange solution of
(S,S)-3 in THF was treated with one equivalent of KOtBu, the
solution immediately turned red to furnish the amide (S,S)-4
quantitatively. This compound was not isolated but was
characterized by NMR and UV/Vis spectroscopy, which show
that it is very similar to C (see Table 1 for selected data).
Subsequently, (S,S)-4 was further deprotonated under differ-
ent reaction conditions: a) in THF, b) in the presence of three
equivalents of [18]crown-6 (18C6), and c) in the presence of
[2.2.2]cryptand (C222) (see Scheme 2). In case (a), an

Scheme 1. The diamido rhodate(1�) A reported by Brunet et al. [3] ,
and isolated 18-electron and 16-electron rhodium(i) amides B and C,
respectively (L\L= tropNH2, bipy).

Table 1: Selected structural and physical data of B, C, (S,S)-3, (S,S)-4, (S,S)-5hip, (S,S)-5cip, and (S,S)-5sip. �8 denotes the sum of bond angles
around the nitrogen atom. d(103Rh) in ppm ([D8]THF, 298 K).

Rh�N1 Rh�N2 �8(N1)[a] �8(N2) pKDMSO
a

[b] E
o

ox[V][c] lmax [nm] d(103Rh)

B 2.05 340.0 19 �0.5 �380 >1000
(S,S)-3 2.093(3) 2.083(3) 342.7(2) 339.8(3) >0.6 470 897
C 1.962(2) 2.110(2) 351.1(2) 337.4(2) 15.7(2) �0.34 516 736
(S,S)-4 – – – – – – 506 702
(S,S)-5hip 1.955(2) 2.030(2) 358.8(2) 340.0(2) – 545 577
(S,S)-5cip 1.964(4) 2.002(4) 355.7(4) 343.8(4) 21–23 �1.09 598 665[d]

(S,S)-sip 1.992(3) 1.976(3) 347.3(3) 350.9(3) 599 682

[a] N1 denotes the amido nitrogen center, N2 is NH in C and N-K in (S,S)-5hip. [b] Data of the corresponding acids with the protonated ligand.
[c] Potentials versus Fc+/Fc in a THF/nBu4NPF6 electrolyte at T=20 8C, scan rate 100 mVs�1, Pt working electrode. [d] (S,S)-5 sip in [D6]DMSO:
d(103Rh)=666 ppm.
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intensely deep red solution was obtained. In cases (b) and (c),
deep green solutions were obtained. Double deprotonation of
(S,S)-3 in DMSO as solvent with two equivalents of KOtBu
also gave green solutions. The 1H NMR spectra indicated in
each case, that the doubly deprotonated diamido rho-
date(1�), (S,S)-[Rh(trop2dpen�2H)]� was obtained.

The products obtained under the conditions a)–c) in
Scheme 2 were crystallized and the results of the X-ray
diffraction studies are displayed in Figures 1–3, respectively.[7]

From experiment (a), dark red crystals of the composition
(S,S)-{K[Rh(trop2dpen�2H)](thf)3}, (S,S)-5hip, precipitated
(> 80% yield) after the reaction mixture had been layered
with n-hexane. From experiments (b) and (c), dark green
needles of the composition (S,S)-{[K(18C6)(thf)][Rh(trop2-
dpen�2H)]}·0.5Et2O, (S,S)-5cip, and (S,S)-[K(C222)]
[Rh(trop2dpen�2H)]·Et2O·1.5THF, (S,S)-5sip, were ob-
tained from solutions of the respective complexes in THF
layered with Et2O (� 80% yield).

The structure of (S,S)-5hip is best described as an
electrostatically enforced host–guest complex,[8] in which the
cationic [K(thf)3]

+ fragment is embedded in the ligand
framework of the anion (see Figure 1b). The potassium ion
has short contacts to the rhodium(i) atom, one amide nitrogen
atom, one hydrogen atom in the ethylene bridge, and four
carbon atoms of one of the adjacent benzo rings (see

Figure 1 a). Such arene–potassium interactions were
recently proposed to account for the performance of
ruthenium(ii) amides as hydrogenation catalysts.[9] Note
that the coordination of the K+ ion to N2 causes the Rh�
N2 bond (2.030(2) J) to be significantly longer and the N2
coordination sphere to be more pyramidal (sum of angles
�8= 340.0(2)8) compared to N1 which binds at a remark-
able short distance (1.955(2) J) to Rh and resides in an
almost planar coordination sphere (�8= 358.8(2)8).

In the crown-ether complex (S,S)-5cip, the [K(18C6)-
(thf)]+ and [Rh(trop2dpen�2H)]� form a loose contact ion
pair; the potassium ion binds at about 3.2 J in an h2-
fashion to one benzo group from the outside of the anion
(Figure 2). In the two crystallographically independent
molecules in (S,S)-5cip the slightly shorter Rh�N bond
lengths (1.968(4) J) correlate with a larger sum of bond
angles �8(N)= 354.58 (�8(N)= 344.18 for the longer Rh�
N distances, 1.994(4) J; averaged data).

In [K(C222)][Rh(trop2dpen�2H)]·Et2O·1.5THF,
(S,S)-5sip (Figure 3), the potassium ion has no direct
contact to the anion and is encapsulated by the
[2.2.2]cryptand. A “free” diamido rhodate(1�) ion is
observed with short Rh�N distances (1.984(3) J) and
flattened coordination spheres at N1 and N2 (�8(N)=
349.1(3)8) compared to the situation in (S,S)-3 (R�N
2.09 J, �8(N)= 341.28). Taking the average over all
structures, the Rh�N distance to an amido nitrogen
atom, NR2, is about 5% shorter than to an amino nitrogen
atom, NR3.

Figure 4 shows the UV/Vis spectra of the cationic
complex (S,S)-3, the neutral rhodium amide (S,S)-4, the

Scheme 2. Synthesis of the amidorhodium(i) complex (S,S)-4, and the various ion
pairs (S,S)-5hip, (S,S)-5cip, and (S,S)-5 sip.

Figure 1. a) Structure of the complex (S,S)-5hip. Thermal ellipsoids are
drawn at 30 % probability; the three THF molecules are depicted as
ball-and-stick models; hydrogen atoms apart from those in the
ethylene bridge are omitted for clarity. Selected bond lengths [I] and
angles [8]: Rh�N1 1.955(2), Rh�N2 2.030(2), Rh�C4 2.141(3), Rh�C5
2.121(3), Rh�ct1 2.010(3), Rh�C19 2.126(3), Rh�C20 2.130(3), Rh�ct2
2.004(3), C4=C5trop 1.418(4), C19=C20trop 1.430(4), Rh�K 3.3596(9), K�
N2 2.856(3), K�O1 2.727(3), K�O2 2.635(3), K�O3 2.736(4), K�C17
3.424(3), K�C18 3.387(3), K�C23 3.908(3), K�C26 3.797(3), K�H31
2.81; N1-Rh-N2 80.5(1), N1-Rh-ct1 90.8(1), N2-Rh-ct2 92.4(1), ct1-Rh-
ct2 96.8(1); f=7.68 ; (ct=centroids of the C=Ctrop units; f is the inter-
section of the planes spanned by the rhodium atom, the N atom and
ct of each bischelate ligand). b) Space-filling model of (S,S)-5hip.
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intimate ion pair (S,S)-5hip, and the diamido rhodate(1�) salt
(S,S)-5sip in THF. Note the progressively red-shifted absorp-
tion lmax in the series: (S,S)-3!(S,S)-4 (Dlmax� 40 nm), (S,S)-
4!(S,S)-5hip (Dlmax� 40 nm), and (S,S)-5hip!(S,S)-5 sip
(Dlmax� 50 nm).

We believe that the deep red color (lmax= 545 nm)
characterizes the host–guest ion pair (S,S)-5hip. Furthermore
we assume that (S,S)-5cip and (S,S)-5 sip both dissociate in
solution and the green color (lmax= 598 nm) indicates the
presence of the solvent separated “free” anion [Rh(trop2-
dpen�2H)]� . 1H NMR spectroscopy did not allow us to
distinguish between both situations, but the 103Rh NMR
resonance signal of a red solution of (S,S)-5hip is observed at
d= 580 ppm, whereas the green solutions of (S,S)-5cip and
(S,S)-5sip showed d(103Rh)� 670 ppm (Table 1).

A cyclic voltammogram (Pt electrode, 0.1m nBu4NPF6/
THF electrolyte at T= 20 8C, scan rate 100 mVs�1) of a green
solution of (S,S)-5 in DMSO shows a reversible redox wave
for the process (1) at a remarkably low oxidation potential
(�1.09 V, versus Fc+/Fc):

½Rhðtrop2dpen�2HÞ	��e� ! ½Rhðtrop2dpen�2HÞ	C ð1Þ

The relative differences between the pKa values, redox
potentials, E

o

ox, and UV/Vis absorptions in the complexesB,C,

(S,S)-3, (S,S)-4, (S,S)-5hip, and (S,S)-5sip (Table 1) can be
interpreted within the concept of filled/filled repulsions
(FFR) elegantly developed by Caulton (see Figure 5).[10,11]

In a pentacoordinate 18-electron rhodium amide I, the
lone pair at the amide nitrogen atom undergoes a strong and
repulsive two-center–four-electron interaction with the occu-
pied dxz orbital at the metal center. This orbital is directed
towards the filled p-type orbital at the nitrogen center and is

Figure 3. Structure of one of the two independent ion pairs in (S,S)-
5sip. a) Structure of the anion, hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at 30% probability. Selected bond lengths
[I] and angles [8] (data for the second molecule are given in italics):
Rh1�N1 1.992(3), Rh1�N2 1.976(3), Rh2�N3 1.995(3), Rh2�N4
1.970(3), Rh1�C4 2.145(4), Rh1�C5 2.110(4), Rh2�C104 2.136(3),
Rh2�C105 2.113(4), Rh1�C19 2.161(4), Rh1�C20 2.114(4), Rh2�C119
2.134(4), Rh2�C120 2.119(4), Rh1�ct1 2.004(4), Rh1�ct2 2.014(4),
Rh2�ct3 2.001(4), Rh2�ct4 2.004(4), C4=C5trop 1.429(6), C19=C20trop

1.434(6), C104=C105trop 1.427(5), C119=C120trop 1.422(5), N1-Rh1-N2
81.9(1), N1-Rh1-ct1 91.4(2), N2-Rh1-ct2 91.2(2), ct1-Rh1-ct2 97.9(2),
N3-Rh2-N4 82.0(1), N3-Rh2-ct3 92.0(2), N4-Rh2-ct4 91.3(2), ct3-Rh2-
ct4 97.3(2) ; f=16.68, f=17.18 ; (ct= centroids of the C=Ctrop units;
f is the intersection of the planes spanned by the rhodium atom, the
N atom and ct of each bischelate ligand). b) Space-filling model of
(S,S)-5sip.

Figure 4. UV/Vis spectra of (S,S)-3, (S,S)-4, (S,S)-5hip, and (S,S)-5sip
in solution in THF.

Figure 2. Structure of one of the two independent molecules in
(S,S)-5cip. a) A diethyl ether molecule in the crystal lattice and hydro-
gen atoms are omitted for clarity. Thermal ellipsoids are drawn at 30%
probability. Selected bond lengths [I] and angles [8] (data for the
second molecule are given in italics): Rh1�N1 1.964(4), Rh1�N2
2.002(4), Rh2�N3 1.986(4), Rh2�N4 1.972(4), Rh1�C4 2.144(5), Rh1�
C5 2.134(5), Rh2�C53 2.156(5), Rh2�C54 2.109(5), Rh1�C19 2.135(4),
Rh1�C20 2.120(5), Rh2�C68 2.159(5), Rh2�C69 2.144(5), Rh1�ct1
2.022(5), Rh1�ct2 2.006(5), Rh2�ct4 2.008(5), Rh2�ct5 2.028(5), Rh1�
ct3 3.164(6), Rh2�ct6 3.217(6), C4=C5trop 1.397(8), C19=C20trop

1.416(8), C53=C54trop 1.436(8), C68=C69trop 1.439(8), K1�C24 3.179(6),
K2�C62 3.255(6), K1�O(18C6) 2.729(4)–2.861(4), K2-O(18C6) 2.760(4)–
2.833(4), N1-Rh1-N2 80.5(2), N3-Rh2-N4 81.0(2), N2-Rh1-ct2 91.9(2),
N3-Rh2-ct4 91.9(2), N1-Rh1-ct1 90.5(2), N4-Rh2-ct5 91.6(2), ct1-Rh1-
ct2 97.4(2), ct4-Rh2-ct5 97.8(2) ; f=6.48, f=16.28 ; (ct= centroids of
C=C bonds; f is the intersection of the planes spanned by the
rhodium atom, the N atom and ct of each bischelate ligand). b) Space-
filling model of (S,S)-5cip.

Angewandte
Chemie

6327Angew. Chem. Int. Ed. 2005, 44, 6325 –6329 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


only slightly perturbed by the olefins which lie in the nodal
plane (see Figure 5a). In a tetracoordinate 16-electron amino
amido complex II, the lone pair at N also suffers from a
repulsive interaction (seen in the red shift of lmax in (S,S)-4
compared to that in (S,S)-3). However, less so because the
filled dxz and dyz orbitals at the metal center are involved in
M!L back-bonding into the p*(C=C) orbitals and are
polarized towards the coordinated olefins (see Figure 5b).
In that respect, the coordinated olefins contribute to the
remarkable stability of late transition metal. Consequently,
the strongly destabilized amide I is easy to oxidize and the NH
function in its conjugated acid has a low acidity (large pKa).
On the other hand, the pKa value of the NH function of a 16-
electron amine complex such as (S,S)-3, which gives amide
(S,S)-4 upon deprotonation, is more acidic (by approximately
four orders of magnitude). However, double deprotonation of
a diamino complex to give a diamido complex III gives rise to
two destabilizing interactions between the nitrogen lone pairs
and the filled dxz and dyz orbitals at the metal center (see
Figure 5c). Consequently, lmax is red-shifted to about 600 nm
in compounds of type III. The facile oxidation of III can be
taken as a further indication of this destabilization. The pKa

value of the NH function in the amine amide complex of type
II falls in the region (21<pKDMSO

a < 23).[12] In the host–guest
ion pairs, the destabilizing interaction is diminished (blue shift
of lmax ((S,S)-5sip!(S,S)-5hip) by about 50 nm) because of
the interaction of the nitrogen lone pair with the potassium
cation.

CaultonMs FFR concept qualifies nicely as a model to
interpret the results presented here with a set of structurally
very closely related and rare dialkylamine/amide complexes.
On the other hand, the fact that the NH functions in d8

rhodium complexes are remarkably acidic[13] (note that the
diamide (S,S)-5 is even stable in presence of small amounts of
methanol or water) and that the Rh�N bond shortens upon
deprotonation must await a more deep-sighted (computa-
tional) analysis.

Experimental Section
General: Solvents were freshly distilled under argon from sodium/
benzophenone (THF, Et2O) or from sodium/diglyme/benzphenone
(n-hexane). Air-sensitive compounds were stored and weighed in a
glovebox (Braun MB 150 B-G system), and reactions on small scales
were performed directly in the glovebox. NMR spectra were recorded
on Bruker Avance 400 or 500 systems. The chemical shifts are given as
d values and were referenced against tetramethylsilane (TMS) for 1H
and 13C. 103Rh NMR spectra were calibrated with the frequency
reference X= 3.16 MHz. IR spectra were measured with the attenu-
ated total reflection technique (ATR) on a Perkin-Elmer 2000 FT-IR
spectrometer in the range from 4000 cm�1 to 600 cm�1 using a KBr
beam splitter. The UV/Vis spectra were measured with a Perkin-
Elmer UV/Vis/NIR Lambda 19 spectrometer in 0.5-cm quartz
cuvettes.

(S,S)-{K[Rh(trop2dpen�2H)](thf)3} ((S,S)-5hip): To an orange
solution of (S,S)-[Rh(trop2dpen)]SO3CF3 ((S,S)-3) (84 mg,
0.10 mmol) in THF (2 mL) was added KOtBu (25 mg, 0.22 mmol).
The color turned immediately to dark red and the solution was
layered with n-hexane (10 mL). Dark red crystals of (S,S)-5hip
(80 mg, 0.84 mmol; 84%) suitable for x-ray structure analysis grew
overnight. M.p. > 130 8C (decomp); 1H NMR (400.1 MHz, [D8]THF):
d= 3.30 (d, 3JH,H= 8.9 Hz, 2H; CHolefin), 3.91 (s, 2H; CH(Ph)(N)),
4.21 (d, 3JH,H= 8.9 Hz, 2H; CHolefin), 4.35 (s, 2H; CHbenzyl), 6.60–7.03
(m, 22H; CHar), 7.37–7.45 ppm (m, 4H; CHar);

13C NMR (100.6 MHz,
[D8]THF): d= 68.4 (br, CHolefin), 70.8 (CHbenzyl), 74.5 (d, 1JRh,C=
13.0 Hz; CHolefin), 83.4 (CH(Ph)(N)), 123.6–129.0 (CHar), 141.1–
148.2 ppm (Cquart);

103Rh NMR (12.7 MHz, [D8]THF): d= 577 (s);
ATR-IR (neat): ñ= 3061w, 2972m, 2866m, 1594m, 1482m, 1466s,
1404m, 1259m, 1052s, 1016m, 896m, 750s, 699s cm�1; UV/Vis
(THF): lmax (e)= 545 (2210), 339 (7760), 277 nm (25680).

(S,S)-{[K([18]crown-6)(thf)][Rh(trop2dpen)]} ((S,S)-5cip): To an
orange solution of (S,S)-[Rh(trop2dpen)]SO3CF3 ((S,S)-3) (84 mg,
0.10 mmol) in THF (2 mL) was added KOtBu (25 mg, 0.22 mmol)
followed by [18]crown-6 (79 mg, 0.3 mmol). The resulting dark green
solution was layered with Et2O. Dark green crystals of (S,S)-5cip
(101 mg, 0.080 mmol; 80%) grew overnight. M.p.> 155 8C (decomp);
1H NMR (400.1 MHz, [D8]THF): d= 3.08 (d, 3JH,H= 8.9 Hz, 2H;
CHolefin), 3.53 (m, 24H; OCH2CH2O), 3.96 (s, 2H; CH(Ph)(N)), 3.99
(d, 3JH,H= 8.9 Hz, 2H; CHolefin), 4.27 (d,

3JRh,H= 1.8 Hz, 2H; CHbenzyl),
6.56–6.59 (m, 4H; CHar), 6.67–6.94 (m, 18H; CHar), 7.30 (d, 3JH,H=

7.4 Hz, 2H; CHar), 7.35 ppm (d, 3JH,H= 7.4 Hz, 2H; CHar);
13C NMR

(100.6 MHz, [D8]THF): d= 67.6 (d, 1JRh,C= 10.5 Hz; CHolefin), 70.5
(OCH2CH2O) 71.3 (CHbenzyl), 73.5 (d,

1JRh,H= 12.8 Hz, CHolefin), 84.6
(CH(Ph)(N)), 122.4–129.7 (CHar), 142.3–148.6 ppm (Cquart);

103Rh
NMR (12.7 MHz, [D8]THF): d= 665 ppm (s); ATR-IR (neat): ñ=
2879m, 1593w, 1480w, 1463m, 1349m, 1246s, 1099s, 960m,
835m cm�1; UV/Vis (THF): lmax (e)= 598 (2420), 412 (8310), 339
(15360), 275 nm (26370).

(S,S)-{[K(C222)][Rh(trop2dpen�2H)]} ((S,S)-5 sip): To an
orange solution of (S,S)-[Rh(trop2dpen)]SO3CF3 ((S,S)-3) (32 mg,
0.038 mmol) in THF (0.5 mL) was added KOtBu (9 mg, 0.08 mmol,
2.1 equiv) followed by [2.2.2]cryptand (30 mg, 0.08 mmol, 2.1 equiv).
The resulting dark green solution was layered with Et2O (2.5 mL).
Dark green crystals of (S,S)-5 sip (41 mg, 0.031 mmol; 80%) grew
overnight. M.p. > 210 8C (decomp); 1H NMR (500.1 MHz,
[D8]THF): d= 2.55- 2.57 (m, 12H; NCH2CH2O), 3.06 (d, 3JH,H=

9.0 Hz, 2H; CHolefin), 3.54–3.56 (m, 12H; NCH2CH2O), 3.60 (s,
12H; OCH2CH2O), 3.95 (d, 3JH,H= 9.0 Hz, 2H; CHolefin), 3.98 (s, 2H;
CH(Ph)(N)), 4.27 (d, 3JRh,H= 2.2 Hz, 2H; CHbenzyl), 6.56–6.96 (m,
22H; CHar), 7.28–7.36 ppm (m, 4H; CHar);

13C NMR (125.8 MHz,
[D8]THF): d= 54.3 (NCH2CH2O), 67.5 (d, 1JRh,C= 10.0 Hz; CHolefin),
67.9 (NCH2CH2O), 70.7 (OCH2CH2O), 71.3 (CHbenzyl), 73.3 (d,
1JRh,H= 12.7 Hz; CHolefin), 84.7 (CH(Ph)(N)), 122.2–129.8 (CHar),
142.8–149.7 ppm (Cquart);

103Rh NMR (15.8 MHz, [D8]THF): d=

682 ppm (s); ATR-IR (neat): ñ= 3055w, 2965w, 2868s, 1593m,
1479m, 1461m, 1352m, 1256m, 1100s, 946m, 747s, 700m cm�1; UV/

Figure 5. Schematic diagram showing the interaction of filled metal
located and filled nitrogen located orbitals in a pentacoordinate 18-
electron amido complex I, a tetracoordinate 16-electron amino amido
complex II, and a bisamido complex III [filled/filled repulsion
(FFR) model]. Only the energetically high-lying antibonding orbital
interactions based on extended H>ckel calculations are presented.
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Vis (THF): lmax (e)= 599 (2160), 412 (8300), 339 (15750), 275 nm
(23160).
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Fourier difference map showed no significant peaks. CCDC-
267206 ((S,S)-5hip), CCDC-267207 ((S,S)-5cip), and CCDC-
272867 ((S,S)-5sip) 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.

[8] Because the coordination sphere of the unsaturated [K(thf)3]
+

fragment is completed by direct and close contacts within the
cavity of the [Rh(trop2dpen�2H]� ion, we denote (S,S)-5hip as a
host–guest ion pair held together by electrostatic forces.
Similarly, (S,S)-5cip is considered as contact ion pair because
the one open coordination site in the [K(18C6)(thf)]+ ion is
completed by one contact with the anion, however, outside of its
cavity. The ion pair (S,S)-5sip is denoted as a separated ion pair
because of the lack of a direct contact between the potassium ion
and the anion although the cryptand penetrates the anion in the
solid state. For further definitions see, G. Boche, Angew. Chem.
1992, 104, 742; Angew. Chem. Int. Ed. Engl. 1992, 31, 731, and
references therein. For a review on ion pairing in organo-
metallics see: A. Macchioni, Chem. Rev. 2005, 105, 2039.

[9] R. Hartmann, P. Chen, Angew. Chem. 2001, 113, 3693; Angew.
Chem. Int. Ed. 2001, 40, 3581.

[10] K. G. Caulton, New J. Chem. 1994, 18, 25.
[11] D. Conner, K. N. Jayaprakash, T. B. Gunnoe, P. D. Boyle, Inorg.

Chem. 2002, 41, 3042, and references therein.
[12] The pKa of (S,S)-4 could not be determined exactly but was

estimated by using indole (pKdmso
a = 20.95) and benzamide

(pKdmso
a = 23.35) as reference substances. Green solutions of

(S,S)-5sip in DMSO react with a slight excess (� 10%) of indole
to give red (S,S)-4, which can be deprotonated with lithium
benzamide to give back the green solution characteristic for the
diamido rhodate(1�), (S,S)-5sip.

[13] For rather basic amide complexes (pKTHF
a > 22) see: D. Rais,

R. G. Bergman, Chem. Eur. J. 2004, 10, 3970; and references
therein.
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Molecular devices are expected to play an important role in
advanced electronics in the form of molecular diodes,[1]

molecular transistors,[2] and molecular switches.[3] However,
the electron-transfer mechanism of organic molecules on
metal surfaces—the most fundamental aspect of molecular
devices—still awaits elucidation.[4–6] In an effort to shed light
on this issue, we applied helical peptides as mediators for
long-range electron transfer,[7] a scaffold for chromophores to
accelerate electron transfer,[8] and a viable system for
molecular photodiodes.[9]

Stochastic on–off switching phenomena of molecular
conductance in organic molecules have been observed in
numerous cases through careful observation by scanning
tunneling microscopy (STM).[10–13] These phenomena are
considered to be caused by fluctuations in the hybridization
of the sulfur atom that accompanies the change in molecular
orientation. Our focus is on the use of this mechanism in a
molecular memory device, because one bit may be recognized
by a change in molecular length. For this purpose, however,
the molecule should be able to exhibit two distinct lengths in
response to outer stimuli. Herein, we propose helical peptides
as an appropriate system for the controlled switching of
molecular length on a bulk substrate.
Peptides that contain a-aminoisobutyric acid (Aib) have

the unique ability to adopt two different helical structures: an
a-helical conformation with a short overall length (1.5 7 for
each amino acid residue) and a longer 310-helical conforma-
tion (2.0 7 for each amino acid residue).[14, 15] Whereas Boc-
(Ala-Aib)4-OCH3 in crystalline form has been reported to
adopt a 310-helical structure, crystals of Boc-(Ala-Aib)8-OCH3
favor an a-helical structure (Boc= tert-butoxycarbonyl).[16]

This suggests that an intermediate-length dodecapeptide
could have dual a-helical and 310-helical character. The
critical chain length which determines the favored helix
type may be an octapeptide, because para-bromobenzoyl-

(Aib-Ala)4-OCH3 forms an a helix in the crystalline state.
[17]

However, the critical chain length is expected to be longer (10
or 12 residues) for the present case, in which the peptides
immobilized on gold are examined in air or under ultrahigh
vacuum (UHV) because less-polar media tends to favor the
formation of 310 helices in peptides, whereas media of higher
polarity favors the a-helical conformation, as discussed
previously.[16]

In an earlier study, we succeeded in single-molecule
observations of upright helical peptides incorporated into an
alkanethiolate self-assembled monolayer (SAM) by STM.[18]

Notably, these helical peptides display a large dipole moment
parallel to the helical axis from the C terminus to the
N terminus. Therefore, such peptides should be responsive
to an applied electric field. Figure 1a illustrates our exper-
imental design with a helical peptide in which the molecular
length is modulated with the applied bias. The helical
dodecapeptide is immobilized to the gold surface by the
N terminus to expose the negatively charged C terminus at
the top. The peptide can be contracted to the a helix by
placing the STM tip of negative potential on the peptide
C terminus. Alternatively, the peptide favors the 310-helical
conformation by the extension force of the STM tip bearing a

Figure 1. a) Conformational change of a dodecapeptide immobilized
onto a gold surface by the N terminus. a Helices and 310 helices are
stabilized by applying a positive (left) and negative (right) bias, respec-
tively. b) Structures of the two dodecapeptides used for the work
reported herein.
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positive potential. Indeed, we observed conductance switch-
ing for the first time in which the apparent molecular lengths
are altered as a function of the polarity of the applied bias
through the use of the two helical dodecapeptides (Fig-
ure 1b). For the experiments reported herein, benzyl ester
was used instead of tert-butyl ester as the protecting group for
the C terminus of the SL12B peptide for synthetic purposes.
However, as the size of benzyl ester of SL12B is similar to that
of a Boc group in the BL12S peptide, the different terminat-
ing groups are not expected to affect the length of the
peptides on the substrate.
Conformational energies of the peptide Ac-(Leu-Aib)n-

OCH3 (n= 4, 6, 8) in a-helical and 310-helical conformations
are calculated semiempirically. The heats of formation
(kcalmol�1) are indicated in the parentheses as follows: Ac-
(Leu-Aib)4-OCH3 a helix (�491.759), 310 helix (�492.390);
Ac-(Leu-Aib)6-OCH3 a helix (�699.056), 310 helix
(�697.146); Ac-(Leu-Aib)8-OCH3 a helix (�907.733),
310 helix (�902.486). The dodecapeptide with the intermedi-
ate length exhibits a small energy difference between the a-
helical and 310-helical conformations, which suggests that
there is facile exchange between the two helical types.
Characterizations of BL12S in solution and in SAMs on

gold were carried out similarly to those of the previous report
on SL12B.[18] Circular dichroism (CD) studies of BL12SAc in
2,2,2-trifluoroethanol and reflection–absorption spectroscopy
(RAS) of the BL12S SAM revealed its a-helical conforma-
tion. From the RAS spectrum, the tilt angle of the helical axis
from the surface normal was calculated to be 458 (Supporting
Information).[7, 9,19,20]

We previously observed single molecules or bundles of
SL12B incorporated into dodecanethiolate (C12) SAMs as
bright spots by STM under UHV.[18] BL12S in a C12 SAM is
also observed as bright spots (Figure 2a). Notably, time-
resolved STM images of the BL12S molecules clearly show
switching. Each circle shown in Figure 2a represents a fixed
observation point for the peptide helices. Peptides are
observed as bright spots with apparent length differences of
5 7 from the surrounding dodecanethiolate SAM surface
(ON state). However, these protrusions stochastically disap-
peared (OFF state) and reappeared (ON state) over a time
span of three to four hours.
The effect of the density of the surrounding alkanethiolate

matrix on switching was examined.[10,13] Dodecanethiolate
molecules were found to desorb from the gold surface if
SAMs were left under UHV (� 10�8 Pa) for a long period
even at room temperature which resulted in a rearrangement
of the SAM surface structure.[21] Figure 2b shows a series of
STM images of the SL12B/C12 SAM after leaving the sample
under UHV for a long period. The striped pattern of the
matrix monolayer is clearly observable, indicating that the C12
molecules lie down on the surface owing to low surface
coverage. Under these conditions, the molecular motion of
the peptides is allowed more freedom than that of tightly
packed peptides in freshly prepared SAMs. The switching
behaviors shown in Figure 2b, however, occur at a frequency
similar to those shown in Figure 2a; these stochastic switching
data are summarized in Table 1. The average number of
switching events is nearly the same for the loosely packed

SAM as it is for the tightly packed SAM. The surrounding C12
molecules do not influence the switching behavior, which
suggests that the apparent length change is not a result of the
change of the molecular orientation as has been reported for
oligo(phenylene ethynylene) groups in alkanethiolate
SAMs.[10,13]

The variation of the apparent molecular length of BL12S
is plotted as a function of time (Figure 3a). The dodecapep-

Figure 2. a) STM images of BL12S incorporated into the dodecanethio-
late SAM. Images were obtained at a sample bias of 1.4 V and a set-
point current of 2.5 pA. b) STM images of SL12B incorporated into the
dodecanethiolate SAM after leaving the sample under UHV for a long
period (several days). Images were obtained at a sample bias of
�1.3 V and set-point current of 5.0 pA.

Table 1: Summary of stochastic conductance switching events.

Peptide
Parameter SL12B BL12S

Alkanethiol density tight loose tight loose
Number of samples 9 6 6 9
Observation time [min] 305 306 207 211
Total number of
switching events[a] 36 27 19 14
Average number of
switching events
[min�1 (500F500 nm�2)] 0.50 0.85 0.55 0.47

[a] The total number of switching events was counted by all changes
fromON to OFFand vice versa observed in the STM images between the
two successive scans. Each scan required an average of �6 min. With an
observation time of 305 min, �50 images were recorded.
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tide shows two apparent molecular lengths, and the switching
occurs stochastically in transition between these two states.
As the dodecapeptide is allowed to take both a-helical and
310-helical conformations, the two states may be explained by
an a helix representing the ON state, and a 310 helix
corresponding to the OFF state. This interpretation is
supported strongly by the length difference of 5 7 between
the two states (Figure 3b), which is in agreement with the
molecular-length difference between an a helix and a
310 helix.
Because both helix types display a large dipole moment

along the helical axis,[22] it is expected that the polarity of the
applied voltage between the STM tip and the gold substrate
influences the STM image of the peptides.[23, 24] BL12S was
observed by STM under application of the positive sample
bias as described above. When the sample bias was inverted
from positive to negative, the bright spots of BL12S disap-
peared within a few scans, but they reappeared with a return
to the positive bias (Figure 4a).
If the interaction of the peptide dipole moment with the

applied electric field is the origin of this conductance switch-

ing, then SL12B, which has an orientation opposite to that of
BL12S and which was immobilized to the gold surface by the
N terminus, should also show switching behavior, but with the
opposite response to the applied bias polarity. Figure 4b
shows the bias dependence of the STM images of SL12B.
Indeed, SL12B helices were observed as bright spots at the
negative sample bias, but nearly all peptides apparently
disappeared from the STM image at the positive bias. Taken
together, the dodecapeptides take on a physically elongated
state upon application of an electric field in accordance with
the direction of the dipole moment. The peptide adopts
physically shortened state if the applied electric field is
opposite in direction to the dipole moment. It is speculated
that under a parallel electric field, the peptides are most
stable in a 310-helical conformation (elongated), and under an
opposing electric field direction, the peptides are most stable
in an a-helical conformation (shortened; Figure 1a).
The dependence of helical peptide conductivity on the

applied bias polarity was further investigated by scanning
tunneling spectroscopy (STS) at 77 K. Current–voltage (I–V)
curves of the C12 molecules and the peptide helices in the
SAMs are shown in Figure 5. The I–V curve of the matrix C12

molecules shows a featureless monotonic increase in the
range from �2 to +2 V.[25,26] On the contrary, asymmetric I–V
responses are observed for the helices. In the case of BL12S,
the current increased more dramatically at the positive
sample bias than at the negative bias. On the other hand,
the current through SL12B increased more strongly at the
negative bias than that at the positive bias. Both results
indicate that the current through the helix is enhanced by
applying the bias voltage such that the direction of the electric
field coincides with the helical dipole moment. Therefore, the
I–V characteristics of the helices also support the interpreta-
tion that the helix dipole moment interacts with the external
electric field to convert between a-helical and 310-helical
conformations.
In conclusion, we observed conductance switching of

peptide helix bundles by STM. The conductance and the

Figure 3. a) Time-lapse STM images (first image, upper left; final
image, lower right) of BL12S peptide molecules incorporated into the
dodecanethiolate SAM; conditions are the same as those reported in
Figure 2. b) Measured molecular length (l) for each image in part a).

Figure 4. Sequential STM images of a) BL12S (set-point current of 4.5 pA) and
b) SL12B (set-point current of 5.0 pA) incorporated into the dodecanethiolate
SAM with alternation of the polarity of the applied sample bias voltage.

Figure 5. Current–voltage (I–V) curves of dodecanethiolate (thin
dotted line), BL12S (thick dotted line), and SL12B (thick solid line)
acquired at the temperature of liquid nitrogen (77 K). The lines repre-
sent the average of 20–30 individual responses.
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apparent molecular length were observed to undergo sto-
chastic changes with time. The conductance of the helix
alternated between two states by changing the polarity of
applied bias. This novel behavior can be explained by the
conformational change between an a helix and a 310 helix.
The helical structure is influenced by the applied electric field
as a result of the interaction with the large dipole moment of
the helix. This means that the apparent molecular length can
be regulated by an external stimulus. The precise control of
the switching of the helices is now under investigation.

Received: June 25, 2005
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a-Conotoxins are disulfide-rich neurotoxins isolated from the
venom of the marine predatory cone snail. These structurally
compact toxins form well-ordered three-dimensional struc-
tures through the formation of two crucial disulfide bridges.
All currently identified members of the a-conotoxin family
exhibit a highly conserved four-cysteine framework, with an
absolute preference for folding into the globular form (C1–
C3, C2–C4) as the native conformation.[1–3] They specifically
bind to nicotinic acetylcholine receptors. Recently, a new
family of c/l-conotoxin was identified and shown to have
conserved the positions of the cysteine residues characteristic
of a-conotoxins. However, c/l-conotoxins revealed an alter-
native disulfide-pairing pattern (C1–C4, C2–C3) that results
in the ribbon conformation[4–6] and distinct biological activity
such as inhibition of the noradrenaline transporter by MrIA
conotoxin.[6] Functional assays with the non-native conforma-
tions of both a-conotoxin and c/l-conotoxin resulted in a
tenfold and three-order decrease in activities, respectively.[4,7]
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These results indicate that the disulfide pairing and the
consequent conformation play a crucial role in the biological
potencies of native toxins. To identify the structural features
that determine specific disulfide pairing, we analyzed the
amino acid sequences of a-[8–19] and c/l-conotoxins.[4–6] The a-
conotoxins, with the exception of GID conotoxin, have a
conserved C-terminal amide, whereas all members of c/l-
conotoxins bear a free carboxylic acid at the C terminus.
Herein we report the influence of C-terminal amidation in the
determination of the folding tendencies of ImI a-conotoxin
in vitro.

Oxidation of the synthetic ImI conotoxin (termed ImI
amide) and the corresponding deamidated analogue (termed
ImI acid) was conducted in either folding buffer (100 mm Tris-
HCl, 2 mm EDTA, pH 8.5) or denaturant buffer (100 mm Tris-
HCl, 2 mm EDTA, 6m GndCl, pH 8.5) by oxidation with air
and a glutathione redox system (Gnd= guanidinium; for
detailed protocols, see the Supporting Information). Upon
oxidation, each of the synthetic variants folded into three
monomeric isoforms that correspond to the three peaks
observed in the HPLC chromatograms. Each band contained
peptides that were completely oxidized as was verified by a
decrease by four mass units, which corresponds to the
formation of two disulfide bridges (1351.35� 0.47 Da and
1352.65� 0.04 Da for ImI amide and ImI acid, respectively).
The folding experiments conducted in the presence of redox
systems also generated isoforms in similar proportions
(Table 1).

The various isoforms were initially identified by compar-
ison of the retention times of the conotoxin isoforms with the
corresponding regiospecifically synthesized globular and
ribbon conformations (Figure 1). The dominant isoform of
ImI amide coelutes with the globular form. In contrast, the
major isoform of the deamidated ImI acid has the same
retention time as its ribbon conformation but not its globular
form. In folding buffer, ImI amide shows a tendency to fold
into the globular conformation. Substitution of the C-
terminal amide to free carboxylic acid, however, resulted in

a switch in folding preference of ImI acid to that of the ribbon
conformation. Thus, it appears that C-terminal amidation
plays a pivotal role in the folding tendencies of ImI conotoxin.

In the presence of a denaturant, the overall folding
tendencies remained the same as when the peptides were
oxidized with air. However, the amounts of disfavored beaded
conformation in both variants were found to have increased,
and the presence of guanidine resulted in a “normalizing”
effect on the lead of the predominant isoform in both variants.
We therefore concluded that side-chain interaction has a
significant, but non-absolute, role in the folding to the final
conformation of ImI peptides.

To further confirm the disulfide pairings and the folding of
ImI amide and ImI acid isoforms, we determined their three-
dimensional structure by NMR spectroscopy. Figure 2A
shows the amide region in the 1D 1H NMR spectrum of the
dominant forms of the two variants. The 1D 1H NMR
spectrum of the major isoform of ImI amide matches well
with that of the force-folded globular conformation. Con-

Table 1: Oxidation studies of peptide analogues under folding and
denaturant conditions.[a]

% Total oxidized peptides
Globular Ribbon Beaded

A) Folding buffer
ImI amide 54.0�0.4 43.0�1.0 3.0�0.6

(52.1�0.1) (43.8�0.4) (4.0�0.2)
ImI acid 30.1�0.6 67.2�0.4 2.7�0.5

(29.4�0.3) (67.9�0.1) (2.8�0.2)
ImI Gly 40.3�0.1 57.6�0.1 2.1�0.03

(41.5�0.3) (54.0�0.8) (4.5�0.5)

B) Denaturant buffer
ImI amide 48.9�0.1 39.7�0.0 11.4�0.1

(48.3�0.5) (38.0�0.4) (13.7�0.1)
ImI acid 37.6�0.7 44.6�1.8 17.8�2.4

(50.3�0.3) (39.8�1.1) (9.9�0.1)

[a] The results shown in parentheses represent data acquired when the
study was performed in the presence of a redox system.

Figure 1. Chromatographic profiles of ImI conotoxin analogues. Com-
parison of the retention times for the dominant isoform of A) ImI
amide B) ImI acid, and C) ImI Gly, with the corresponding regioselec-
tively synthesized isoforms.
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versely, the 1D 1H NMR spectrum of themajor isoform of ImI
acid corresponds well to that of its ribbon form.

2D 1H NMR spectroscopic experiments for ImI amide
and ImI acid yielded good-quality spectra. The TOCSY
spectrum obtained for ImI amide was similar to that reported
earlier,[20] and the 88 distance constraints derived from its
ROESY spectrum fitted well with the reported structure of
ImI conotoxin. The 2D NMR ROESY spectrum for ImI acid
yielded 110 distance constraints of which the presence of a
strong aH–dH ROE between Asp5–Pro6 suggests a trans
peptide bond between these two residues. Identification of
the CbH–CbH ROEs between Cys3–Cys8 and Cys2–Cys12 is
indicative of the disulfide-pairing characteristic of the ribbon
conformation. The amide regions of the ROESY spectra
revealed distinct chemical shift patterns between the globular
form of ImI amide and the ribbon conformation that was seen
with ImI acid (Figure 2B). Significant differences in chemical
shift were observed despite the similarity in amino acid
sequences between the analogues. These spectra further
support the theory that ImI amide folds preferentially into
the globular form and ImI acid into the ribbon conformation.

Figure 3A shows the three-dimensional structure of ImI
acid calculated from 2D NMR constraints, the statistics of
which are shown in Table 2. The solution structure clearly
indicates that ImI acid folds into the ribbon conformation. As
the 1H NMR spectra for ImI amide were similar to those
reported earlier, we used the structure previously pub-
lished.[21] Figure 3B shows the superimposition of the ribbon

conformation of ImI acid
with that of the native
globular conformation of
ImI conotoxin (PBD
accession code 1G2G).
Based on 1H NMR spec-
tra, the solution structure
of the isoforms, as well as
coelution profiles, we con-
cluded that ImI amide
folds predominantly into
the globular conformation
with C1–C3, C2–C4 disul-
fide pairings, whereas ImI
acid folds preferentially
into the ribbon conforma-
tion with C1–C4, C2–C3
disulfide pairings. Thus the
C-terminal amide has been
shown to play a very
important role in the
determination of the disul-
fide pairing and resultant
protein folding in these
two classes of short cono-
toxins.

Amidation is caused by
post-translational oxida-
tive cleavage of a C-termi-
nal glycine residue, and
hence we also examined

the folding of the precursor peptide with a further C-terminal
glycine (termed ImI Gly). ImI Gly, with its free carboxylic
acid, folded predominantly into a ribbon conformation
(Table 1). Thus, the presence of a negatively charged group
appears to favor the ribbon conformation even in the
presence of a further C-terminal residue. Although the
three sets of peptides fold into different predominant iso-
forms, the excess of one form over the other is not drastically
different, which therefore suggests that the folding may occur
through independent pathways. Figures 3C and D show the
proposed hydrogen-bonding interactions of the C-terminal
regions of ImI amide and ImI acid, respectively. These
noncovalent interactions were derived from the averaged 3D
structures calculated. The two variants exhibit distinct hydro-
gen-bonding patterns. It is not clear whether cis–trans
isomerization of proline or the postulated hydrogen bonds
contribute to these folding pathways.

In several earlier studies, a number of bioactive peptides
in nature were shown to have undergone amidation at the
C terminus. Such a modification has been shown to have a
substantial impact on the biological activities of several of
these peptides, presumably owing to the neutralization of
negative charges conferred by the carboxylic acid at the
C terminus.[22–26] In these cases, however, the C-terminal
amide is not known to influence the conformation of the
peptides. In earlier reports, post-translational modifications
such as g-carboxylation of glutamate residues have been
shown to be important for the folding in P-superfamily

Figure 2. Structural differences between ImI amide and ImI acid. A) Comparison of 1D NMR spectra of the
dominant isoforms of ImI amide and ImI acid with the corresponding globular or ribbon conformations.
B) Sequential assignment of 2D NMR ROESY spectra of ImI amide (left) and ImI acid (right).
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conotoxins.[27, 28] This is the first example in which amidation
was shown to influence the folding tendencies and hence the
biological activity of two-disulfide-bonded conotoxins.
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[a] RMSD= root-mean-square deviation.

Communications

6336 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6333 –6337

http://www.angewandte.org


[25] Y. Nakajima, X. M. Qu, S. Natori, J. Biol. Chem. 1987, 262,
1665 – 1669.

[26] M. L. Sforca, S. Oyama, Jr, F. Canduri, C. C. Lorenzi, T. A.
Pertinhez, K. Konno, B. M. Souza, M. S. Palma, N. J. Ruggiero,
W. F. Azevedo, Jr., A. Spisni, Biochemistry 2004, 43, 5608 – 5617.

[27] G. Bulaj, O. Buczek, I. Goodsell, E. C. Jimenez, J. Kranski, J. S.
Nielsen, J. E. Garrett, B. M. Olivera, Proc. Natl. Acad. Sci. USA
2003, 100 Suppl 2, 14562 – 14568.

[28] M. B. Lirazan, D. Hooper, G. P. Corpuz, C. A. Ramilo, P.
Bandyopadhyay, L. J. Cruz, B. M. Olivera, Biochemistry 2000,
39, 1583 – 1588.

Angewandte
Chemie

6337Angew. Chem. Int. Ed. 2005, 44, 6333 –6337 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


DNA Recognition

DOI: 10.1002/anie.200463035

Controlling Self-Assembly by Linking Protein
Folding, DNA Binding, and the Redox Chemistry
of Heme**

D. Dafydd Jones and Paul D. Barker*

Biological molecules are being used extensively as self-
assembling materials for the “bottom-up” creation of useful
nanoscale structures with non-natural functions.[1–3] New
proteins have been created that form linear, branched, and
meshed “wires”,[4–6] recognize inorganic surfaces,[2,7] assemble
and solubilize carbon nanotubes,[8,9] create molecular wires by
the organization of conducting materials,[10,11] and generate
organized protein networks.[6] As a result of these functions,
the ability to control self-assembly processes through an
external signal would be very useful. Allowing added ligand
molecules to direct assembly is one such method and is used
extensively in nature to switch conformational states which
then regulates the associated activity. Artificial systems have
also been designed in which a small molecule acts as the link
between two separate protein components. The problem with

such a system is that when the small molecule simply bridges
the protein components, the signaling event is only dependent
on the presence or absence of that small molecule. A system
in which control is exerted by an external electron transfer or
a photochemical event would be more useful for nano-
technology applications. Extending the principle of electron-
transfer-triggered folding reactions[17] and learning from
natural heme-based sensors,[18, 19] we sought to create a
macromolecular assembly system that can be controlled by
the electronic state of the small molecule — a step towards
true electronic control of macromolecular assembly and
function.

Previously, we constructed a novel protein that incorpo-
rates both cytochrome b562 (cyt b562) and the DNA binding
basic helix region (BHR) of the leucine zipper transcription
factor (bZIP) GCN4.[20] This design created a protein capable
of being assembled on a designated template (DNA) that
could potentially both carry and control current flow. The
novel DNA-binding cytochrome (DBC) exhibits spectral
characteristics and heme affinity that is comparable to those
of the parent cyt b562 and also has the ability to bind DNA
sequences based around those recognized by GCN4. This new
protein provides the starting point for the creation of a
controllable protein-based assembly system in which the
parent protein is split into two separate fragments. Each
fragment contains one half of the heme binding site and one
of the two DNA binding elements that is required for DNA
recognition (Figure 1). The assembly of the two protein

components is dependent on heme and/or DNA. The
oxidation-state-dependent affinity of heme for protein can
then be exploited to control the assembly, and conditions can
be identified under which DNA binding could be controlled
by electron-transfer reactions.

The original design of the single-molecule scaffold[20] has
the BHR of GCN4, attached to the termini of the four-helix
bundle of cyt b562, thus creating a DBC. The design specifi-
cally arranges the conducting material (heme) on a template
(DNA), and events that occur at the heme center can be
transmitted to the DNA-binding region and vice versa, which

Figure 1. Schematic representation of each system component. The
original DNA-binding cytochrome was fragmented to create bhrN12
(residues Met1 to Thr70) and 34Cbhr (residues Met84 to Arg156).
DsNC1 is the optimum DNA binding sequence and corresponds to
the DNA sequence 5’-caacgATGAcgATGAcggtt-3’ (capital letters desig-
nate the potential recognition site).
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would allow the attenuation of current flow by DNA binding.
The DBC binds to specific DNA sequences with aKD value in
the low nm range, but little change in DNA-binding affinity
was observed in either the presence or absence of heme, and
the affinity was seen to be independent of the oxidation state
of heme. We have deconstructed the single protein to create
two mutually compatible fragments, bhrN12 and 34Cbhr.
Each of these contains one half of the heme-binding site
together with one BHR that defines half of the DNA-
recognition motif. The two residues that provide axial ligands
to the heme iron center, Met7 and His102 (wild-type cyt b562

numbering), are separated into the two different molecules in
this arrangement. The assembly of these two fragments can be
driven by the binding of either heme or DNA and then
regenerates an analogue of the original intact complex
(Figure 1). The three classes of interaction that become
thermodynamically linked in the assembly process are
protein–protein, protein—DNA, and protein–heme interac-
tions. As the latter is dependent on the oxidation state of
heme, the oxidation state is therefore coupled to the DNA-
binding process. The fragments should not self-assemble in
the absence of heme or DNA, and the individual halves
should not bind heme on their own but can have low affinity
for DNA. (In the context of wild-type GCN4, a single BHR
can bind its target DNA but with a much lower affinity than
the dimeric forms.)[21,22]

In the wild-type cyt b562, the dissociation constant for
reduced heme is in the pm range, but rises to 10 nm when the
heme is oxidized.[23] In the context of our fragments, the
difference in free energy between the two states results in a
redox-dependent complex assembly that can be used to
influence DNA binding. Titration of bhrN12 and 34Cbhr with
ferric heme (2 mm) revealed a low affinity for the cofactor
(Figure 2a);KD> 27000 nm� 3000 is at least 1000-fold higher
than that observed for the intact DBC.[20] Under reducing
conditions, the bhrN12 and 34Cbhr fragments bind heme with
an affinity (KD= 435 nm� 85 nm) much lower than that of the
oxidized form (Figure 2b). In both oxidation states, the
spectrum was identical to that of wild-type cyt b562, and the
DBC was observed on the addition of 5 equivalents of bhrN12
and 34Cbhr (relative to heme), indicating that the helical
bundle had assembled correctly (Supporting Information).

Circular dichroism (CD) spectra of bhrN12 and 34Cbhr
suggest that there is little helical structure present when the
domains are separated (Supporting Information). Upon
mixing of the two components, the CD spectra suggest that
no additional structure is induced (Figure 3). The addition of
either an equimolar (data not shown) or excess amount of
oxidized heme to the mixture of the two proteins, however,
results in significant changes in the CD spectrum. The shift in
the wavelength of the minimum at 205 nm to 208 nm and the
increase in ellipticity at 222 nm are consistent with large
increases in the helical content as a result of complex
formation. It was not possible to perform the same experi-
ments with the reduced state of heme owing to the absorb-
ance of the reductant required to keep the heme in the
reduced state.

To determine if DNA can influence complex assembly, the
optimum double-stranded DNA sequence for the chimera[20]

Figure 2. Determination of heme affinity for bhrN12 and 34Cbhr. Data
were extracted at a) 417 nm (oxidizing conditions) and b) 427 nm
(reducing conditions) in the absence (&) and presence (*) of dsNC1
DNA (Supporting Information). In all samples, heme concentration
remains constant at 2 mm in tris-HCl (20 mm), pH 7.5. BhrN12 and
34Cbhr were titrated in equimolar amounts of 0.4, 0.8, 1.2, 1.6, 2.0,
3.0, 5.0, and 10 mm. When present, dsNC1 DNA was also at the same
concentration as bhrN12 and 34Cbhr. Curve fitting was performed as
described in the Supporting Information.

Figure 3. Effect of heme on the structure of the protein components.
CD spectra of 5 mm each of bhrN12 and 34Cbhr in the absence of any
ligand (^) or in the presence of either 30 mm heme (~), 5 mm dsNC1
DNA (F), or both 5 mm dsNC1 DNA and 5 mm heme (&). CD spectros-
copy methods are outlined in the Supporting Information.
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dsNC1 was employed to maximize potential binding. It has
been observed that the presence of only one BHR region
attached to either the N or C terminus of the intact cyt b562

does not promote tight, specific DNA binding.[20] However,
the increase in helical content of the fragments in the
presence of DNA (Supporting Information) suggests that
both the bhrN12 and 34Cbhr fragments bind to DNA alone.
This crucial difference should allow DNA to direct the
assembly and so influence heme binding.

This is indeed the case, as in the presence of dsNC1 DNA,
the affinity of bhrN12 and 34Cbhr for oxidized heme is 100-
fold higher (KD decreases to 207 nm� 27) than in the absence
of DNA (Figure 2). Under reducing conditions, DNA again
increased the affinity of bhrN12 and 34Cbhr for heme, to give
KD< 3 nm, which is more than a 100-fold increase in affinity
relative to that in the absence of DNA. It is therefore clear
that DNA preassembles the bhrN12 and 34Cbhr fragments to
generate a heme-binding site. In the presence of different
DNA sequences (comparable length to dsNC1, but with no
recognition site), tight binding of heme to the fragments was
not observed, regardless of the oxidation state (data not
shown). These observations suggest that specific DNA bind-
ing is required for optimum bundle-assembly enhancement
and is reinforced by the changes observed in the CD spectra
upon the addition of DNA to the protein fragments, which
indicate an increase in helicity (Supporting Information). The
increase in the helical signal is consistent with a coil-to-helix
transition known to occur upon BHR binding DNA.[24] The
CD spectrum in the presence of both DNA and heme
together with bhrN12 and 34Cbhr indicates that further
structural events occur when the complete quaternary com-
plex is formed (Figure 3). The final spectrum in either
oxidation state closely resembles that of the wild-type
cyt b562, which suggests that the core of the four-helix-
bundle structures are very similar. The specific protein–
protein interactions allow precise assembly of the complex
thus deterring “off pathway” assembly events such as bhrN12
or 34Cbhr binding heme, despite the presence of the
appropriate ligands (Supporting Information). The reduction
potential of the DNA-bound, monomeric NCb562 protein is
close to that of the wild-type cyt b562 (180 mV vs. normal
hydrogen electrode at pH 7[25]). In general, the potential of
cyt b562 is very sensitive to the electrostatic environment, and
hence the heme bound species in the thermodynamic scheme
(Figure 4) may have different reduction potentials. The
electrochemical properties of these assemblies are compli-
cated by multiple equilibria and are being studied by direct
electrochemical methods.

CD spectroscopy was also used to observe the binding
properties of bhrN12 and 34Cbhr with DNA. The traditional
gel-shift assay, as was employed for the intact DBC,[20] is not
useful when complexes can dissociate during electrophore-
sis.[22] The changes in the CD spectrum as DNA was titrated
against a solution of equimolar concentrations of bhrN12 and
34Cbhr are included in the Supporting Information. Max-
imum intensity was almost reached at 1 equivalent of DNA.
The dissociation constant for DNA binding (KD= 186 nm) is
about twofold higher than that observed for the intact apo-,
chimeric DNA-binding cytochrome, but is still lower than that

observed for the intact DBC binding to a non-optimal DNA-
binding sequence.[20]

Measurement of the dissociation constant of DNA from
the heme-bound complex has not yet been possible as
measurements cannot be made at concentrations well above
the KD value required for the saturated ternary complex
between ferric heme and the two fragments. Below the KD

value, binding experiments result in convolution of multiple
equilibria, and there is no measurable signal that reports the
contribution of each binding event. We are, however, pursu-
ing the use of fluorescently labeled DNA to access this
equilibrium constant. The KD value can be estimated for
bhrN12� heme� 34Cbhr for DNA through the construction
of a classical thermodynamic square (Figure 4). The sum of
the free energies of the formation of the quaternary complex
(DNA-bound bhrN12-heme-34Cbhr complex; top right
corner of Figure 4) from bhrN12 and 34Cbhr should be
equal, irrespective of the pathway taken. The calculated
standard free energy for the formation of the bhrN12-heme-
34Cbhr complex with DNA is �50 kJmol�1, which translates
into KD= 1.7 nm and is independent of the oxidation state of
the heme. This value is very close to that of the intact DBC
binding to dsNC1 in the absence of nonspecific DNA (KD

� 10 nm).[20] The magnitude of the changes in the DNA-
binding affinity of our proteins in the absence and presence of
heme is similar to the changes observed when naturally
occurring GCN4 peptides dimerize upon DNA binding.[22]

Therefore, we relate heme binding in our system to leucine
zipper dimerization in GCN4. The magnitude of the energy of
the coupling between DNA and heme binding (two orders of
magnitude in KD) compares favorably with the coupling of
small-molecule binding (by maltose-binding protein) with b-

Figure 4. Thermodynamic square based on the calculated KD values.
The KD values were converted into free energies by using the classical
equation DG8=�RT lnKD. The terms DGT and KTD are theoretical
values for the bhrN12-heme-34Cbhr complex binding to DNA, calcu-
lated by using the determined values of reduced heme for the other
three binding equilibria.
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lactamase activity, as was recently reported for a different
chimeric protein.[26, 27]

To assess the influence of DNA on protein assembly,
equimolar amounts of bhrN12 and 34Cbhr were incubated
with varying concentrations of DNA prior to the addition of
heme. As the DNA concentration increases to the equiv-
alence point, so does absorbance at 417 nm, therefore
indicating complex formation (Figure 5). After the equiva-

lence point, the absorbance begins to decrease, suggesting a
decrease in complex assembly. Increasing the DNA concen-
tration beyond that of the protein concentration results in the
binding of the protein fragments to different DNA molecules,
inhibiting complex assembly. Together with the observation
that the binding of DNA alone induces helical structure in
bhrN12 and 34Cbhr (Supporting Information), these data
suggest the binding of a monomeric BHR peptide to DNA.
This is in contrast to our previous result that the complete
cytochrome with only one BHR unit attached to either
terminus cannot bind DNA.[20] Although we currently have no
explanation for this, it is interesting that the loop that links
helices 2 and 3 of the wild-type cyt b562 is present in the intact
DBC, but absent in our current work (having been deleted in
making the fragments described herein). Modeling studies
suggest that this loop may interact in a negative fashion with
the DNA, and our initial study revealed a complex relation-
ship between loop length and DNA affinity.[20] Complete
removal of the constraints imposed by this loop (as is the case
in our current work) may promote the binding of the
fragments to DNA.

The mechanism by which GCN4 binds DNA is dependent
on how the whole complex assembles. It is known that GCN4
can bind DNA either as a monomer or as a dimer, but to

generate a stable, high-affinity protein–DNA complex, the
dimeric form is required.[22] GCN4 can form the dimer
through the leucine zipper prior to binding, with the BHR
disordered until it binds to DNA,[24,28] but the dimerization
event is thought to be rate-limiting with respect to DNA
binding.[22] It has also been reported that certain bZIP
proteins bind sequentially as monomers to DNA and then
assemble into dimers,[21] whereas other studies have shown
that bZIP proteins can bind as monomers.[22,29] It is therefore
not surprising that we have observed evidence of DNA
binding of the individual fragments.

We have successfully taken the original design of the
DNA-binding cytochrome (DBC) and converted it into a
highly cooperative system in which heme and DNA binding
influence the self-assembly of the complex. Splitting the
complex into two fragments essentially mimics the original
GCN4 mechanism, but in this case, a heme-binding domain
replaces the leucine zipper. The result is that heme and DNA-
binding processes are linked through protein conformation
and assembly, which can be controlled electronically. This
therefore adds an extra functional component to the toolbox
of molecules that could be used in device construction.[3, 30] To
avoid heme dissociation during the switching, a covalent
linkage between the protein and the cofactor can be
introduced into the system,[31,32] though this will change the
relative stabilities of the different assembled states. To
compensate for this, heme-iron–ligand mutations[33] will be
needed to exaggerate the oxidation-state dependence of
assembly. Direct electron transfer between cyt b562 and solid-
state electrodes is facile,[34] and we are currently investigating
the DNA-promoted electrochemistry of these DBCs. Our
system therefore has the properties required of a molecular
transducer in an electronic device that can control an
assembly process. The scaffold in its present forms represents
the fundamental core of such a device and can be modified
further to change or enhance its character.

Experimental Section
All the materials used are described in the Supporting Information.
The bhrN12 and 34Cbhr genes were constructed by using the original
DBC as the template. A more-detailed description of fragment
construction and purification is in the Supporting Information. Heme-
binding affinity was determined spectrophotometrically as outlined in
both the figure legends and Supporting Information. Absorbance at
417 nm and 427 nm was used to monitor heme binding to bhrN12 and/
or 34Cbhr under both oxidizing and reducing conditions (2 mm

sodium ascorbate as the source of reducing equivalents). The heme-
binding affinity for bhrN12 and 34Cbhr was determined by extracting
the data at the above wavelengths and plotting against component
concentration (bhrN12, 34Cbhr, and/or DNA). The data was then
analyzed in a manner similar to that used by Bosshard and co-workers
for dimeric derivatives of the GCN4 protein.[22] DNA inhibition of
complex formation was determined as described in the legend to
Figure 5 and in the Supporting Information. CD spectroscopy
methods are described in the Supporting Information.
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Figure 5. DNA as a competitive inhibitor to complex formation. The
bhrN12 and 34Cbhr components were present at 1 mm, in the presence
of 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 3.0, or 5.0 mm dsNC1 DNA. Oxidized
heme (1 mm) was added as the last component of the mixture, and the
system was allowed to equilibrate. Absorbance at 417 nm was used to
determine complex assembly (Supporting Information).
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Structural Interplay between Calcium(ii) and
Copper(ii) Binding to S100A13 Protein**
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Maria Silvia Viezzoli

S100s are dimeric proteins that constitute one of the largest
groups in the EF-hand CaII-binding protein family.[1] The
relevance of S100 proteins is shown by their involvement in
various human diseases, through a variety of networks of
interacting proteins.[1]

Human S100A13 is a ubiquitous protein of 98 amino acids
which represents one of the latest members identified in the
S100 protein family.[2] S100A13 is involved in the cellular
export of interleukin-1a (IL-1a), a potent proinflammatory
cytokine, and of fibroblast growth factor-1 (FGF-1), which
plays a crucial role in angiogenesis and tissue regeneration.[3]

Export is based on the CuII-dependent formation of multi-
protein complexes containing the S100A13 protein, which
assemble near the inner surface of the plasma membrane.

The primary sequence indicates that, like most S100
proteins, S100A13 contains a 12-residue canonical CaII-bind-
ing loop (site II) and a 14-residue “pseudo” CaII-binding loop
(site I). The affinity of the two CaII-binding sites is 1.25 4 105

and 2.5 4 103m�1, respectively.[4] Consistent with its function
and its intracellular location near the inner surface of the
plasma membrane, the CaII-binding affinity of site I of
S100A13 is lower (� 103m�1) than that typically found for
other S100 proteins (� 105–106m�1), as it is tuned for the
higher local CaII ion concentration near the membrane.[5]

Herein, we report the structural effects of CaII and CuII

ion binding to S100A13, and show that binding of two CaII

ions per monomer triggers key conformational changes
leading to the creation of two identical and symmetrical
CuII-binding sites on the surface of the protein, close to the
interface between the two monomers. These CuII-binding
sites are unique among the S100 proteins, which are reported
to bind CuII or ZnII ions in addition to CaII ions.[6, 7]

The expressed S100A13 was treated with ethylene-
diaminetetraacetic acid (EDTA) to remove all bound metal
ions. Its molecular weight, as measured from electrospray
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mass spectra (ES-MS), is 11340� 1 Da, which corresponds to
residues 2–98 (with the N-terminal methionine residue
cleaved). Gel-filtration chromatography gives an apparent
molecular mass of 25500� 500 Da, which indicates that the
protein is in a dimeric state. Addition of CaII to the apoprotein
(apo), followed by electronic spectroscopy,[4] produced a final
species whose molecular weight was greater by 80 Da, thus
confirming that the protein contains two bound CaII ions per
monomer (Ca2-S100A13).

The 1H,15N heteronuclear single-quantum coherence
(HSQC) NMR spectra showed well-dispersed signals in
both dimensions, indicative of a well-folded protein for both
apo and Ca-loaded states, with a larger spectral dispersion for
the latter (see Supporting Information). The 15N relaxation
measurements are consistent with a dimeric state of both
forms of the protein in solution. They are characterized by
overall rotational correlation times of 13.4� 1.2 and 15.0�
0.9 ns for the apo and Ca-loaded forms, respectively, and by
the same rotational diffusion tensor (Dk/D?= 1.2).

Sequence-specific assignment was not complete for the
backbone resonances of some of the residues at the C termi-
nus (R88KKKDLKIRKK98) because of the high number of
Lys and Arg residues determining extensive signals overlap.
These residues experience negative 15N{1H} NOE values,
which indicates a mobility faster than protein tumbling. The
1H–15N cross-peaks of residues 22–27 (corresponding to the
first CaII-binding loop between helices a1 and a2) are
sensitive to pH and disappear at pH values higher than 6.5
in both forms of the protein. The signals for residues 22–27
appear at lower pH values, but in the apo form they are split in
multiple lines, thus indicating multiple conformations in slow
exchange on the NMR timescale. This is not the case for Ca2-
S100A13, where residues 22–27 are stabilized toward a single
conformation by calcium. Therefore, a complete dynamic
characterization can be performed for the latter system. In
total (residues 2–87), about 89 and 94% of carbon atoms, 90
and 95% of nitrogen atoms, and 86 and 91% of protons were
assigned for apo- and Ca2-S100A13, respectively (see Sup-
porting Information).

The structures have backbone root-mean-square devia-
tion (RMSD) values to the mean monomeric structure
(residues 8–86) of 0.94� 0.41 and 0.58� 0.09 E for apo- and
Ca2-S100A13, respectively. These values are 1.05 and 0.69 E,
respectively, for the dimer, for which the relative orientation
of the two subunits has been experimentally determined
through several intermonomer NOEs. The mean structures
are shown in Figure 1a and b. A statistical analysis of the
quality is reported in the Supporting Information. Both forms
consist of homodimers, in which the two monomers are
related by a twofold symmetry axis. Each monomer encom-
passes four a helices and two short b strands, in agreement
with the chemical shift index. The two proposed CaII-binding
sites are located between helices a1 and a2, and between
helices a3 and a4, respectively (inset of Figure 1b), while a
hinge region (residues 45–55) separates a2 from a3. A short
antiparallel b sheet is identified within each monomer
between residues S32 and S34 in CaII-binding site I, and
residues E70 and K72 in site II. The 1H,15N amide chemical-
shift differences between apo- and Ca2-S100A13 are larger

than average (Ddav(HN)> 0.37 ppm) for segments 23–35, 60–
70, and 77–82 (see Supporting Information), that is, where the
two proposed CaII-binding sites are located. The extreme
N terminus and the last ten residues of the C terminus are
poorly defined as a result of their fast internal mobility,
revealed by the small or negative 15N{1H} NOE values, which
determines the lack of long-range interproton NOE values.
Mutational studies have shown that deletion of the basic
residues at the C terminus dramatically alters the ability of
S100A13 to associate with the acidic protein partner FGF-1,[8]

which suggests that the C terminus of S100A13 may become
structured upon interaction with FGF-1.

Dimerization occurs through interactions between heli-
ces a1 and a4 of both monomers, which form an X-type
bundle. At the dimer interface, residues in the hinge between
a2 and a3 make contacts with residues near the N terminus of
helix a1’ of the other monomer. The aromatic residues Y76

andW77 in helix a4 also make several contacts with helices a1’
and a4’ of the other monomer. All these interactions align a1

Figure 1. Dimeric structures of a) apo-S100A13 and b) Ca2-S100A13 in
solution are represented as ribbons, where each helix within a mono-
mer has a different gray scale. Secondary structure elements are indi-
cated. The two CaII-binding sites and CaII ligands are shown in the
inset of (b). CaII ions are represented as spheres. c) Two 10-B spheres
are drawn on the structure of Ca2-S100A13, which contain all residues
whose signals are broadened beyond detection in the 1H–15N HSQC
spectrum of Ca2,Cu-S100A13. The potential Cu

II ligands of one site are
indicated.
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and a4 in opposite directions to a1’ and a4’, respectively, in
the dimer. The angle between helices a4 and a4’ (160� 58) in
apo-S100A13 is larger than that in Ca2-S100A13 (145� 58),
while helices a1 and a1’ form a similar angle (155� 58). Also,
the relative orientation of helices a1 and a2 is similar in the
two forms (125� 58). In contrast, the angle between helices
a3 and a4 changes by � 408. In combination with a4–a4’
reorientation, this latter change has the dramatic effect of
placing helix a3 nearly perpendicular to helix a4 (110� 58) in
the CaII-bound structure (Figure 1b), whereas they make an
angle of 150� 58 in the apo form. The overall structure and
the conformational changes induced by CaII binding are
essentially the same as those observed for other S100
proteins.[1, 9–11]

One result of the reorientation of helices is the exposure
of several residues (see Supporting Information). In the S100
proteins characterized up to now this reorientation exposes a
hydrophobic surface,[11] while in S100A13 the majority of the
residues that become exposed are positively or negatively
charged. They are located at the N termini (E4, P5, and E14)
and C termini (E86, K89, D92, L93, K94, I95, R96, and K97). Some
residues in the hinge between helices a2 and a3 (P47, H48, K51,
and D52) also become sizably exposed upon CaII binding. In
particular, residue H48 increases its exposure by nearly 40%.
However, some residues (mostly hydrophobic) become more
buried upon CaII binding. As a consequence of the decreased
exposure of residues 23–27 in Ca2-S100A13, helix a1 becomes
more extended at the C-terminal end, also resulting in a
switch of residue packing. All these changes on the surface
modify the electrostatic potential of the protein (Figure 2).
The protein surface is highly charged in both forms, but the
charge distribution appears quite different. In particular, at
the dimer interface a more extended and continuous negative
patch surrounded by positive charges is observable in Ca2-
S100A13 on top of helices a1 and a1’.

Interaction with CuII is a key functional aspect of
S100A13, as this protein is reported to interact with other
proteins in the presence of CuII ions. Indeed, it is involved in
the CuII-mediated release of FGF1-1 and IL-1a.[3] On
addition of a solution of CuSO4 to Ca2-S100A13 up to a
ratio of 0.9:1, an absorption band appears at 720 nm and the
ES-MS data indicate a mass increase of 63 Da, still maintain-
ing the two CaII ions bound per monomer. The EPR spectrum
of Ca2,Cu-S100A13 is characterized by parameters gk= 2.35,
g?= 2.07, and Ak= 148 4 10�4 cm�1. These data indicate a
type II, pseudotetragonal coordination of CuII with N and O
as donor atoms.[12]

The coupling between the unpaired electron of a type II
CuII, characterized by electronic relaxation times in the range
of 10�8–10�9 s, and the nuclear spins has a dramatic effect on
their nuclear relaxation and consequently on the NMR signal
line widths.[13] Addition of substoichiometric amounts of
copper to Ca2-S100A13 results in the disappearance of a
number of amide 1H–15N cross-peaks (residues 3, 4, 7–9, 11,
15, 48, and 49; see Supporting Information). From the
location of the disappearing signals and line broadening
analysis of the surrounding NH resonances,[13] the copper
binding site can be located in a position equidistant from the
hinge connecting helices a2 and a3 (residues 44–55) of one

monomer and the N-terminal region of the other monomer
(Figure 1c). The 15N and 13C NMR spectral data, confined in a
well-defined region, also clearly indicate that the protein
structure is not affected by the copper binding, as it is a
secondary structural element, and the overall protein fold is
maintained. It might also be possible that there is not a single
binding site in the absence of the partner proteins, as some
signal broadening occurs on residues located in the C termi-
nus and close to the C-terminal calcium-binding site.

In principle, direct 13C NMR detection offers advantages
for the study of paramagnetic proteins because the para-
magnetic dipolar contributions to nuclear relaxation depend
on the square of the gyromagnetic ratio of the observed
nucleus. Thus, going from 1H to 13C detection guarantees a
decrease in relaxation rates of a factor of about 16 (gH=

2.67 4 10�8 rads�1T�1; gC= 6.73 4 10�7 rads�1T�1), which
therefore decreases the negative effects on the NMR signals
arising from the paramagnetic nature of CuII ions.[14] Also, 13C
spectra are more sensitive than 15N and 1H spectra to even
minimal changes of their environment, thus determining their
power in monitoring structural perturbations. However, the
presence of exchange processes can dramatically affect the
13C signals determining their disappearance. In the CBCACO
and CACO experiments[15] acquired on Ca2-S100A13 in the
presence of 0.9 equivalents of CuII ions (see Supporting
Information) it appears that most of the carboxylate side
chains of acidic residues disappear, presumably because of

Figure 2. Rotated views of the electrostatic potential surface and
ribbon representations of apo- and Ca2-S100A13. The positively
charged, negatively charged, and neutral amino acids are represented
in blue, red, and gray, respectively. The putative CuII ligands are shown
in yellow to allow their different degrees of solvent exposure in apo-
and Ca2-S100A13 to be observed.
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their interaction with a fractional amount of copper in quasi-
slow exchange. The disappearing signals on the backbone,
however, are fully consistent with the 15N spectral data, thus
confirming that the CuII ion-binding site involves the N ter-
minus region which is rich in glutamates (disappearance of 13C
backbone resonances of 3, 4, 6–9, 11) of one subunit and H48,
located in the loop between helices a2 and a3 (disappearance
of its Cb signal) of the other subunit.

The metal-binding site is completely different from that
present in a few other S100 proteins where copper or zinc
binding has been characterized.[6,7] The sites are different in
their location on the protein frame, the nature of the ligand,
and accessibility. That of S100A13 is completely exposed to
solvent, which is in contrast to the situation in the other
proteins where the site is quite buried.[6,7]

In conclusion, results of 15N and 13C NMR experiments
have shown that CaII binding to S100A13 triggers sizable
conformational changes, thus creating a novel binding site for
CuII ions on a solvent-exposed location. The opening up of the
interhelical angle a3–a4 and the uncovering of H48 in Ca2-
S100A13 (Figure 2) facilitate CuII binding at a site bridging
the N terminus of one monomer with the hinge of the other
monomer. This result suggests that CuII binding may trigger
the interaction with biological partners and provide a
mechanism for fine-tuning of the multiprotein complex that
involves S100A13.

Experimental Section
The S100A13 recombinant protein was expressed in Escherichia coli
by using cDNA from human brain, and purified by fast protein liquid
chromatography. 15N- and 13C,15N-labeled samples were obtained
from cultures grown in labeled Silantes medium. All NMR experi-
ments used for resonance assignment and structure determination
were performed on 1.5 mm

13C,15N-S100A13 samples in sodium
acetate buffer (20 mm,pH 5.6), and are summarized in the Supporting
Information. Structure calculations were performed with DYANA,[16]

calculated by using distance and dihedral angle constraints.
Restrained energy minimization was then applied to the 25 con-
formers with the lowest DYANA target function, by using the
AMBER 6 package.[17] The 15N backbone longitudinal (R1) and
transverse (R2) relaxation rates as well as heteronuclear 15N{1H} NOE
values were measured as previously described.[18, 19] 2D IPAP-
CBCACO and CACO experiments based on direct 13C NMR
detection[15] were recorded for Ca2-S100A13 and Ca2,Cu-S100A13
on a 500-MHz spectrometer equipped with a TCI cryoprobe. Details
on protein expression and characterization, NMR experiments, and
structure calculations are available as Supporting Information.
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Copper hydride (CuH), when complexed by the Takasago
ligand (R)-(�)-DTBM-segphos, (1),[1] as shown in Scheme 1

(DTBM= 3,5-di-tert-butyl-4-methoxy), is a remarkably reac-
tive yet selective reagent for effecting asymmetric hydro-
silylations. Aromatic ketones,[2a] hindered cyclic enones,[2b]

aryl imines,[2c] and selected a,b-unsaturated esters and
lactones[2d] all react with [{(R)-(�)-DTBM-segphos}CuH]
(2) in the presence of stoichiometric PMHS[3] to afford the
corresponding products of asymmetric reduction with excel-
lent ee values. Substrate-to-catalyst (S/C) ratios typical of
asymmetric hydrosilylations (< 500:1) mediated by other
metals (e.g., Rh, Ti, Ru)[4] can be increased substantially,
while reaction rates are comparable in many cases, even at
much lower temperatures.

Preparation of 2 typically follows either of two proce-
dures: 1) addition of ligand 1 to preformed [{(Ph3P)CuH}6]
(i.e., Stryker reagent)[5] or 2) in situ formation[6] by using
CuCl, NaOtBu, and 1 in the presence of excess silane
(PMHS). To simplify handling and to gauge reagent lifetime
for potential storage and ease of use, alternatives to its

preparation have been investigated. Herein, we report our
findings, which suggest that complex 2 is, indeed, quite robust.

Several copper salts were screened as alternatives to
CuCl. In particular, those with counterions that are already
oxygen-based are, in principle, ready for direct transmetala-
tion with PMHS to CuH. The 1,4-reduction of hindered enone
isophorone was used as a test case; results from several
experiments are illustrated in Table 1. Each reaction was

performed under otherwise identical conditions, with a S/C
ratio of 200:1. While the ee values for all but one case were >

96%, the extent of conversion over time varied considerably
as a function of the counterion. In principle, the counterion
should not play a major role, but these data suggest that rates
can indeed be affected by this reaction variable. Cu-
(OAc)2·H2O (Table 1, entry 1) appears to be the best choice
to date for several reasons (see below), as also noted recently
by others.[7] Copper phenoxide (Table 1, entry 2) was roughly
comparable in all respects, an unexpected result in light of
prior work from Stryker and co-workers, who found that the
replacement of NaOtBu with NaOPh did not lead to a useful
catalytic system.[8] The bulky phenoxide from BHT (Table 1,
entry 11), on the other hand, in the form of Cu(BHT), led to a
far less reactive albeit highly selective precursor to ligated
CuH.

The catalyst 2 derived from Cu(OAc)2·H2O led to
complete reduction of enone 3 to nonracemic ketone 4 in
1 h with > 99% ee. Given the room temperature conditions
and high enantioselectivity, this observation encouraged
investigation of reagent shelf life, but now with catalyst 2 at
a S/C ratio of 1000:1 (vs. 200:1; see Table 1, entry 1). Thus, a
0.001m solution of 2 in toluene was prepared and stored in a
bottle at room temperature. This stock solution stored in a
refrigerator was monitored over time for yields of isolated
product and levels of induction in the reaction of isophorone
(1 mmol) added to 2 (1 mL). As shown in Table 2, over a 4-

Scheme 1. Formation of [(DTBM-segphos)CuH].

Table 1: Survey of copper salt precursors to [(DTBM-segphos)CuH].

Entry Copper source[a] t [h] Conversion [%] ee [%][b]

1 Cu(OAc)2·H2O 1 100 99
2 CuOPh 1.5 100 99
3 CuCl 2 100 99
4 CuOAc 2 100 99
5 CuCl2·H2O 20 17 98
6 Cu(O2CCF3)2·H2O 20 50 98
7 Cu(OTf)2 20 25 97
8 [Cu(acac)2] 20 44 99
9 [Cu(bzac)2] 20 5 86

10 [Cu(TMHD)2] 20 67 98
11 Cu(BHT) 20 81 99

[a] acac=acetoacetate; BHT=2,6-di-tert-butyl-4-methylphenol; bzac=
PhC(O)CH2C(O)CH3; Tf= trifluoromethanesulfonyl; TMHD=2,2,6,6-
tetramethyl-3,5-heptanedione. [b] By chiral capillary GC. [c] From CuCl
+ NaBHT.
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week period, the enantioselectivity dropped only slightly
(from 99 to 96% ee). After 2 months, the recorded enantio-
selectivity was still � 94% ee. To show that the decline in
enantioselectivity was likely to be due to adventitious oxygen
introduced over time as a result of normal use, a fresh solution
of CuH was prepared and stored at room temperature for
14 days without puncturing the Sure/Seal. The CuH in a bottle
was tested again on isophorone [Eq. (1)]; no loss in enantio-

selectivity was observed. Thus, we have found that reagent
degradation can be minimized by simply switching to a more
efficient Oxford Sure/Seal Storage valve cap. With reagent
integrity documented at room temperature for a 2-week
period, prospects for routine storage and even commercial-
ization now exist. Notably, whereas in prior applications the
ratio of substrate-to-copper was about 100:1 (i.e., � 1%
CuCl),[2b] in the case at hand the amount of copper present is
equal to the quantity of ligand, thus significantly decreasing
the extent of transition metal involved.

Treatment of an aryl ketone, acetophenone (5), with
Cu(OAc)2-derived reagent 2 [Eq. (2)] led to the alcohol 6with
93% ee, essentially identical to that seen previously when
using freshly prepared [{(R)-(�)-DTBM-segphos}CuH]
derived from CuCl.[2a]

Cinnamate 7 was also exposed to [(DTBM-segphos)CuH]
(S/C 1000:1, room temperature). Initially, product ester 8 was
obtained with 98% ee [86% yield of isolated product;
Eq. (3)]. A second experiment under identical conditions
(room temperature, 2.5 h) in the presence of reagent 2 that
had been stored on the shelf at room temperature over a 2-

week period afforded 8 with essentially the same enantiose-
lectivity (99% ee) and yield (85%).

Asymmetric hydrosilylations with CuH under microwave
conditions are unprecedented in the literature, and are made
all the more interesting given the limited thermal stability of
this species. Nonetheless, the increased rates normally
observed when using this technique might allow rapid
conjugate reduction to occur. In the event, even at 1000:1 S/
C ratios, reactions run within a microwave reactor at 60 8C are
close to complete within 10 min without erosion in enantio-
selectivity (Table 3).[9]

The results of the reactions of enoates and cyclic enones at
room temperature or above in the presence of the Stryker
reagent as the catalytic source of CuH[2b,d] raises the question
as to the impact of Ph3P. Achiral [(Ph3P)CuH] could
potentially compete in a background reaction, thereby low-
ering the ee values. The addition of Ph3P (1 equiv) to a
solution of [(DTBM-segphos)CuH]/PMHS stored in a bottle
caused the ee value of the product ketone 4 from the
hydrosilylation of isophorone to drop from 99 to 96%
(Table 4, entry 2). Alternatively, the addition of ligand 1
(2 equiv) to preformed [(Ph3P)CuH] led to further erosion in
enantioselectivity to 95% ee (Table 4, entry 3). Thus, the
presence of Ph3P has a small but finite effect that detracts
from the inherent enantioselectivity imparted by the DTBM-
segphos ligand.

Although 1H NMR spectral information on the Stryker
reagent is available,[10] the corresponding data for CuH

Table 2: Shelf life of [(DTBM-segphos)CuH]/PMHS.

t [days] Yield [%][b] ee [%]

1 88 99
5 87 99
9 88 98

28 86 96
60 87 94

[a] Stored at 4 8C. [b] Yield of isolated product.

Table 3: Asymmetric hydrosilylations under microwave irradiation.

S/C Conversion[a] [%] ee [%]

500 98 99
1000 95 99

[a] By GC analysis.

Table 4: Impact of Ph3P on reactions of 3 with 2.

Entry Copper source CuH/1 t [h] ee [%]

1 [(segphos)CuH] in a bottle (2) 1:1 3 99
2 Cu(OAc)2 H2O + 1 + Ph3P (1 equiv) 1:1 5 96
3 [(Ph3P)CuH] + 1 (2 equiv) 1:2 5 95
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complexed by a nonracemic bisphosphine ligand has yet to be
reported. The spectrum of [{(Ph3P)CuH}6] in C6D6 shows the
hydride at d= 3.52 ppm.[11] Individual spectra of PMHS
(Figure 1a) and DTBM-segphos (Figure 1b) in this solvent
are shown along with that of Cu(OAc)2·H2O in the presence
of this ligand (Figure 1c). Upon addition of PMHS, a new
peak at d= 2.55 ppm appears (Figure 1d), which is presumed

to correspond to the hydride in reagent 2. The identical
chemical shift is observed for the corresponding reagent
complexed with a bitianp ligand (see the Supporting Infor-
mation).[12] These spectra also show not only that a seemingly
discrete species arises from the combination of CuH and
DTBM-segphos (or bitianp), but that the presence of Ph3P (as
noted previously; see Table 4, entry 3, and the Supporting
Information) in reactions at room temperature or above can
alter enantioselectivities through competing background
reactions that would not otherwise be observed in the
presence of DTBM-segphos alone.

In summary, a powerful source of an asymmetric Stryker
reagent, copper hydride complexed by TakasagoGs (R)-

DTBM-segphos, has been prepared and documented to be a
stable “CuH in a bottle” for easy access and use in asymmetric
hydrosilylations.[13,14] Just as our “cuprate in a bottle” (i.e., (2-
thienyl)Cu(CN)Li) introduced two decades ago[15] provides
easy access to “higher-order” cuprate species, this reagent
combination should encourage many future applications of
ligand-accelerated asymmetric CuH chemistry.
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Pushing the Synthetic Limit: Polyphenylene
Dendrimers with “Exploded” Branching Units—
22-nm-Diameter, Monodisperse, Stiff
Macromolecules**
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The majority of effort in dendrimer chemistry has been
devoted to constructions with flexible branching units,
thereby introducing a variety of conformational aspects into

the molecule, such as the nature of the molecular density and
the location and orientation of the chain ends.[1] Rigidification
of the dendrimer, and in some cases, control over the chain-
end locations, has come from a variety of approaches,[2]

including the use of stiff building blocks such as that of
poly(1-3,5-phenylene ethynylene),[3] poly(1-3,5-phenylene),[4]

and polyphenylene dendrimers based on pentaphenylben-
zene[5] (Scheme 1a, b, and c, respectively). Beyond a critical

generation, the convergent synthesis of dendrimers necessi-
tates the use of flexible building blocks or smaller dendrons.[6]

To circumvent this limitation, a gradient of branching unit
lengths has been employed[7] in the case of a dendrimer with
1-3,5-phenylene ethynylene branching points, thus installing
greater volume at the interior of the molecule. A similar size-
modulation approach to the branching unit is herein proposed
for the enlargement of the parent, polyphenylene dendrimers.
Linear enlargement of the arms of the general dendritic
repeat unit (Scheme 1d) should directly translate into
increased dendrimer radii without requiring a larger core
moiety (Figure 1). The synthesis of polyphenylene dendrim-
ers around a tetraphenylmethane core has thus far been
limited to the fourth generation[8] because of incomplete
conversion at higher generations, presumably the prohibitive
result of steric crowding at the chain ends.[9] In light of this
observation, a terphenyl spacer was introduced into each arm
of the branching unit to decrease the congestion of the chain
ends at higher generations (Figure 1). Since the connectivity
of the branching points in the dendrimers with extended arms

Scheme 1. Stiff, dendritic AB2 repeat units: a) poly(1-3,5-phenylene
ethynylene), b) poly(1-3,5-phenylene), c) poly(4’-4,4’’-(3’,6’-diphenyl o-
terphenylene)), and d) “exploded” polyphenylene by the extension of
each arm by insertion of a linear terphenyl between each set of dashed
lines of the general polyphenylene repeat unit shown in (c).
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is the same as for the parent polyphenylene dendrimers, the
radii should be 150% greater than the comparable radii of the
parent cases. This situation would enable the stepwise syn-
thesis of a structurally perfect particle with a diameter greater

than 20 nm, which well exceeds the
dimension of the narrowly disperse but
not monodisperse particles that have
been synthesized by self-assembly or
multiphase approaches.[10]

The key component in the
dendrimer synthesis is the masked
AB2 building block 3,4-bis-(2’,5’-
dimethyl-4’’’-triisopropylsilylethynyl-
1,1’:4’,1’’:4’’,1’’’-quaterphenyl-4-yl)-2,5-
diphenylcyclopentadienone (6 ; Sche-
me 2) which bears an active tetraphe-
nylcyclopentadienone and two terminal
aryl acetylenes, or Diels–Alder dieno-
philes, protected with bulky triisopro-
pylsilyl (TiPS) groups. While the solu-
bilities of the final dendrimers were not
anticipated to be poor, the solubilities
of the p-terphenyl intermediates were
expected to complicate the synthesis.
As such, two methyl groups were intro-
duced as side chains from the beginning
by using 1-bromo-4-iodo-2,5-dimethyl-
benzene. An efficient, iterative, selec-
tive Suzuki coupling[11] (Scheme 2)
using the more-reactive aryl iodide,
compared to the aryl bromide, with
commercially available 4-trimethylsilyl-
phenylboronic acid was performed
to give 4-bromo-2,5-dimethyl-4’-
trimethylsilylbiphenyl (1). Removal of
the trimethylsilyl group with ICl[12]

provided 4-bromo-4’-iodo-2,5-dime-
thylbiphenyl (2). The cycle was
repeated to obtain 4-bromo-4’’-iodo-
2,5-dimethyl-1,1’:4’,1’’-terphenyl (4).
The aryl iodide was treated with trime-
thylsilylacetylene under Sonogashira/
Hagihara conditions[13] to afford 5.
The final step was the twofold Suzuki
coupling of the remaining aryl bromide
with 3,4-bis(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)-2,5-
diphenylcyclopentadienone to furnish
6.[14] Chromatographic purification was
performed for all steps.

The strategy for the synthesis of the
new dendrimers with extended arms
(Scheme 3) was directly analogous to
the synthesis of the parent polypheny-
lene dendrimers. Fourfold Diels–Alder
reactions of the masked AB2 building
block 6 with tetra(4-ethynylphenyl)me-
thane[8] produced the first-generation
dendrimer 7 bearing eight TiPS chain

end groups. Removal of excess 6 was accomplished by
chromatographic purification. Removal of the TiPS groups
with tetrabutylammonium fluoride trihydrate gave the first-
generation dendrimer 8 with eight terminal ethynyl units

Figure 1. Scaling of the dendrimer radii for general polyphenylene dendrimers and new
“exploded” polyphenylene dendrimers with identical branching-point connectivity but increased
branching unit arm length through the use of a 2’,5’-dimethyl-p-terphenyl spacer. Second-genera-
tion dendrimers for each type are illustrated in greater detail. The iterative illustrations were gen-
erated using POV-Ray and are qualitatively similar to the results of MMFF94 molecular mechan-
ics calculations for generations 1–4. The maximum radius was determined by the length of the
longest linear oligophenylene arm for each generation.
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quantitatively. After quenching the reaction with water and
precipitation in methanol, 8 was ready for subsequent
generational growth. The cycle was repeated through to the
fourth generation, and a final coupling yielded the fifth-
generation dendrimer with 128 TiPS chain ends. Removal of
excess 6 from the reaction mixture was achieved, beginning
with the synthesis of the second-generation dendrimer 9, by
first adsorbing the dendrimer onto silica gel. The adsorbate
was washed with acetone until the purple color of the eluent
disappeared, and then the dendrimer was extracted with THF
and reprecipitated in acetone. Synthetic details for all
compounds presented here are included in the Supporting
Information.

1H NMR spectroscopic analysis (see Supporting Informa-
tion) is consistent with the growth of each new generation of
dendrimer (7, 9, 11, 13, and 15). The aromatic resonances for
the third-, fourth-, and fifth-generation dendrimers (11, 13,
and 15, respectively) were virtually identical, as the reso-
nances from the tetraphenylmethane core were diluted.
Resonances for the four inequivalent methyl groups (two
closely spaced near d= 2.3 ppm and two others further
separated at d= 2.13 and 2.10 ppm for 7) of the repeat unit
were nearly unchanged upon deprotection and growth to the
next generations, as they are too far from sites of reactivity.
Integration of the TiPS chain end resonances, relative to both
the aromatic backbone resonances and the methyl side-chain
resonances, is in agreement with complete conversion into the
dendrimer product. Size-exclusion chromatography (SEC)

results (THF; Figure 2) showed a progressive decrease in the
elution volume for each subsequent generation (7, 9, 11, 13,
and 15), while the decrease in the elution volume was smaller
going to the fifth-generation dendrimer 15 ;[15] the peak shape
confirmed that 15 is smaller than the exclusion limit of the
columns. A high-molecular-weight shoulder was present,
which gave rise to a broader polydispersity than the earlier
generation dendrimers. The shoulder, presumed to be the
result of aggregation, has been observed for large generation
dendrimers[2c] and was further broadened at higher concen-
tration. Neither 1H NMR spectroscopy nor SEC, however,
has the inherent dynamic range to determine whether the
final coupling reactions go exclusively to completion (for
example, whether the pure dendrimer or a mixture of the
dendrimer and nearly complete conversions is produced).
MALDI-TOFanalysis (using dithranol as matrix, and in some
cases, a suitable cationization agent was added) was relied
upon to detect the presence of the final dendrimers. The
Diels–Alder reactions were stopped when the product
molecular ion was the only large molecular ion observed
(Table 1). The molecular ions of the desired dendrimeric
products were detected for the first three generations, 7, 9,
and 11. At higher generation (13, Figure 3) an ion corre-
sponding to MALDI fragmentation at the core could be
observed (calcd: m/z 16370, found: m/z 16339) in addition to
the molecular ion (calcd: m/z 65494, found: m/z 65430). This
fragmentation mechanism, removal of one dendron from the
core, has been typically observed with polyphenylene den-

Scheme 2. Synthesis of the masked, AB2 building block 6 : a) K2CO3, [Pd(PPh3)4] , toluene, water, reflux, 62 %; b) ICl, CCl4, CH2Cl2, 0 8C, 96 %;
c) K2CO3, [Pd(PPh3)4] , toluene, water, ethanol, reflux, 83 %; d) ICl, CH2Cl2, 0 8C, 87 %; e) [PdCl2(PPh3)2] , CuI, PPh3, NEt3, CH2Cl2, 80 %; f) K2CO3,
[Pd(PPh3)4] , toluene, water, ethanol, reflux, 48 %.
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drimers bearing a tetraphenylmethane core.[16] No ions could
be observed in the MALDI-TOF spectrum of the fifth-
generation dendrimer 15 using dithranol as matrix; however,
the MALDI-TOF spectrum obtained using DCTB[17] as
matrix (Figure 4) and sufficient laser power to observe any
ions showed a weak signal for the molecular ion (calcd:
m/z 134162, found: m/z 135290). Further proof of the exis-
tence of 15 came from the detected ions, which resulted from
a large degree of fragmentation and coalescence of the highly
reactive fragments with the molecular species. In addition to
fragmentation at the core (m/z 33948, 67980, 101273), an

additional fragmentation pathway was identified at the first
branching point away from the core (m/z 16975, 50971,
84626, 118281, and higher coalescence ions). Increasing the
relative amount of matrix or the introduction of cationization
agents did not improve the intensity of the molecular ion. The
fragmentation is possibly a result of the spectral overlap
between the nitrogen laser (337 nm) used for excitation of the
matrix and the UV absorbance for the higher generation
dendrimers (lmax= 300 nm). The fourth-generation den-
drimer 13 appears to be the limit for efficient generation
and detection of the molecular ion without substantial

Scheme 3. Synthesis of the first- through to fifth-generation “exploded” polyphenylene dendrimers with a tetraphenylmethane core: a, c, e, g, i) o-
xylene, reflux; b, d, f, h) tetrabutylammonium fluoride trihydrate, THF, RT; a) 85 %, b) 76 %, c) 96 %, d) 75 %, e) 87 %, f) 75 %, g) 64 %, h) 58 %,
i) 65 %.
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fragmentation for this family of dendrimers using these
experimental conditions.[18] While fragmentation from
MALDI is generally regarded as undesired, the iterative
nature of the dendrimer, and a clear fragmentation point
(such as at the core) enables conclusive evidence to be drawn
from such a “digestion.” All the detected ions from this
MALDI “digestion,” combined with the 1H NMR spectrum
of the intact dendrimer 15 unequivocally prove the complete
conversion into the fifth generation.

Transmission electron microscopy (TEM; Figure 5,
Table 1) and dynamic light scattering (DLS) studies
(Table 1) in THF were performed to gauge the sizes of the
dendrimers. The TEM samples were obtained by spin-coating
dilute CH2Cl2 solutions onto freshly cleaved mica substrates
and subsequent shadowing with a tungsten/tantalum alloy by
electron-beam evaporation at high vacuum, followed by
deposition of a thin carbon support.[8,19] The fourth-gener-

ation dendrimer 13 showed only filmlike aggregates, but the
molecules of fifth-generation dendrimer 15 were well-sepa-
rated with an average radius of 11.0 nm.[20] There is agreement
between the diffusional radius (11.8 nm) and the radius
calculated by MMFF94 molecular mechanics (11.0 nm), thus
suggesting that the chain ends are not appreciably backfolded
and that the shape is preserved in solution. Such agreement,
combined with surface accessibility of the chain ends, suggests
that the rigid, pentaphenylbenzene branching units provide a
conformational stiffness and directionality to the chain ends,
similar to that of the parent case.[21] The SEC elution behavior
(Table 1) clearly indicates how much more compact the
parent polyphenylene dendrimers (A, B, C)[8,16] are than are
the new dendrimers 7, 9, 11, 13, and 15. The polystyrene (PS)-

Figure 2. SEC traces for TiPS-ethynyl-functionalized polyphenylene den-
drimers 7, 9, 11, 13, and 15 in THF with 500, 104, and 106 L column
porosities.

Table 1: Summary and comparison of the size characteristics for new polyphenylene dendrimers 7, 9, 11, 13, and 15 compared with hydrogen end-capped
general polyphenylene dendrimers A, B, and C.[8, 16] [a]

Compound Molecular
formula

Aryl
rings

Chain
ends

Molecular
mass
[gmol�1]

MALDI-TOF
MS [gmol�1]

SEC Mp(PS)[b]

[gmol�1]
SEC
PDI

Theo.
radius[c]

[nm]

DLS
radius[d]

[nm]

TEM
radius[e]

[nm]

Dendrimer
density[f ]

[g mL�1]

“exploded” dendrimers
C(Ph([G1](C�C-TiPS)2)4 (7) C393H388Si8 48 8 5336 5443 (Ag) 8000 1.04 2.5 2.0 – 0.26
C(Ph([G2](C�C-TiPS)4)4 (9) C1041H964Si16 136 16 13 924 13 935 (K) 22 000 1.05 4.2 3.6 – 0.12
C(Ph([G3](C�C-TiPS)8)4 (11) C2337H2116Si32 312 32 31 101 31 168 38 900 1.03 6.9 5.2 – 0.09
C(Ph([G4](C�C-TiPS)16)4 (13) C4929H4420Si64 664 64 65 454 65 430 (K) 83 200 1.05 9.0 9.0 – 0.04
C(Ph([G5](C�C-TiPS)32)4 (15) C10113H9028Si128 1368 128 13 4162 135290 114200 1.10 11.0 11.8 11 0.03

general dendrimers
C(Ph([G2](H)4)4 (A) C385H260 64 16 4886 4916 (K) 3900 1.04 1.8 1.5 – 0.57
C(Ph([G3](H)8)4 (B) C865H580 144 32 10 974 11 113 (Ag) 7900 1.03 2.5 2.2 2.6 0.41
C(Ph([G4](H)16)4 (C) C1825H1220 304 64 23 150 23 194 (K) 13 800 1.05 3.2 2.9 3.0 0.38

[a] All MALDI-TOF mass spectra were acquired by irradiating the 1:250 analyte/matrix mixture with a nitrogen laser (337 nm) using dithranol as matrix and
optional cationization agent, a trifluoroacetate salt, if specified, except for that of 15 which was acquired using DCTB.[17] [b] SEC was performed at room
temperature in THF using SEC columns with 500, 104, and 106 L porosities and calibrated against narrowly disperse, linear polystyrene (PS) standards.
[c] Theoretical radii were determined using MMFF94 molecular mechanics calculations, by evaluating the distance between the central carbon atom and the
chain end of the longest linear oligophenylene arm. [d] DLS experiments were performed using a krypton ion laser (647.1 nm), a toluene filled index matching
bath, and detected at 60, 90, 120, and 1508 with respect to the incident beam and were measured in THF for 7, 9, 11, 13, and 15 and in toluene for A, B, and
C.[8, 16] The hydrodynamic radii were calculated using the Stokes–Einstein equation. [e] TEM samples were prepared by spin-coating 10�8–10�9

m CH2Cl2
solutions onto mica substrates and subsequently shadowed with a tungsten/tantalum alloy at high vacuum, followed by deposition of a thin carbon support.
The films were floated off the mica substrates onto a water surface and transferred to 600-mesh hexagonal copper grids for imaging. [f ] The dendrimer densities
were calculating by dividing the molecular mass by the hydrodynamic volume determined from DLS studies, and are substantially lower for the new
polyphenylene dendrimer series, which suggests much higher porosities for the same series than those of the general polyphenylene dendrimers.

Figure 3. MALDI-TOF mass spectrum (dithranol, potassium trifluoro-
acetate) of C(Ph([G4](ethynyl-TiPS)16)4 (13); G4= fourth generation.
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equivalent molecular weights (MWs) are less than the masses
determined by MALDI-TOF for the former, and with the
exception of the fifth-generation dendrimer, the PS-equiv-
alent MWs are higher than the masses (MALDI-TOF) for the
new series, thus indicating there is a very large amount of free
volume occupied by solvent. Calculation of the dendrimer
density (Table 1) from the hydrodynamic volume for each
series revealed that a tenfold greater solvent volume is
available in the new dendrimers. The significantly faster
decrease in the dendrimer density with increasing generation
for the new dendrimer series was the result of having used the
same compact core from the general polyphenylene den-
drimer series. The consequence of such a low dendrimer
density could be a higher propensity for interdigitation, and
thus aggregates which are difficult to separate.

Experimental and analytical conditions were found up to
the fifth generation that demonstrated the complete con-
version into the next generation. The limitations of generating
molecular ions with MALDI techniques had precluded

evaluation of growth to a higher generation with complete
certainty, but the results are highly encouraging using
MALDI “digestion.” Perhaps the most compelling synthetic
observation is that, unlike the syntheses of the parent
polyphenylene dendrimers which necessitated several weeks
for the final growth reaction to go exclusively to completion,
the reaction conversion for the fifth generation required less
than 50 h. This result suggests that the steric demands at the
chain ends required by the Diels–Alder cycloaddition are well
below any critical threshold, completely unlike that of the
parent polyphenylene dendrimers. The control over the
topology of the branching units and the high porosity result
in efficient growth cycles that lead to structural perfection,
even for constructions containing 664 and 1368 phenyl rings
(for the fourth- and fifth-generation dendrimers 13 and 15,
respectively). To the best of our knowledge, this is the first
report of the stepwise chemical synthesis and proof of a truly
monodisperse molecule with a diameter greater than 20 nm.
Furthermore, no evidence was observed for the physical
encapsulation of the branching unit within the dendrimers
during the synthesis, thus suggesting that the cavities within
the structures are large and may be exploited as novel hosts
for large guests.[22] Efforts are underway to evaluate the
stiffness and to clarify the aggregate formation for the fifth-
generation dendrimer 15.
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An In Situ High-Temperature Single-Crystal
Investigation of a Dehydrated Metal–Organic
Framework Compound and Field-Induced
Magnetization of One-Dimensional Metal–
Oxygen Chains**

Pascal D. C. Dietzel,* Yusuke Morita, Richard Blom,
and Helmer Fjellv�g

Metal–organic framework compounds have attracted consid-
erable interest recently because of their eminently promising
properties, which make them suitable for applications as gas-
storage systems, sensors, and in ion exchange or catalysis,[1]

and, more seldom, because of their magnetic properties.[2,3]

The diversity of potential applications arises from the
possibilities that the range of applicable metals and the
appropriate choice of organic linking blocks offer for the
intentional or inadvertent design of advantageous com-
pounds. The common feature of most applications is that
they necessitate the framework to have a sufficiently large
and permanent porosity to be penetrated by guest molecules
and ions. As such, coordination polymers have frequently
been compared with zeolites, over which they offer a number
of advantages. Among these are accessible volumes that are
several times higher than for zeolites.[4] A severe disadvantage
of an organic–inorganic hybrid compound with respect to
zeolites, however, is often the significantly lower thermal
stability. For most applications, it is necessary to remove the
solvent from the pores, which is usually only achieved at
elevated temperatures, and this sometimes leads to the
collapse of the long-range order of the framework. Thus,
the investigation of the thermal behavior of any novel porous
metal–organic framework compound lies at the core of
determining its suitability for applications. There have been
only a few reports of single-crystal investigations of desol-
vated microporous metal–organic frameworks,[5] and in only
one case was the study conducted in situ.[6] In all of these
cases, the connectivities of the framework of the desolvated
compound remained unchanged. Here, we report the syn-
thesis and characterization of a microporous cobalt(ii)-
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containing metal–organic framework. The in situ single-
crystal X-ray investigation of its dehydrated form reveals
that a water molecule originally coordinated to the metal
center is removed as well in the course of the solvent
elimination. However, the framework remains stable, with the
coordination environment of the cobalt atom changing from
octahedral to square pyramidal. The as-synthesized com-
pound orders antiferromagnetically below 8 K, but it sub-
sequently passes through a metamagnetic phase transition to
display field-induced ferromagnetic ordering.

The reaction of cobalt(ii) acetate and 2,5-dihydroxyter-
ephthalic acid (C8H6O6) in a mixture of water and tetrahy-
drofuran (molar ratio 2:1:556:165) under autogenous pres-
sure at 110 8C in a Teflon-lined autoclave (50% filling level)
yielded the pink-red, needle-shaped crystalline substance
[Co2(C8H2O6)(H2O)2]·8H2O (1). The results of the elemental
analysis confirm that the channels are occupied solely by
water molecules even though a solvent mixture was used in
the synthesis. The crystal structure analysis revealed a three-
dimensional coordination polymer with honeycomb topology
that contains one-dimensional, solvent-filled channels (Fig-
ure 1a). The cobalt atom is coordinated in a distorted
octahedral fashion by six oxygen atoms. Five of the oxygen
atoms are part of the organic ligand, which utilizes all of its
oxygen atoms in coordinative bonds with the cobalt center.
The sixth oxygen ligand at the cobalt center comes from a
water molecule. Four of the Co�O distances are in the range
between 2.03 and 2.06 7, while the fifth Co�O distance is
2.190(5) 7. The water molecule is trans to this bond, and its
Co�O bond is also elongated (2.158(7) 7). The hydroxide
oxygen atom and one of the carboxylate oxygen atoms
coordinate two cobalt atoms each, while the second carbox-
ylate oxygen coordinates only one cobalt atom. This coordi-
nation arrangement results in cobalt–oxygen octahedra that
are linked by cis-oriented edges (Figure 1b) such that the
cobalt atoms form a threefold helix parallel to the c axis. The
framework topology is identical to that recently described for
[Zn2(C8H2O6)(dmf)2]·(H2O)2 (dmf=N,N-dimethylforma-
mide).[7]

After the hypothetical removal of the noncoordinating
solvent molecules in the channels, the empty channels occupy
49% of the total volume of the unit cell, and the average
cross-sectional channel dimensions are 11.08 ; 11.08 72. The
empty volume increases to 60% if the coordinating water is
also removed. The water molecules excluding and including
the coordinating water account for 29.2% and 36.6% of the
mass, respectively. We found that it was possible to repeatedly
dehydrate and hydrate compound 1 by heating to 100 8C in a
dry argon gas stream and then cooling down and admixing
water vapor with the inert gas stream. A dry gas stream at
room temperature actually suffices to remove 90% of the
water within 43 h. The amount of weight loss during the
heating experiments indicates that the coordinatively bound
water molecules are also removed. Indeed, this was confirmed
by an in situ single-crystal structure determination at 95 8C
which revealed that the three-dimensional framework
actually remains intact upon dehydration. Because of the
abscission of the coordinating water molecule, the cobalt
center remains in a square-pyramidal coordination environ-

ment (Figure 1c). At the apex of the pyramid is the oxygen
atom that used to be trans to the vacated water position; the
Co�O distance is now significantly shorter than before
(2.067(5) 7). The empty coordination site is accessible for
molecules from the channels, which is a necessary require-
ment for the metal to perform catalytic functions.[8]

Plots of the projection of the electron density along the
channel direction illustrate the change from the hydrated to
the dehydrated framework (surface plots in Figure 2). The

Figure 1. a) Packing diagram of 1 along [001]; b) chains of edge-con-
nected cobalt oxygen octahedra in 1. Neighboring chains are of oppo-
site handedness; c) square-pyramidal environment of the cobalt center
in 2 after removal of the water molecules.

Angewandte
Chemie

6355Angew. Chem. Int. Ed. 2005, 44, 6354 –6358 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


cobalt atoms stand out as the most-intense peaks in groups of
three at the corners of the hexagon. Connecting these are the
rows of peaks due to the organic ligand. The water molecules
in the channel and at the cobalt atoms are clearly distinguish-
able in Figure 2a, while they are absent in Figure 2b. Some
electron density is observed in the center of the channel at
95 8C. This might be due to the inert gas molecules that are
bound to occupy the channels now, but the shape of the
surface indicates that it is more likely a result of Fourier
termination errors accumulating electron density around the
element of symmetry. No atoms can be refined in these
positions, and the final difference density maps (contour plots
in Figure 2) agree well with the chosen structural models. In
this context, it is noteworthy to mention that we also
measured the crystal at 200 8C and the results were congruent
to those obtained at 95 8C. A second crystal that had only
been heated to 95 8C yielded identical results to the first
crystal. It was subsequently cooled down and stored in a
water-vapor-saturated atmosphere, whereupon we could

again localize the coordinating water and bulk solvent water
molecules.

We confirmed the stability of compound 2 in an inert
atmosphere by thermodiffractometry and thermogravimetry
studies. The crystallinity of 2 starts to decrease above 200 8C,
and final decomposition occurs above 320 8C. A sample
heated at 200 8C in argon for a total of 63 h can still take up
the entire amount of water. Compound 2 is substantially less
stable in air. Decomposition is observed at 234 8C and
proceeds rapidly, and the crystallinity of the sample dimin-
ishes already above 140 8C. Concurrently, if a sample is
dehydrated in air at 150 8C, the amount of water that it can
take up again diminishes with the time it has been exposed to
this temperature. Apparently, the presence of the oxygen in
air promotes the collapse of the framework.

In compound 1, the shortest metal-to-metal distance
within a helical metal–oxygen backbone chain is 3.059(2) 7,
while the shortest distance between cobalt atoms in adjacent
chains is 7.387(2) 7. Cobalt compounds with such a large
anisotropy in metal-to-metal distances have frequently been
found to behave as one-dimensional magnetic systems.[10]

While measurements of the magnetic susceptibility confirm
the + 2 oxidation state of the cobalt (m= 4.67(13) mB, q=
�6(2) K), they do not show any noticeable deviation from
three-dimensional behavior. The susceptibility drops off
sharply below 8 K, which indicates antiferromagnetic order-
ing (Figure 3). However, on application of magnetic fields
stronger than about 2 T, we observed a field-induced tran-
sition to a ferromagnetic-like ordered state.[11] The super-
exchange pathway in the metal–oxygen chain suggests that
the magnetic moments couple ferromagnetically in the chains.
The antiferromagnetic long-range order in low magnetic
fields then results from the antiparallel alignment of the spins
of adjacent chains. It may be the aromatic system of the
organic ligand that propagates this further to give a three-
dimensional interaction.[12] Stronger magnetic fields can over-
come this interaction and induce the ferromagnetic-like state.

In conclusion, we would like to emphasize that metal–
organic framework compounds may be very suitable systems
to investigate magnetic interactions, even more so since
materials with switchable magnetic properties promise to
deliver the next revolution in information technology.[13] We
have shown that it is possible to remove the solvent from
compound 1 whilst maintaining the framework structure
intact, even though the cobalt atom also loses its coordinating
water molecule and remains pentacoordinate. The resulting
compound 2 is stable to above 200 8C in an inert atmosphere.

The stability and the readily available coordination site at
the metal atom indicate that it should be worthwhile to
investigate the chemical properties of this compound further.
This should encompass possible catalytic activity, while its
magnetic properties suggest that a more detailed study of its
magnetic structure needs to be performed.

Experimental Section
Crystals of compound 1 of a suitable size for a single-crystal structure
determination were obtained by reducing the molar ratio of cobalt
acetate to ligand to 1:1. They were obtained by combining a solution
of cobalt(ii) acetate (187 mg, 0.75 mmol) in water (10 mL) and a

Figure 2. Projection of the electron density along [001] (surface plots)
and the final difference electron maps (contour plots; line at 0.0 eD�3)
at a) 25 8C and b) 95 8C. Observed reflections (I>2s(I)) were used for
the calculation with the map function of WinGX.[9]
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solution of 2,5-dihydroxyterephthalic acid (149 mg, 0.75 mmol) in
THF (10 mL) in a Teflon-lined steel autoclave and heating at 110 8C
for three days. The crystals were isolated after filtration in 54% yield
(95 mg, 0.2 mmol) with respect to cobalt. Elemental analysis (%):
calcd: C 19.52, H 4.47, Co 23.95, O 52.05; found: C 19.60, H 4.38, Co
23.95, O 52.06.

Single-crystal X-ray crystallography: A hemisphere of data was
collected on a Bruker D8 diffractometer with an Apex II detector and
an Oxford Cryosystems Cryostream Plus device. After data integra-
tion with SAINT and semiempirical absorption correction with
SADABS,[14] structures were solved by direct methods and refined
on F2 with the SHELX program suite.[15]

Compound 1: Crystal dimensions 0.02 ; 0.02 ; 0.20 mm3, trigonal,
space group R3̄ (no. 148), a= 26.1102(19), b= 26.1102(19), c=
6.7192(10) 7, V= 3967.1(7) 73, 1calcd= 1.793 gcm�3, Z= 18, 2qmax=

508, MoKa radiation, l= 0.71073 7, w scans, T= 293 K, 12577
reflections collected, 1544 unique reflections, 1093 observed data
(I> 2s(I)), Rint= 0.115, m= 1.959 mm�1, min/max transmission 0.712/
0.962, 124 parameters, final R1(I>2s(I))= 0.0626, wR2(all data)=
0.1647, GOF= 1.15, D1min=�0.59 e7�1, D1max= 0.73 e7�1. Com-
pound 2 : A crystal of dimensions of 0.03; 0.03 ; 0.30 mm3 was
attached carefully oriented and with a minimum of glue to the tip of a
capillary to avoid obstructing the channels; it was then slowly heated
at 20 8Ch�1 to 95 8C; trigonal, space group R3̄ (no. 148), a= 25.885(3),
b= 25.885(3), c= 6.8058(17) 7, V= 3949.0(12) 73, 1calcd=

1.181 gcm�3, Z= 18, 2qmax= 50.68, MoKa radiation, l= 0.71073 7, w
scans, T= 368 K, 6446 reflections collected, 1598 unique reflections,
1150 observed data (I> 2s(I)), Rint= 0.066, m= 1.89 mm�1, min/max

transmission 0.590/0.945, 73 parameters, final R1(I>2s(I))= 0.058,
wR2(all data)= 0.209, GOF= 1.24, D1min=�0.76 e7�1, D1max=
1.30 e7�1.

CCDC 270292 (1) and 270293 (2) 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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Targeted Delivery of Amphotericin B to Cells by
Using Functionalized Carbon Nanotubes**
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Functionalized carbon nanotubes (f-CNTs) are attracting
increasing attention as new vectors for the delivery of

therapeutic molecules.[1–5] In fact, carbon nanotubes (CNTs)
have been shown to cross cell membranes easily and to deliver
peptides, proteins, and nucleic acids into cells.[6–14] These
innovative carriers present a lower toxicity, a fact that boosts
their potential for biomedical applications.[1–3, 15]

The use of f-CNTs for drug delivery of small molecules
(e.g. anticancer, antibacterial, or antiviral agents) is still
unexplored. The development of nanovectors able to carry
one or more therapeutic agents with recognition capacity,
optical signals for imaging, and/or specific targeting is of
fundamental advantage, for example, in the treatment of
cancer and/or different types of infections.[16] Theoretically,
the use of f-CNTs in this approach would require the
introduction of different functionalities on the external
surface of the CNTs. Multiple functionalization of the tips
of CNTs has been reported recently.[17] Although the method
is original and interesting, it does not exploit the full surface
available on the CNTs for the linking of different molecules,
nor has an application for drug delivery been envisaged. We
decided to explore an alternative strategy for the introduction
of two different and orthogonal functionalizations to CNTs.
The orthogonal methodology, which is widely used in organic
synthesis, would allow the selection and control of the
attachment of active molecules to the sidewalls and tips of
the CNTs. This approach enabled us to simultaneously link
fluorescent probes to the CNTs for tracking the uptake of
material as well as an antibiotic moiety as the active molecule.
For this purpose we chose fluorescein and amphotericin B
(AmB), respectively. AmB is considered to be the most
effective antibiotic in the treatment of chronic fungal
infections.[18–20] However, the drug is highly toxic to mamma-
lian cells;[18] one reason for this toxicity can be attributed to
the formation of aggregates as a result of the lower solubility
of AmB in water.[19] Conjugation of this drug to CNTs could
have several advantages: 1) increased solubility of the mol-
ecule; 2) decrease in the aggregation phenomena;
3) improved efficacy owing to the internalization capacity of
the CNTs; and 4) modulation of the antibiotic activity against
different types of cells (mammalian, bacterial, and fungal).
Herein we present the first case of AmB covalently linked to a
polymeric carrier. Previously, the drug was encapsulated into
colloidal or lipid systems owing to the need for slow
release;[21] however, high doses are required to elicit the
same efficacy as that of AmB alone. The incorporation of
CNTs could allow a reduction in the amount of AmB
administered. It is easy to control their dimensions and the
degree of functionalization. CNTs are particularly promising
delivery systems as they are non-immunogenic. [3, 10]

The aim of the work described herein was first to explore a
new strategy for the double functionalization of CNTs,
second, to assess the characteristics of toxicity and uptake
of CNTs functionalized with AmB and fluorescein towards
mammalian cells, and thirdly, to evaluate the antifungal
activity of CNT–AmB conjugates.

It is known that the exposure of CNTs to oxidative
conditions (for example, sonication in a mixture of sulfuric
and nitric acids) not only cuts the tubes and generates surface
defects but can also provide abundant carboxylated sites
along their sidewalls.[22, 23] To establish the effect of acidic
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treatment on both the length of the CNTs and
the number of carboxylic groups present, we
prepared a series of oxidized multiwalled
carbon nanotubes (MWNTs) by applying
different acid conditions (Supporting Infor-
mation).[24,25] The CNT-length distribution
was assessed by TEM (Table 1), whereas the
loadings were calculated after derivatization
of the carboxylic groups (activated as acid
chlorides) with Boc mono-protected diamino-
triethylene glycol. After removal of the Boc
group, the number of free amino groups was
measured with a quantitative Kaiser test
(Table 1).[9]

Evidently, the length and the loading of
the MWNTs strongly depend on the duration
of the acid treatment. As expected, the tube
length decreases and loading increases with an
increase in the duration of oxidation. For our
purpose, we selected MWNTs treated for 8 h
as they exhibited the most convenient length
and loading.

To effect a double, orthogonal functional-
ization of the CNTs, the oxidized MWNTs 1
were again activated as the acid chlorides and
treated with diaminotriethylene glycol (mono
protected as phthalimide) (Scheme 1). This
protecting group is particularly useful as it is
highly stable to harsh acidic conditions and
orthogonal to the Boc group, which can
subsequently be introduced through 1,3-dipo-
lar cycloaddition to the sidewalls of the
MWNTs.[26, 27]

MWNTs 2 were structurally characterized
by 1H NMR spectroscopy and TEM (Fig-
ure 1a). The 1H NMR spectrum of 2 in
CDCl3 showed the presence of the Boc
group (d= 1.4 ppm), whereas the phthalimide group gave
rise to the signals at d= 7.7 and 7.8 ppm (Supporting
Information). TEM analysis indicated that the lengths of
individual MWNTs 2 are consistent with the data reported in
Table 1. The stepwise cleavage of phthalimide, followed by
removal of the Boc group gave water-soluble MWNTs, whose
quantitative Kaiser test showed amino levels of 0.25 and
0.46 mmol per gram of material, respectively. Having ascer-
tained the selective removal of the two protecting groups, we
were ready to insert the desired functionalities. We initially
removed the phthalimide group in MWNTs 2 with a solution

of hydrazine in ethanol, and the free amino group was then
coupled with FITC. The Boc group was then cleaved through
the use of HCl (4m) in dioxane, and AmB (activated at the
carboxylic functional group by using HOBT and carbodii-
mide) was covalently linked to the amino group (Scheme 1).
To avoid possible side reactions during the coupling, the NH2

group of the mycosamine moiety of AmB was protected with
Fmoc, which was eventually removed with piperidine in DMF
(25%) to afford MWNTs 4. TEM analysis of the conjugate 4
showed a morphology very similar to that of MWNTs 2
(Figure 1b).

The UV/Vis spectrum of MWNTs 4 in DMF exhibit the
typical absorption bands of AmB in the range 340–420 nm

Table 1: Chemico physical properties of MWNTs after treatment with
strong acid and derivatization of the carboxylic acid functions.

t [h] Length
[nm]

Loading
[mmolg�1]

1 1500–4000 0.06
3 1000–2000 0.14
5 200–1000 0.16
8 180–940 0.22

24 160–600 0.26
48 140–500 0.34

Scheme 1. a) Neat (COCl)2; Pht-N(CH2CH2O)2-CH2CH2-NH2, dry THF, reflux; b) Boc-NH-
(CH2CH2O)2-CH2CH2-NHCH2COOH/(CH2O)n, DMF, 125 8C; c) Hydrated NH2-NH2, EtOH, reflux;
d) FITC, DMF; e) HCl 4m in dioxane; f) Fmoc-AmB, HOBt/EDCHHCl/DIPEA, DMF; 25% piperi-
dine in DMF. BOC= tert-butyloxycarbonyl; DIPEA=diisopropylethylamine; DMF=dimethyl forma-
mide; EDC=N-Ethyl-N’-(3-dimethylaminopropyl)-carbodiimide; FMOC= fluorenylmethyloxycar-
bonyl; FITC= fluorescein isothiocyanate; HOBt=1-hydroxybenzotriazole; Pht=phthalimide
group.

Figure 1. TEM images of MWNTs 2 (a) and 4 (b).
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and those of FITC at 517 nm (Figure 2). Upon subtraction of
the contribution of CNTs to the UV/Vis spectrum of 4, the
ratio between AmB and FITC attached to the tubes was 1.5:1.
A similar result was found for the conjugate dissolved in
methanol (Supporting Information).

To assess the biological properties of the novel, doubly
functionalized CNTs, we initially studied the toxicity effects
of MWNTs 4 on mammalian cells, tracing its capacity to cross
the cell membrane. Human Jurkat lymphoma T cells were
incubated with either MWNTs 4 or AmB as the control. The
cells were grown at 37 8C in RPMImedium and treated for 1 h
with doses of MWNTs 4 increasing from 1 to 40 mgmL�1. Cell
viability was analyzed by flow cytometry by staining early and
late apoptosis and necrosis with annexin V and propidium
iodide (Figure 3). As a positive control, the cells were treated
with AmB (10 mgmL�1) alone. The dose of AmB used for the
control experiment corresponded to the amount of drug
covalently bound to 40 mgmL�1 of MWNTs 4. The conjuga-
tion of AmB to CNTs clearly reduces the toxic effects of the
antibiotic on mammalian cells. At the highest doses, more
than 40% of the cells died in the presence of AmB, whereas
all the cells remained alive upon treatment with MWNTs 4.
We subsequently verified that longer incubation times do not
increase the percentage of dead cells. Indeed, all the Jurkat
cells remained alive after treatment with MWNTs 4 for 4 and
16 h (Supporting Information). Furthermore, cell uptake of
MWNTs 4 was very fast as maximum fluorescence was
observed after only 1 h of incubation. This result is in
accordance with the behavior of single-walled CNTs previ-
ously used as transporters for peptides and proteins.[6–8]

Attachment to CNTs modified the internalization proper-
ties of AmB. Jurkat cells incubated with MWNTs 4 at
different doses and time points were analyzed by using
epifluorescence and confocal microscopy. We found that the

internalization of AmB linked to the nanotubes was dose-
dependent (Supporting Information). Figure 4 clearly shows
that the conjugates pass into the cell cytoplasm. Notably, the
MWNTs 4 is mainly localized around the nuclear membrane,
but does not cross this barrier.

The mechanism of penetration is not mediated by
endocytosis because incubation in the presence of NaN3 at
4 8C does not remarkably influence the penetration capacity
of MWNTs 4 observed at 37 8C (Supporting Information).[7]

We demonstrated that f-CNTs are able to enter the cell by a
spontaneous mechanism: they behave like nanoneedles and
pass through the cell membrane without causing cell death.[11]

This mechanism was recently confirmed by Cai et al., who
showed that the nanopenetration of cell membranes seems to
be a unique feature of CNTs.[28] Concerning the toxic effects
of AmB on mammalian cells, it is thought that this antibiotic
destabilizes the cell membrane in a manner similar to the
cases of fungi and yeasts.[20] Therefore, the ability of CNTs to
internalize AmB rapidly into the cytoplasm of Jurkat cells

Figure 2. UV/Vis spectra of a) MWNTs 4, b) 2, c) AmB, d) FITC in
DMF.

Figure 3. Percentage of early-apotopic, late-apoptotic, and/or dead
Jurkat cells after treatment with MWNTs 4 at different concentrations
for 1 h. After incubation and washings, the cells were stained with
annexin V and propidium iodide and analyzed by flow cytometry
(inset).

Figure 4. Epifluorescence (top) and confocal (bottom) microscopy
images of Jurkat cells incubated for 1 h at 37 8C with 10 and
40 mgmL�1 of MWNTs 4, respectively. Jurkat cells have an average
diameter of 10 mm.
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remarkably reduces the possibility of disruption of the
membrane core. The covalent attachment of AmB to the
nanotubes has another clear advantage: it prevents the
aggregation phenomena that the drug typically displays in
solution. AmB strongly self-associates in aqueous solution
and increases the possibility of toxic effects to the cells. In
UV/Vis spectra of MWNTs 4 in water and RPMI, we found
that the aggregation is lower than that of AmB alone
(Supporting Information).[19, 29]

Finally, we evaluated the antifungal activity of CNTs,
functionalized with AmB, against three species of fungi that
are either pathogenic or may opportunistically infect humans.
These included collection strains (Candida parapsilosis
ATCC 90118 and Cryptococcus neoformans ATCC 90112)
and clinical isolates (Candida albicans). In these experiments
we used AmB that was covalently linked to ammonium-
functionalized multi- and single-walled carbon nanotubes
(MWNT-AmB 18 and SWNT-AmB 19) (Supporting Infor-
mation). We explicitly chose these types of conjugates to
compare the antifungal activity of AmB bound to CNTs
directly with that of native AmB, in the absence of the
fluorescent probe. The minimum inhibitory concentration
(MIC) values were determined after 48 h of incubation with
different doses of free AmB, unconjugated CNTs, or CNT–
AmB conjugates. As shown in Table 2, ammonium-function-

alized CNTs, free of AmB, were inactive up to the maximal
concentration (80 mgmL�1) used against all the microorgan-
isms tested. Conversely, MWNT– and SWNT–AmB were
highly effective, indicating that the activity of the drug was
not prevented by its covalent binding to both single- and
multiwalled CNTs. Interestingly, when equal amounts of free
and bound drug are considered, (the actual amount of AmB
bound to CNTs is approximately one third by weight),
conjugated AmB is definitely more potent than the free drug,
particularly against the Candida spp. The reason for this
increased activity is at present unclear, although an increased
solubility of the drug by conjugation to CNTs might explain,
at least in part, this finding. Alternatively, or supplementary
to an increased solubility, binding to CNTs and the presence
of multiple copies of AmB per CNT molecule might favor the
interaction of the drug with its target, the fungal membrane.
Although further investigations are necessary in this respect,
the in vitro results are very promising as they indicate that

appropriate conjugation can increase the effectiveness of
AmB while decreasing its toxicity, as shown by the flow
cytometric experiments with Jurkat cells (Figure 3). Such a
development would increase the clinical use of AmB, which is,
at present, limited by its narrow therapeutic index.[30]

In summary, we were successful in preparing CNTs
containing both fluorescein and amphotericin B. Our studies
revealed that AmB covalently linked to CNTs is taken up by
mammalian cells without presenting any specific toxic effect.
Furthermore, AmB bound to CNTs preserves its high
antifungal activity. Therefore, multifunctionalized CNTs can
be envisaged for the delivery of antibiotics to different types
of cells by selective transport through the membrane. Finally,
the covalent linkage of different drugs to CNTs is an approach
that may be used to modulate the therapeutic action of the
agent, thus obtaining new conjugates with interesting proper-
ties.
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The use of homochiral metal–organic polymers[1] as hetero-
geneous catalysts for asymmetric reactions has provided a
new strategy for chiral catalyst immobilization,[2–4] which

might overcome some drawbacks of traditional approaches,
such as reduced enantioselectivity or decreased activity in
comparison with their homogeneous counterparts.[5–7] With
this strategy, the bridged ligands spontaneously coordinate
with metal ions to form homochiral metal–ligand assemblies,
in which the bridged chiral ligands provide an enantiodis-
crimination environment and the metal ions act as the
catalytically active centers in asymmetric catalysis.[4, 5] In
principle, the stereochemical characteristics of the multitopic
ligands should have significant impact on the microstructures
of the resulting homochiral metal–organic polymers, and thus
may exert a profound influence on the enantioselectivity and
activity of the catalysis in a given reaction. Therefore, the
design and synthesis of multitopic chiral ligands with diverse
geometrical features is a central issue in the generation of
homochiral metal–organic polymers for heterogeneous asym-
metric catalysis (Figure 1).

The homogeneous catalytic asymmetric epoxidation of
a,b-unsaturated ketones in the presence of Shibasaki+s
lanthanum catalyst,[8–10] which is based on the 2,2’-dihy-
droxy-1,1’-binaphthyl (binol) ligand, has provided one of the
most convenient approaches to a,b-epoxy ketones among
various catalytic systems developed so far.[11–15] Although
excellent yields and enantioselectivity have been achieved, a
catalyst loading of 5–20 mol% rendered the process less
practical. However, the immobilization of this type of catalyst
by an organic polymer support or stereoregular polymeric
ligands often resulted in a drastic decrease of catalytic activity
and enantioselectivity in the catalysis.[16] Herein, we report
preliminary results on the heterogenization of Shibasaki+s

Figure 1. Schematic representation of the strategy for generation of
self-supported enantioselective heterogeneous catalysts by using
a) 1D, b) 2D, and c) 3D multitopic chiral ligands with metal ions.
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lanthanum catalyst by using multitopic binol ligands bridged
by spacers with diverse shapes and sizes. These catalysts are
used for the enantioselective epoxidation of a,b-unsaturated
ketones, and afford optically active epoxy ketones in excellent
yields and enantiomeric excesses.

Three types of multitopic ligands (1a–i ; Scheme 1) con-
taining different bridging linkers, including linear (a–d), bent

(e–g), trigonal-planar (h), and tetrahedral (i) spacers, were
designed to investigate the impact of the spatial arrangement
of chiral units ((S)-binol) on the catalytic properties of their
assemblies with the lanthanum ion. Ligands 1b, 1d, and 1e
were prepared by following a reported procedure.[4d] The
syntheses of other ligands (1a, 1c, and 1 f–i) were achieved by
the Pd-catalyzed Sonogashira reactions of a methoxymethyl
(MOM)-protected, 6-ethynyl-substituted binol derivative
with the corresponding aryl bromides or a MOM-protected,
6-bromo-substituted binol derivative with the corresponding
aryl acetylenes, followed by deprotection of the MOM groups
of the Sonogashira coupling products by acidic hydrolysis (see
Supporting Information).

The heterogeneous catalyst was easily prepared by drop-
wise addition of a solution of the corresponding multitopic
ligand in THF and triphenylphosphine oxide to a solution of
La(OiPr)3 under an argon atmosphere. The pale yellow or
white (in the case of catalysts 2b, 2d, 2e, and 2 i) solids
precipitated immediately. After the mixture had been stirred
at room temperature for two hours, the resulting solids were
collected by filtration and washed with THF to remove trace
amounts of soluble low-molecular-weight species. As exem-
plified by catalyst 2a in Figure 2a, these polymeric solids were
completely insoluble in THF, and accordingly fulfilled the

basic prerequisite for heterogeneous catalysis. SEM images
showed that these solids were composed of micrometer-sized
particles (Figure 2b), and the surface of the particles exhib-
ited a microstructure with nanoscale noncrystalline species
(Figure 2c). The powder X-ray diffraction patterns did not

Scheme 1. Multitopic ligands employed for the generation of hetero-
geneous lanthanum catalysts.

Figure 2. a) Self-supported chiral lanthanum catalyst 2a (yellow solids
at the bottom of the test tube) in THF. b) SEM image of the self-sup-
ported lanthanum catalyst 2a ; scale bar: 9.7 mm. c) Enlarged SEM
image of the catalyst in (b); scale bar: 0.74 mm.
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show any obvious peaks in the scanning range of 5–708 (2q),
which further confirmed the noncrystalline morphology of the
catalysts (see Supporting Information).

To optimize the reaction conditions, the insoluble homo-
chiral assembly 2a was then tested as a self-supported
heterogeneous catalyst for the enantioselective epoxidation
of a,b-unsaturated ketone 3a. The reaction was carried out at
room temperature by using catalyst 2a (5 mol%) with
cumene hydroperoxide (CMHP, 88%) as the oxidant, and
THF was selected as the reaction solvent after a preliminary
examination of the solvent effect (see Supporting Informa-
tion). As shown in Table 1, the molar ratio between the chiral

binol unit and LaIII was critical for achieving high catalytic
activity and enantioselectivity. The ratio of 1:1.05 (binol unit
1a/La(OiPr)3) turns out to be optimal (for details, see the
Supporting Information), and affords the corresponding
epoxide (R,S)-4a in over 99% yield and 97.6% ee after a
reaction time of 30 min (Table 1, entry 2). In the analogous
homogeneous catalyst system, the employment of Ph3PO or
Ph3AsO as additive in the reaction system dramatically
enhanced the catalytic activity but scarcely influenced the
enantioselectivity.[8, 9] In contrast to the homogeneous cata-
lytic system, the addition of triphenylphosphine oxide to the
heterogeneous catalytic system described herein had a
significant impact on both the activity and enantioselectivity
of the catalysis (Table 1, entries 2–7 versus entry 1). It seems
that Ph3PO is superior to Ph3AsO (Table 1, entries 2–4 versus
entries 5–7). The effect of molecular sieves (MS, 4 ?) was also

prominent in terms of catalytic activity (Table 1, entry 2
versus entry 8). The use of tBuO2H (TBHP) instead of CMHP
as oxidant led to a degraded yield and enantioselectivity
(Table 1, entry 9). Reduction of the catalyst loading to
1 mol% resulted in a slight drop of the enantioselectivity
(Table 1, entry 2 versus entry 10) despite the high yield of
product 4a.

We then turned our attention to investigating the impact
of the bridging spacers in the multitopic ligands on the
enantioselectivity of the catalysis under the optimized reac-
tion conditions. The heterogeneous catalysts 2b–i, generated
from the reactions of multitopic ligands 1b–i and La(OiPr)3,

were subsequently applied to the epoxida-
tion of 3a with CMHP as the oxidant in the
presence of Ph3PO (15 mol%) and MS
(4 ?). As shown in Table 1 (entries 11–18),
all of the examined catalysts demonstrated
excellent catalytic activity, and afforded 4a
in 99% yields in 30 min. The influence of
the structure of the spacer on the enantio-
selectivity of the catalysis was dramatic. For
ligands with linear spacers (1a–d), short-
ening the length of the linker between two
chiral units generally had a disadvantageous
effect on the enantioselectivity (Table 1,
entries 11–13 versus entry 2). However, the
reduction of the extension angles of the
spacers was clearly unfavorable for the
enantioselectivity (Table 1, entries 15–16
versus 2; also entry 13 versus entry 14).
The catalysts (2h and 2 i) composed of
planar tritopic (1h) or tetrahedral tetratopic
(1 i) ligands with relatively longer spacers
also demonstrated high activity and enan-
tioselectivity (91.5–95% ee ; Table 1,
entries 17 and 18). All these facts clearly
indicate that both the length and the spatial
orientation of the spacers in the multitopic
ligands have a significant impact on the
enantioselectivity of the heterogeneous
epoxidation. It can be concluded that the
structural variation of the spacer moieties in
the ligands may alter the supramolecular

structures of the assemblies and, as a result, affect their
catalytic behavior, particularly the enantioselectivity of the
catalysis. Given the modular nature of the multitopic ligands,
it can be envisioned that both the reactivity and enantiose-
lectivity may be fine-tuned by judicious choice of the spacer
part of the ligands.

Encouraged by these preliminary results, the heteroge-
neous catalysis of the enantioselective epoxidation of a
variety of a,b-unsaturated ketones (3a–h) was then inves-
tigated by using catalyst 2a with CMHP as oxidant. As shown
in Table 2, the reactions proceeded efficiently to give the
corresponding epoxides (4a–g) in 99% yield with excellent
enantioselectivities (94.3–97.6% ee, Table 2, entries 1–7),
although the electron-withdrawing group at the para position
of chalcones (Table 2, entries 5 and 6) may reduce the
reaction activities. The reactivity and enantioselectivity for

Table 1: Enantioselective epoxidation of a,b-unsaturated ketone (3a) catalyzed by self-supported
catalyst 2a–i.[a]

Entry Cat. Additive Oxidant t Yield ee [%][c]

([mol%]) ([mol%]) [h] [%][b] (config.)[d]

1 2a (5) – CMHP 20 99 71.7 (R,S)
2 2a (5) Ph3PO (15) CMHP 0.5 99 97.6 (R,S)
3 2a (5) Ph3PO (10) CMHP 0.5 99 96.6 (R,S)
4 2a (5) Ph3PO (5) CMHP 0.5 91 94.5 (R,S)
5 2a (5) Ph3AsO (15) CMHP 1.0 94 60.9 (R,S)
6 2a (5) Ph3AsO (10) CMHP 1.0 99 90.3 (R,S)
7 2a (5) Ph3AsO (5) CMHP 0.5 99 96.0 (R,S)
8 2a (5)[e] Ph3PO (15) CMHP 20 81 95.1 (R,S)
9 2a (5) Ph3PO (15) TBHP 3 90 66.9 (R,S)
10 2a (1) Ph3PO (15) CMHP 1 99 93.8 (R,S)
11 2b (5) Ph3PO (15) CMHP 0.5 99 83.7 (R,S)
12 2c (5) Ph3PO (15) CMHP 0.5 99 82.9 (R,S)
13 2d (5) Ph3PO (15) CMHP 0.5 99 95.5 (R,S)
14 2e (5) Ph3PO (15) CMHP 0.5 99 93.3 (R,S)
15 2 f (5) Ph3PO (15) CMHP 0.5 99 95.1 (R,S)
16 2g (5) Ph3PO (15) CMHP 0.5 99 84.2 (R,S)
17 2h (5) Ph3PO (15) CMHP 0.5 99 91.5 (R,S)
18 2 I (5) Ph3PO (15) CMHP 0.5 99 95.0 (R,S)

[a] All of the reactions were carried out at 25 8C with 1.5 equivalents of oxidant in 3a (0.4 mmol) in the
presence of MS (80 mg, 4 I). The catalyst loading was based on the binol/La unit of the assemblies.
[b] Yield of isolated product. [c] Determined by HPLC on a Chiralcel OB-H column. [d] Determined by
comparison of their optical rotations with those reported in the literature.[8d, 10] [e] In the absence of MS
(4 I).
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the epoxidation of alkyl-substituted a,b-unsaturated ketone
3h diminished to some extent, and afforded the correspond-
ing epoxide 4h in 91% yield with 84.9% ee. The performance
of the heterogeneous catalytic systems was comparable to
that attained with their homogeneous counterparts.[8]

In an effort to identify the heterogeneous or homoge-
neous nature of the above catalyst system, a supernatant of 2a
in THF was employed for the catalysis of the epoxidation of
3a under the same experimental conditions. In this case, no
product was observed at all after 24 h. This experiment
unambiguously demonstrated the heterogeneous nature of
the catalytic systems studied. The inductively coupled plasma
(ICP) spectroscopic analysis of the supernatant indicated that
the concentration of LaIII was 0.093 ppm, which again
supports the heterogeneous nature of the catalyst system.

The remarkable advantage of the self-supported hetero-
geneous catalysts over their homogeneous counterparts was
exemplified by the facile recovery and recycling of catalyst 2a
in the epoxidation of 3a. After completion of the epoxidation,
simple filtration of the reaction mixture under an argon
atmosphere allowed the separation of the solid-state catalyst
from the product-containing solution. The isolated solids
were recharged with THF, substrate (containing 10 mol%
Ph3PO), and the oxidant for the next run. As shown in
Table 3, catalyst 2a could be used for at least six cycles in the
epoxidation of 3awithout significant loss of enantioselectivity
(93.2–96.5% ee), at a cost of slightly reduced activity in the
last two runs (95 and 83% yields, respectively). Moreover, the
leaching of lanthanum in each cycle during recycling of the
catalyst was less than 0.4 ppm, as determined by ICP
spectroscopy. In comparison with heterogeneous catalysts
with organic polymer supports,[16] the catalyst system de-
scribed herein represents the best case reported so far in
terms of both activity and enantioselectivity.

In conclusion, Shibasaki+s binol/La catalyst has been
successfully heterogenized by a self-supporting strategy
through the reactions of multitopic ligands with La(OiPr)3.
The self-supported heterogeneous catalysts showed excellent

activities and enantioselectivities
in the catalysis of the epoxidation
of a,b-unsaturated ketones. The
bridging spacers in the multitopic
ligands were found to have signifi-
cant impact on the enantioselec-
tion of the corresponding self-sup-
ported catalysts, which demon-
strated the importance of the
supramolecular structures of the
assemblies on their catalytic behav-
ior. This understanding is particu-
larly important in directing the
design of chiral metal–organic
assemblies for enantioselective cat-
alysis. Research on the application
of this conceptually new strategy in
the development of other types of
heterogeneous asymmetric cata-
lysts is in progress.

Experimental Section
In a Schlenk tube, a solution of ligand 1a (13.88 mg, 0.02 mmol) and
Ph3PO (33.4 mg, 0.12 mmol) in THF (2 mL) was added dropwise to a
solution of La(OiPr)3 (0.05m, 0.84 mL, 0.042 mmol) in THF, and the
pale yellow solids precipitated immediately. The resultant suspension
was stirred at room temperature for 2 h. Solid 2a was isolated by
filtration and washed with dry THF (3 mL). MS (4 ?, 160 mg, dried at
180 8C for 8 h under reduced pressure before use), THF (2 mL), and
CMHP (80% in cumene, 0.22 mL, 1.2 mmol) were added to the solid-
state catalyst 2a. The mixture was stirred at room temperature for
15 min before addition of enone 3a (168 mg, 0.8 mmol) in THF
(1 mL). The resultant heterogeneous mixture was stirred at RT for an
additional period of time until the disappearance of 3a (monitored by
TLC). After the isolation of the solids by filtration under argon, the
insoluble catalyst was recharged with THF (4 mL), Ph3PO (22.4 mg,
0.08 mmol), CMHP (80% in cumene, 0.22 mL, 1.2 mmol), and
substrate 3a (168 mg, 0.8 mmol) for the next run. The filtrate was
concentrated and the residue was submitted to column chromatog-
raphy on silica gel with hexane/ethyl acetate (30:1) as mobile phase to
give the epoxide (2R,3S)-4a as a white solid (179 mg, > 99% yield).
[a]20D =�266.5 (c= 2 in CHCl3) [ref. [10]: [a]20D =�253.7 (c= 1 in
CHCl3), 2R,3S enantiomer, 95% ee]; 1H NMR (300 MHz, CDCl3):
d= 7.97–8.00 (m, 2H), 7.57–7.62 (m, 1H), 7.44–7.49 (m, 2H), 7.34–

Table 2: Enantioselective epoxidation of a,b-unsaturated ketones (3a–g) catalyzed by self-supported
catalyst 2a.[a]

Entry R R’ Enone t Epoxide Yield ee [%][c]

[h] [%][b] (config.)[d]

1 Ph Ph 3a 0.5 4a >99 97.6 (R,S)
2 4-F-C6H4 Ph 3b 0.5 4b >99 96.2 (R,S)
3 4-Cl-C6H4 Ph 3c 0.5 4c >99 96.0 (R,S)
4 4-Br-C6H4 Ph 3d 0.5 4d >99 95.6 (R,S)
5 4-NO2-C6H4 Ph 3e 1.0 4e >95 95.7 (R,S)
6 4-NC-C6H4 Ph 3 f 1.0 4 f >99 94.3 (R,S)
7 Ph 4-MeO-C6H4Ph 3g 0.5 4g >99 95.0 (R,S)
8 iPr Ph 3h 3.0 4h 91 84.9 (R,S)

[a] All of the reactions were carried out under the reaction conditions of entry 2, Table 1. The catalyst
loading was based on the binol/La unit of the assemblies. [b] Yield of isolated product. [c] Determined
by HPLC on a Chiralcel OB-H or AD column. [d] Determined by comparison of their optical rotations
with those reported in the literature.[8d,9b, 10]

Table 3: Recycling and reuse of the heterogeneous catalyst 2a in the
enantioselective epoxidation of 3a.[a]

Run Ph3PO t Yield ee [%][c]

[mol%] [h] [%][b] (config.)[d]

1 15 0.5 >99 96.5 (R,S)
2 10 0.5 >99 96.3 (R,S)
3 10 0.5 >99 95.8 (R,S)
4 10 0.5 >99 94.9 (R,S)
5 10 0.5 95 94.5 (R,S)
6 10 1 83 93.2 (R,S)

[a] All of the reactions were carried out under the reaction conditions of
entry 2, Table 1 in substrate 3a (0.8 mmol) in the presence of MS
(160 mg, 4 I). The catalyst loading (5 mol%) was based on the binol/La
unit. [b] Yield of isolated product. [c] Determined by HPLC on a Chiralcel
OB-H column. [d] Determined by comparison of its optical rotation with
that reported in the literature.[8d, 10]
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7.40 (m, 5H), 4.29 (d, J= 1.8 Hz, 1H), 4.05 ppm (d, J= 1.8 Hz, 1H);
13C NMR (75 MHz, CDCl3): d= 192.9, 135.3, 135.2, 133.8, 128.9,
128.7, 128.6, 128.1, 125.6, 60.8, 59.2 ppm. The ee value was determined
to be 97.6% byHPLC on a Chiralcel OB-H column: UV detector, l=
254 nm; 20 8C, hexane/iPrOH= 60:40, flow rate 0.5 mLmin�1; tR1=
28.2 min (minor isomer), tR2= 35.6 min (major isomer).
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Urea- and Thiourea-Substituted Cinchona
Alkaloid Derivatives as Highly Efficient
Bifunctional Organocatalysts for the Asymmetric
Addition of Malonate to Nitroalkenes: Inversion
of Configuration at C9 Dramatically Improves
Catalyst Performance.**

S�amus H. McCooey and Stephen J. Connon*

Inspired by the efficiency, elegance, and selectivity of
enzymatic catalysis, the design of organic molecules capable
of the efficient and enantioselective promotion of carbon–
carbon bond-forming processes is a formidable challenge
which is currently receiving considerable attention.[1] In this
context, one of the fundamental enzymatic catalyst compe-
tencies that is most difficult to engineer in synthetic systems is
bifunctionality; that is, the ability of a catalyst to employ
Lewis/Brønsted acidic and Lewis/Brønsted basic functionality
synergistically to bring about the activation of both the
nucleophilic and electrophilic components of a reaction
simultaneously.[2]

Over 20 years ago, Wynberg and Hiemstra[3] reported that
cinchona alkaloids were efficient (albeit only moderately
selective) bifunctional organocatalysts for the 1,4-addition of
thiophenol derivatives to cyclohexenones, and proposed
catalyst participation in the deprotonation of the thiol
(through the basic quinuclidine alkaloid nitrogen atom) and
in the stabilization of the enolate resulting from the 1,4-
addition step (through hydrogen bonding with the hydroxy
moiety of the catalyst).[4–6]

As Wynberg predicted,[3] the derivitization of cinchona
alkaloids[7] with the goal of augmenting hydrogen-bond-
donating ability has resulted in an expansion of catalyst
scope: Hatakeyama and co-workers reported that the rigid
phenolic quinidine derivative 1 promotes highly enantiose-
lective (aza)-Baylis–Hillman reactions,[8] and Deng and co-
workers demonstrated that the readily available 6’-demethyl-
ated quinine and quinidine alkaloids are considerably more
active and selective catalysts for the addition of 1,3-dicarbon-
yl compounds to b-nitrostyrenes than their natural 6’-methyl-
ated analogues.[9,10]

The ability of chiral urea[11] and thiourea derivatives to
serve as powerful hydrogen-bond-donating organocatalysts
was recently recognized by Jacobsen and co-workers, who
developed a suite of thiourea catalysts that promote a diverse
range of reactions with excellent enantioselectivity.[12] The
compatibility of (thio)ureas with Lewis basic functionality
was also demonstrated recently: Takemoto and co-workers
have introduced the bifunctional catalyst 2, which promotes
Michael-type[13a,b] and aza-Henry[13c] reactions with high
enantioselectivity.[14] Furthermore, we have found that
bisaryl(thio)urea derivatives are significantly more efficient
“mole-per-mole” promoters of the DABCO-catalyzed
Baylis–Hillman reaction than either methanol or water.[15]

We were therefore intrigued by the possibility of modify-
ing the “privileged”[16] cinchona alkaloid structural backbone
by substituting the hydroxy group at C9 with an aryl(thio)urea
moiety with the aim of augmenting the rigidity, tunability, and
hydrogen-bond-donating proclivity of these materials. An
additional advantage associated with this strategy is the
opportunity to examine the (little studied) effect of inversion
of configuration at C9 on catalyst performance. We therefore
prepared 9-(3,5-bistrifluoromethylphenyl)urea derivatives of
dihydroquinine (DHQ) and dihydroquinidine (DHQD)
(DHQU and DHQDU, respectively) together with their C9-
inverted analogues (Scheme 1).[17]

The asymmetric Michael addition of relatively acidic carbon
pronucleophiles (such as malonates) to nitroolefins is an
important C�C bond forming reaction that provides access to
synthetically useful enantioenriched nitroalkanes.[18,19] Current
bifunctional organocatalytic systems such as 2[13] and 6’-deme-
thylated quinidine[9] are capable of promoting the reaction with
high enantioselectivity at typical catalyst loadings of 10 mol%,
and efficient metal-based systems (chiral Mg–bisoxazoline[20a,b]

and Ru–amido[20c] complexes at 2–5 mol% loadings) have been
reported which require more stringent control of the reaction
conditions. This reaction therefore seemed to be an ideal test for
the potential activity and selectivity of the novel urea-substi-
tuted cinchona alkaloid structures.

The results of initial investigations into the addition of
dimethyl malonate to (E)-b-nitrostyrene (3) catalyzed by
cinchona alkaloid derivatives are presented in Table 1. Initial
screening studies identified toluene as the optimal solvent for
the reaction. The urea-substituted analogues (DHQU and
DHQDU) with the stereochemistry of the “natural” cinchona
alkaloid were more-selective albeit significantly less-active
catalysts than their respective dihydroalkaloid precursors
DHQ and DHQD (Table 1, entries 1, 3 and 4, 5) at room
temperature. Gratifyingly, the C9 diastereoisomers of these
materials (9-epi-DHQU and 9-epi-DHQDU, Figure 1)[21]

exhibited decidedly superior activity and enantioselectivity
(Table 1, entries 6–8); and gave complete conversion of 3 into
nitroalkane 4 with high enantioselectivity at room temper-
ature in the presence of only 2 mol% of catalyst. Further
improvement was observed upon the synthesis and evaluation
of their thiourea analogues (9-epi-DHQTand 9-epi-DHQDT,
Figure 1). Below ambient temperature, 4 could be generated
with quantitative conversion and excellent enantioselectivity
(Table 1, entries 9–11) at low catalyst loadings. It is note-
worthy that inversion of the absolute configuration at C9 in
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these (thio)urea-substituted systems dra-
matically improves catalyst activity and
selectivity without altering the sense of
stereoinduction observed, that is, 9-epi-
DHQU and 9-epi-DHQT promote the
formation of the same antipode of 4 as
DHQU (and DHQ), whereas 9-epi-
DHQDU furnishes the same product
enantiomer as DHQDU (and DHQD).

This is in marked contrast to the
relative performance of the hydroxy-sub-
stituted DHQ and 9-epi-DHQ: epimeri-
zation of C9 of the parent dihydroalkaloid
led to a marginal increase in enantiose-
lectivity (with inversion of the sense of
stereoinduction) and a significant reduc-
tion of catalyst activity (Table 1, entries 1
and 2). It is therefore clear that although
neither inversion of the C9 stereocenter
nor (thio)urea substitution alone endow
the parent alkaloids DHQ and DHQD
with significantly improved catalytic
properties (in the context of the addition
reaction studied), a combination of both
modifications results in a remarkable
enhancement of catalyst efficacy and
enantioselectivity.

We then turned our attention to the
question of catalyst scope. The use of
either 9-epi-DHQT or 9-epi-DHQDT
allowed the conversion of both activated
(6–8) and deactivated (9–11) b-nitrostyr-
enes (Table 2, entries 1–10) into their
corresponding Michael adducts 14–19 in
excellent yields (91–95 %) and enantiose-

lectivities (87–99 % ee) at convenient reaction temperatures
between ambient temperature and �20 8C. Although we did
not observe a strong correlation between the electronic
properties of the substrate and the enantiopurity of the
product, in general, relatively deactivated olefins gave rise to
products of marginally higher enantiopurity than more-
electrophilic analogues. Alkyl-substituted nitroolefins were
also found to be compatible with 9-epi-DHQT; the unhin-
dered 12 proved unproblematic and even the traditionally
challenging substrate 13 (which is inert towards a binary
bifunctional catalyst system, Table 2, entry 13)[22] underwent
conversion into 21 with attenuated enantioselectivity
(75 % ee).

9-epi-DHQT and 9-epi-DHQDT are characterized by
excellent catalytic activity at 2–5 mol% loadings and con-
venient reaction temperatures, and are also comparable in
terms of efficacy, scope, and enantioselectivity to benchmark
metal-based systems.[20] At higher concentrations catalytic
asymmetric addition can be conveniently carried out at
unprecedented catalyst loadings without compromising
either efficiency or enantioselectivity, as exemplified by the
synthesis of 16 from 8 in excellent yield and enantioselectivity
promoted by 9-epi-DHQT (0.5 mol%) at 0 8C (Scheme 2,
compare with Table 2, entry 4).

Scheme 1. Modified cinchona alkaloid derivatives.

Table 1: Catalyst evaluation in the addition of dimethyl malonate to 3.

Entry Catalyst mol% t
[h]

Conv.
[%][a]

ee
[%][b]

Product
config.[c]

1 DHQ 5 24 >98 12 (S)
2 9-epi-DHQ 5 144 46 18 (R)
3 DHQD 5 24 >98 1 (R)
4 DHQU 5 24 26 25 (S)
5 DHQDU 5 144 25 17 (R)
6 9-epi-DHQU 5 5 >98 74 (S)
7 9-epi-DHQU 2 24 >98 88 (S)
8 9-epi-DHQDU 2 30 >98 79 (R)
9 9-epi-DHQT 2 24 >98 90 (S)

10 9-epi-DHQDT 2 30 >98 85 (R)
11 9-epi-DHQT 2 30 >98[d] 99[e] (S)

[a] Determined by 1H NMR spectroscopy. [b] Determined by chiral
stationary phase (CSP)-HPLC (see Supporting Information). [c] Absolute
configuration as determined by comparison with literature CSP-HPLC
retention times and optical rotation data (references [9] and [13a]).
[d] 93% yield of isolated product. [e] Reaction at �20 8C.
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The dependence of catalytic efficiency and selectivity on
both the presence of (thio)urea functionality and the relative
stereochemistry at C8/C9 strongly implies that these modified
cinchona alkaloid systems operate through a bifunctional
mechanism, that is, quinuclidine-
moiety-assisted generation of the de-
protonated malonate nucleophile and
its addition to a single face of the
(thio)urea-bound nitroolefin electro-
phile. A preliminary selectivity prin-
ciple based on the results presented in
Table 1 is outlined in Figure 1. An
examination of models and MM2
calculations[23] indicate that A is a
reasonable representation of the least
strained conformation of the active
and selective catalyst 9-epi-DHQU in
which the bulky alkyl groups at the C9
stereogenic centre avoid steric inter-
actions with each other and with the
carbonyl group of the urea function-
ality.[24] In this conformation it would
be expected that the nitroolefin would
bind (through both oxygen atoms)[25]

as shown in pretransition state (TS)
assembly B (Figure 1) to minimize

contact with the large catalyst sub-
stituents, thus allowing the proxi-
mal Brønsted basic aliphatic het-
erocycle to bring about enolate
generation at the Si face of the
electrophile, leading to the forma-
tion of (S)-4 (Figure 1, B and
Table 1, entry 7).

A similar MM2 examination of
DHQU identifies C as the mini-
mum-energy conformer, which
would clearly be ill suited to
efficient bifunctional catalysis
and would be expected to furnish
the opposite enantiomer to that
observed experimentally (Figure 1,
C and Table 1, entry 4,). We there-
fore propose that bifunctional cat-
alysis involving DHQU may pro-
ceed predominantly through a
minor conformer represented by
D, in which the bifunctional cata-
lyst components are more suitably

oriented to cooperate catalytically and to generate the
product enantiomer observed. The catalyst components,
however, are still poorly situated relative to the catalytically
active components of 9-epi-DHQU in terms of both prox-
imity of the quinuclidine ring to the aryl urea and the ability
of the catalyst to bind the nitroalkene selectively.[26]

In summary we have developed a new class of highly
active and selective (thio)urea-substituted cinchona alkaloid
based catalysts for the addition of dimethyl malonate to
nitroalkenes. A systematic investigation into the effects of the
relative stereochemistry at C8 and C9 of these materials on
catalyst performance has implicated bifunctional catalysis and
revealed that C9 epimeric catalysts are remarkably more
efficacious in terms of rate and selectivity than analogues of

Table 2: Catalyst scope for the the conversion of both activated and deactivated b-nitrostyrenes.

Entry Substr. R Catalyst mol% T
[8C]

t
[h]

Prod. Yield
[%][a]

ee
[%][b]

1 6 4-BrC6H4 9-epi-DHQT 2 20 17 14 92 87
2 6 4-BrC6H4 9-epi-DHQT 2 �20 40 14 94 93
3 6 4-BrC6H4 9-epi-DHQDT 2 �20 55 14 80 93
4 7 2-NO2C6H4 9-epi-DHQT 2 �20 69 15 91 90
5 8 2-thienyl 9-epi-DHQT 2 �20 23 16 94 95
6 9 2-MeC6H4 9-epi-DHQT 5 20 25 17 93 93
7 9 2-MeC6H4 9-epi-DHQT 5 0 30 17 95 94
8 10 1-naphthyl 9-epi-DHQT 2 0 31 18 94 93
9 11 4-MeOC6H4 9-epi-DHQT 5 0 30 19 92 99

10 11 4-MeC6H4 9-epi-DHQDT 5 0 38 19 90 91
11 12 n-hexyl 9-epi-DHQT 5 �20 69 20 88 86
12 13 cyclohexyl 9-epi-DHQT 5 20 147 21 63 75
13 13 cyclohexyl quinuclidine[c] 20 20 72 21 0 –

[a] Refers to the yield of the isolated product after column chromatography. [b] Determined by CSP-
HPLC (see Supporting Information).

Scheme 2. Catalysis by 9-epi-DHQT at low catalyst loading.

Figure 1. Selectivity model. A : Proposed catalytically active conformation of 9-epi-DHQU (MM2). B: Possible
pre-TS assembly for enantioselective addition to 3 promoted by 9-epi-DHQU. C: Proposed lowest energy con-
formation (MM2) of DHQU. D: Proposed catalytically active conformation of DHQU. E: Possible pre-TS
assembly for addition to 3 promoted by DHQU.
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“natural” cinchona alkaloid stereochemistry. Highly active 9-
epi-DHQT and 9-epi-DHQDT (which are readily available
from DHQ and DHQD - see Supporting Information) have
been identified as efficient and enantioselective catalysts with
substrate-scope and selectivity profiles on a par with current
benchmark literature systems and can be conveniently
employed at relatively low catalyst loadings (0.5–5 mol %).
Studies to determine the solution-state structure of these
materials and to explore their potential as promoters of a
variety of reactions susceptible to the influence of bifunc-
tional catalysis are underway.
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A Sensitive Colorimetric and Fluorescent Probe
Based on a Polythiophene Derivative for the
Detection of ATP
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Seiji Shinkai*

The design and construction of chemo- and biosensors for
recognizing biologically important small molecules and
anions has received considerable attention in recent years.[1]

The anion adenosine triphosphate (ATP) is known to be a key
player in bioenergetics in all biological systems, and thus it is
important to be able to monitor easily the concentration of
ATP in aqueous solution. Although several intriguing strat-
egies have been developed to detect ATP, such as synthetic
host–guest receptors,[2] peptides,[3] and RNA aptamers,[4] it
remains a challenge to find new approaches that could
improve the simplicity, selectivity, and sensitivity of ATP
detection.

Recently, a new sensory technology based on conjugated
polymers has been developed in view of their signal-
amplification effect, and thus is sensitive to very minor
perturbations.[5] In particular, water-soluble conjugated poly-
mers provide a unique platform for the development of
chemosensors for biologically relevant targets.[6] For example,
we and others have successfully prepared interpolymer
complexes between water-soluble polythiophene (PT) deriv-
atives and biomacromolecules such as DNA,[7] polypeptides,[8]

and polysaccharides.[9] The induced conformational changes
of PTs can be followed by absorption, emission, and circular
dichroism (CD) spectroscopic methods, which provides the
means for implementation of these systems as sensors.
Moreover, nucleobases and ATP have been demonstrated
to be versatile building blocks for the construction of
supramolecular aggregates.[10] Thus, we thought that if ATP
can form some supramolecular complexes with conjugated
polymers and induce changes in their conformation and mode
of aggregation, the perceived structural changes of conju-
gated polymers would be useful not only for spectroscopic
detection but also for rapid visual sensing. Herein, we report a
water-soluble cationic polythiophene derivative that displays
colorimetric and fluorescent responses to ATP through
electrostatic and hydrophobic cooperative interactions. To
the best of our knowledge, water-soluble conjugated polymers

have not been applied to ATP sensing previously; this is the
first observation of a colorimetric probe based on a con-
jugated polymer for ATP that operates in aqueous solution at
physiological pH.

Poly(3-alkoxy-4-methylthiophene) was chosen as a model
conjugated polymer to study the viability of this approach
because its conformation is sensitive to external stimuli as a
result of the presence of sterically demanding side chains (i.e.
the 4-methyl group).[11] Therefore, the changes in the p–p*
transitions that arise from conformational alterations in the
PT backbone upon the formation of a complex are convenient
to monitor by using absorption and fluorescence spectrosco-
py. Water-soluble PT derivative, 1, was synthesized as

reported previously.[9] Titration of 1 with ATP in water at
20 8C was monitored by absorption spectroscopy. As shown in
Figure 1, the absorption maximum of 1 in water appears at

around 400 nm and is associated with a random-coil con-
formation of the PT derivatives.[11] Upon adding increasing
amounts of ATP, the absorption maximum is gradually red-
shifted to 538 nm with an observed dramatic color change
from yellow to pink-red. This distinct shift and the appearance
of two vibronic bands are characteristic of the aggregation of
the PT backbone.[11,12] These results indicated promise that
water-soluble 1 could be used as a colorimetric sensor for
ATP.

To validate the specificity of the PT derivative toward
anionic guests, the changes in the absorption spectra of 1 in
water upon addition of biologically important anions such as
adenosine monophosphate (AMP), adenosine diphosphate
(ADP), and uridine triphosphate (UTP), as well as chloride,
carboxylate, phosphate, and triphosphate ions (as sodium
salts) were studied (see Supporting Information). After
addition of an equimolar amount of these anions to aqueous

Figure 1. Variation in the absorption spectra of 1 (1.0�10�4m) in water
with increasing concentrations of ATP as indicated.
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solutions of 1, most of the solutions remained yellow with
lmax< 435 nm except for those that contained ADP and UTP,
which gave orange solutions with shifts of the absorption
maxima to 435 and 461 nm, respectively. The most remark-
able effect was noted, however, upon addition of ATP, which
gave a pink-red solution (Figure 2). Note, the dramatic color

change of 1 upon addition of ATP provides a very simple
means for naked-eye detection of ATP in aqueous solution.
Figure 3 shows the dependence of A535/A400, the ratio of the

absorbance of 1 at 535 nm (p-stacked aggregates) and 400 nm
(random coil), on the addition of different amount of various
anions. It is clear from these results that the most striking
effects are observed for ATP, and hence they confirm that the
water-soluble derivative 1 is selectively responsive to ATP.

The analysis of ATP in biological systems is commonly
carried out in the presence of alkali and alkali-earth metal
cations. Therefore, we also studied the influence of the metal
ions Na+, K+, Ca2+, and Mg2+ (as their chloride salts) on the
properties of 1 in solution (see Supporting Information). It
was found that the absorption bands of 1 do not show any
significant shift upon addition of these cations even when they
are present in 20-fold excess. It is known that ATP has an

intrinsic metal-binding affinity with respective binding con-
stants of 9554m�1 (Mg2+), 3722m�1 (Ca2+), 13m�1 (Na+), and
8m�1 (K+).[13] To study the possibility of analytical interfer-
ence from these cations, the influence of these cations (20-fold
excess with respect to the repeating unit 1) on the binding of
ATP to 1 was also investigated (see Supporting Information).
The introduction of monovalent cations (Na+, K+) revealed
little influence on the binding of ATP with 1, whereas the
presence of Mg2+ and Ca2+ suppressed to some extent the
formation of the supramolecular complex as a result of their
stronger binding (larger binding constants) with ATP relative
to the monovalent cations. However, this does not interfere
with the analytical determination of ATP by optical and visual
detection.

To elucidate the mechanism behind the remarkable color
change observed for 1 in the presence of ATP, the absorption
spectra of 1 in the absence of anionic guest but in the presence
of an equimolar amount of AMP, ADP, or ATP, or the
presence of phosphate, pyrophosphate, triphosphate, UTP, or
ATP were compared in Figure 4. As shown in Figure 4a, the
absorption maximum at 400 nm of 1 is red-shifted to 416, 435,
and 504 nm upon the stepwise addition of an equimolar
amount of AMP, ADP, and ATP, which indicates that the
number of negative charges on the anion plays a crucial role
in promoting the formation of a supramolecular aggregate of
1. However, only the presence of inorganic oligoanionic
triphosphate ion does not induce a distinct change in the color
of the solution of 1 and no supramolecular aggregate is

Figure 2. Changes in the color of solutions of 1 (1.0�10�4m) in water
induced by the addition of equimolar amounts of various anions.

Figure 3. The dependence of the relative absorbance of 1 (1.0�10�4m)
at 535 and 400 nm (A535/A400) on the different anions at various con-
centrations in pure water. ATP (&); UTP (*); P3O10

5� (~); P2O7
4� (!);

ADP (^); AMP (+); Cl� , H2PO4
� , HPO4

2�, PO4
3�, HCO3

� , and CO3
2�

ions all have a negligible effect (see lowest line with overlapping
unfilled symbols).

Figure 4. Absorption spectra of 1 (1.0�10�4m) in water in the absence
of anionic guest (c) and a) in the presence of an equimolar amount
of AMP, ADP, or ATP, or b) in the presence of an equimolar amount of
phosphate, pyrophosphate, triphosphate, UTP, or ATP. All spectra were
extracted from the titration curves.
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formed in this mixture (Figure 4b). It is also important to
consider the effect of different nucleotides on the aggregation
structure of 1. As can be seen in Figure 4b, the presence of
nucleotides uridine and adenosine is indispensable for accel-
erating the formation of a p-stacked supramolecular complex.
In particular, the presence of the more hydrophobic nucle-
obase adenine leads to more efficient formation of supra-
molecular aggregates,[14] and thus displays the most pro-
nounced color change which is noticeable even to the naked
eye. Although further studies will be needed to address the
molecular mechanism behind this event, some preliminary
considerations concerning the origin of the color are dis-
cussed next. The electrostatic interaction between the neg-
ative charges in the triphosphate group and the positive
charge on the ammonium group in 1 promotes planarization
of the PT backbone upon addition of increasing amounts of
ATP, and above a critical concentration efficient p–p-stacking
interaction between 1 backbones is induced by the synergistic
effect that arises from the hydrophobic interaction between
adenine units (see Supporting Information).[15, 16] Simultane-
ously, these interactions shift the p–p* transition to longer
wavelengths and lead to a color change from yellow to pink-
red. To further confirm that the sensory response is due to
interpolymer p-stacking aggregation, the absorption spec-
trum of 1 in the aggregated state (solid film cast from aqueous
solution of 1) was also measured (see Supporting Informa-
tion). The resultant pink-red solid film exhibited character-
istic absorption bands that are similar to those observed for 1
in aqueous solution in the presence of ATP, which supports
the viewpoint that the addition of ATP promotes the
aggregation of 1.

To emphasize the biological importance and to assess the
viability of this approach for the detection of ATP at
physiological pH values, we subsequently examined the
sensing ability of water-soluble 1 toward ATP in an aqueous
solution containing HEPES (2-[4-(2-hydroxyethyl)-1-pipera-
zinyl]ethanesulfonic acid) buffer (10 mm, pH 7.4; see Sup-
porting Information). In the absence of anionic guest, the
absorption maximum of 1 in HEPES buffered solution shows
a slight red shift (12 nm) relative to that observed in
unbuffered aqueous solution and appears at 412 nm. This
difference may be due to the size-dependent effects of
counterions as reported previously.[17] Upon further addition
of ATP, the absorption maximum is red-shifted gradually to
476 nm and is accompanied by the appearance of two
shoulders at 536 and 583 nm. Unlike the large shift of
138 nm toward the red region as observed in aqueous
solution, a relatively small red shift (64 nm) is detected in
solution of 1 in HEPES buffer due to the competitive binding
of HEPES anions with 1. Despite this, it does not prevent the
analytical determination of ATP with 1 (see Supporting
Information) which indicates that 1 can be applied as a
satisfactory ATP sensor in aqueous solution at physiological
pH values.

It is known that conformational changes and interchain
interactions play decisive roles in controlling the emissive
properties of conjugated polymers that have been applied in
some fluorescence sensory systems.[18] Given the high sensi-
tivity of fluorometric methods relative to absorption spec-

troscopy, it is expected that fluorometry will extend the
detection limit of ATP. The yellow, random-coiled form of 1 is
fluorescent and exhibits an emission band around 536 nm
upon excitation at 445 nm (see Supporting Information).
Upon addition of increasing amounts of ATP, the emission
intensity decreases gradually and a slight red shift and
broadening of the band is observed which indicates that
fluorometric detection of ATP binding is possible. Of the
analytes studied here, the fluorescence quenching of 1 (5.0 B
10�6m in 10 mm HEPES buffer at pH 7.4) is most sensitive to
binding with ATP; that is, an 84% decrease in intensity at the
emission maximum was observed in the presence of an
equimolar amount of ATP, whereas only 12% quenching of
the fluorescence was detected upon addition of an equimolar
amount of AMP (Figure 5). These results indicate that the

quenching of fluorescence is much more effective in the
presence of ATP than with the use of AMP or ADP and that
the detection limit can be extended to the order of 10�8m.

In conclusion, we have developed a novel colorimetric
and fluorescent sensor for ATP that operates in aqueous
solution. The present findings will not only extend the
application of water-soluble conjugated polymers but also
provide a new approach for facile monitoring of ATP based
on the different mechanisms discussed above. Therefore, we
expect that the present system will be applicable to routine
cellular assays after the rational design of the substituted
groups (e.g. the introduction of zwitterionic groups or
poly(ethylene glycol) groups) in polythiophenes to improve
the membrane permeability of the probe, and further research
along this line is currently in progress.
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Figure 5. Fluorescence quenching of 1 (5.0�10�6m) by AMP, ADP,
and ATP at various concentrations in 10 mm HEPES buffered solution
at pH 7.4. The fluorescence quenching Q= [(I0�I)/I0] �100%; I0 is the
fluorescence intensity at 529 nm of a solution of 1 (5.0�10�6m); I is
the fluorescence intensity at 529 nm of a solution of 1 (5.0�10�6m) in
the presence of different amounts of the analytes ATP (&:
lex=445 nm), ADP (*; lex=435 nm), and AMP (~; lex=435 nm).
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The term “protein-detecting array” has been coined to
describe an analytical device consisting of a series of protein
receptors.[1] Classically, such an array consists of highly
selective protein-binding agents. Unfortunately, the creation
of synthetic receptors with high affinity and specificity for
proteins is particularly challenging owing to their molecular
complexity. However, there has been recent success in
creating selective synthetic receptors for assorted peptides.[2]

An alternative to the use of highly selective receptors is to
employ differential receptors.[3] This method uses an array of
receptors having good affinity, but not necessarily high
selectivity, for a particular target. When functioning in
tandem the combined response of the receptors creates a
pattern that is diagnostic for each analyte. Because the
response of the receptor array does not necessarily rely on
specific recognition interactions between substrate and ana-
lyte, highly challenging analytes can be targeted.

Very few groups have used differential receptors for the
analysis of biomolecules.[3] Hamilton et al. recently reported
the use of a 35-member receptor library of tetraphenyl
porphyrin derivatives, functionalized with different amino
acids resulting in charges varying from + 8 to �8, for the
detection of charged proteins. Eight members of the library
were used to detect four charged proteins, ranging from acidic
ferredoxin (pI= 2.75) to highly basic cytochrome C (pI=
10.6). Fluorescence quenching patterns composed from the
responses of the eight receptors correlated with the charge
complementarity between the receptors and proteins.[4] Until
our current report, differential receptor arrays had not found
use in distinguishing classes of proteins.

Our group7s approach to differential sensing is to create
libraries of receptors that are biased towards particular
analyte classes. Using this approach, we have shown that a

microchip-based array incorporating a combinatorial library
of receptors[5] is effective in differentiating nucleotide phos-
phates with an indicator-displacement assay.[6] We now report
the development of a library of differential receptors biased
towards proteins and glycoproteins. When combined with an
indicator-uptake visualization assay and principal component
analysis (PCA), the library gives differentiation of proteins
and glycoproteins, as well as subtle differentiation within each
protein class.[7]

To differentiate proteins and glycoproteins, we designed
and synthesized library 1, which incorporates one of 19

natural amino acids (cysteine excluded) at each of three sites
on two different binding arms, by using combinatorial
chemistry.[8] This created a library with 193 (6859) unique
members. The peptide arms provide sites for molecular
recognition of proteins by means of ion pairing, hydrogen
bonding, and the hydrophobic effect. The boronic acids
provide effective sugar binding sites because these groups
rapidly and reversibly form cyclic esters with diols in aqueous
media.[9] The hexasubstituted benzene scaffold acts as a
spacer and assists in the creation of a binding cavity.[10] Our
expectation was that each receptor would show differential
binding with proteins based on the variance in the peptide
arms, and that the boronic acids would assist in differentiation
of proteins from glycoproteins.

We used a 7 ; 5 array consisting of 29 randomly selected
resin beads from library 1 and six acylated resin blanks. Each
bead was placed in a micromachined chip-based array
platform (see the Supporting Information) that has been
previously described.[11] Protocols for the delivery of protein
and indicator, and for acidic and basic washes? have been
detailed previously. The patterns created by the array of
receptors are obtained by measuring the intensity of trans-
mitted red, green, and blue light for each bead using a charge-
coupled device attached to a customized reader.[12]

In order to create diagnostic patterns for each protein, a
signaling protocol was incorporated. Previous work utilized
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indicator-displacement assays; however, at the low protein
concentrations used in this study it was more advantageous to
evaluate the rate of indicator uptake. Our indicator-uptake
signaling protocol allowed us to use protein concentrations
(355 mm) nearly 60 times less than that in our previous work
with nucleotide phosphates (20 mm).[6] We incorporated the
commercially available indicator bromopyrogallol red (2) for

the indicator-uptake colorimetric
analysis. This indicator forms rever-
sible cyclic esters with the boronic
acids of the receptor.

Our experimental protocol starts
with a delivery of 5 mL of a protein
solution (355 mm in HEPES buffer)
at a flow rate of 0.25 mLmin�1. This
is followed by washing with buffer
for 3 min (25 mm HEPES, pH 7.4,
1.0 mLmin�1) and then delivery of 2
(3.0 mm in HEPES buffer,
1.0 mLmin�1). After each analysis,

the protein and indicator were washed from the array with
NaOH (150 mm) and HCl (300 mm) rinses. This allowed for
repeated use of the array. A 12-bit image was captured every
2 s during indicator uptake. For each receptor bead in the
array the green-channel absorbance (l= 550 nm) was plotted
versus time and a slope was garnered. Effective absorbance
values were obtained by calculating the negative log of the
ratio of the green-channel intensity of each bead to the green-
channel intensity of a blank bead.[11]

Ovalbumin, fetuin, lysozyme, bovine serum albumin
(BSA), and elastin were used for this study. These choices
were made to challenge our design principles by grouping
proteins of similar properties. The characteristics of the
proteins span a variety of molecular weights, glycosidic
properties, and isoelectric points (pI). The molecular weights
of ovalbumin and fetuin are similar, as are those of elastin and
BSA. The pI of ovalbumin, BSA, and fetuin are similar, as are
those of lysozyme and elastin (Table 1).

Four trials were performed for each protein.[13] The
indicator-uptake slopes were calculated for each receptor
bead over the time during which the dye passed through the
array (49 to 403 s). An illustration of the differences in
indicator uptake from different resin-bound receptors can be
seen in Figure 1. For each trial a slope was measured for each
bead (blanks not included). Because of the large number of
slopes calculated from each trial, the dimensionality of the
data set was simplified using PCA.

In PCA, the first principal component (PC) axis is
calculated to lie along the line of maximum variance in the
original data set. Subsequent orthogonal axes are calculated
to lie along lines of diminishing levels of variance. In this
study, the first four PC axes effectively satisfied the Kaiser
criterion, which states that as many factors can be extracted as
variables that have eigenvalues greater than one.[14] Figure 2

shows a two-dimensional PCA plot which effectively sepa-
rates the different protein classes. As illustrated, there is
differentiation between proteins and glycoproteins, which was
a primary goal of this study. However, because four PC axes
are outside the range of error it was possible to generate a
three-dimensional PCA plot that further separates the
proteins. Figure 3 shows an expanded PCA plot using PC
axes 1–3. This demonstrates that the array of receptors
adequately separated proteins from glycoproteins, and to a
lesser extent even separates proteins within the classes. The
fact that we used a random selection of receptors to achieve
these results illustrates the power of our method. More than
likely any one of these 29 receptors would not have been a
good receptor for a particular protein; however, when
functioning in tandem, the array works well. Further, any 29
receptors could presumably be used to obtain analogous
patterns for the proteins. PC axis 4 (4.7%) could have also
been used for further discrimination in another plot.

Table 1: Characteristic protein data.

Protein Mw [kDa] pI Glycoprotein?

ovalbumin 44–45 4.6 yes
fetuin 48.4 4.5–4.9 yes
lysozyme 14 9.6–11 no
BSA 66 4.7–5.2 no
elastin 60 9.3–10.2 no

Figure 1. Indicator-uptake curves from three beads are represented
from a trial with BSA. The slope from 49 to 403 s for each resin-bound
receptor is taken as part of a cumulative slope pattern for each pro-
tein. Aeff is the effective absorbance. See the text for an explanation of
the measurement procedure.

Figure 2. PCA score plot for each protein trial. Percentages on the PC
axes define the weight of those axes to the overall pattern. Spacing
between proteins demonstrates the recognition capability of the resin-
bound receptors. (* lysozyme, * elastin, * ovalbumin, * fetuin, *
BSA)

Communications

6376 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6375 –6378

http://www.angewandte.org


A control was performed using a 7 ; 5 array with six
blanks and 29 resin beads derivatized only with tripeptides
that were obtained from a combinatorial library synthesized
with 19 natural amino acids (cysteine excluded). Using this
array of tripeptide beads, no separation of analytes occurred.
This control illustrates that some design must be incorporated
into the receptors to bind certain analyte classes, and that
simple random receptors are inefficient. These results do not
strictly demonstrate that the boronic acids bind to glycopro-
teins and not standard proteins. More likely the boronic acids
interact with surface epitopes on both protein classes but to
different extents. Yet, if differential formation of covalent
bonds with the boronic acids was the only factor in the
discrimination between protein classes, then because they are
the only binding moiety present in every receptor we would
expect no differences within each protein class. Therefore,
both the boronic acids and the variable peptide arms of the
receptors are critical in the identification and discrimination
of proteins and glycoproteins.

Though we significantly reduced the analyte concentra-
tions from those in our previous report with nucleotide
phosphates, the protein concentrations (355 mm) are still
relatively high for practical analysis. Reduction to practical
concentrations (nm) was accomplished with differential
receptors of higher affinity. In other work we have also
shown that an analysis cell that recycles the analyte solution
through the array leads to extremely sensitive assays.[15]

The PCA plot (Figure 2 and Figure 3) demonstrates
similarities between ovalbumin and fetuin, and similarities
between elastin and lysozyme. Yet, even the proteins in
similar groups are separated. The proximity of ovalbumin and
fetuin is reasonable as both are glycoproteins with similar pI
values, and both likely interacted with the boronic acid
moieties. Further, elastin and lysozyme have similar pI values.
Therefore, the separation in our analysis is not simply a result
of charge differences. Interestingly, molecular weight also did
not play a large role in the patterns exhibited. BSA is likely
separated from the others because it has a different pI than
elastin and lysozyme and is not a glycoprotein. The differ-
entiation between similar proteins is likely due to specific

contacts between the receptors and proteins that are cross-
reactive and subtly discriminatory.

Factor loading values are calculated in PCA to determine
the magnitude of the contribution of an original variable to
the formation of a PC axis. Variables with loading values
approaching�1 or 1 have a dominant role in the formation of
a PC axis. Because PC axis 1 described the most variance, five
beads with high loading values on PC 1 and two beads with
low loading values were selected for receptor characterization
(Table 2) using Edman degradation. The sequencing results
do not show any obvious homologies. Yet, the lack of any
homology is a lesson in itself: differential sensing schemes can
be successful and may even benefit from a wide variety of
structurally diverse receptors.

In summary, we have shown that the use of an array of
differential receptors can differentiate between classes of
proteins, and even between very structurally similar proteins.
This separation did not arise from charge differences or
molecular weight differences, but rather from specific con-
tacts between receptors and proteins giving discriminatory
patterns. We plan to expand this general approach to the
qualitative analysis of complex mixtures of proteins.

Received: March 30, 2005
Revised: June 6, 2005
Published online: September 12, 2005

.Keywords: host–guest systems · proteins · receptors ·
supramolecular chemistry

[1] T. Kodadek, Chem. Biol. 2001, 8, 105 – 115.
[2] a) A. T. Wright, E. V. Anslyn, Org. Lett. 2004, 6, 1341; b) A.

Buryak, K. Severin, Angew. Chem. 2004, 116, 4875 – 4878;
Angew. Chem. Int. Ed. 2004, 43, 4771 – 4774; c) H. Wennemers,
M. Conza, M. Nold, P. Krattiger, Chem. Eur. J. 2001, 7, 3342 –
3347; d) M. W. Peczuh, A. D. Hamilton, Chem. Rev. 2000, 100,
2479 – 2494; e) W. C. Still, Acc. Chem. Res. 1996, 29, 155 – 163.

[3] a) A. Buryak, K. Severin, J. Am. Chem. Soc. 2005, 127, 3700 –
3701; b) J. J. Lavigne, E. V. Anslyn, Angew. Chem. 2001, 113,
3212 – 3225;Angew. Chem. Int. Ed. 2001, 40, 3118 – 3130; c) S. L.
Wiskur, P. N. Floriano, E. V. Anslyn, J. T. McDevitt, Angew.
Chem. 2003, 115, 2116 – 2118; Angew. Chem. Int. Ed. 2003, 42,
2070 – 2072; d) K. J. Albert, N. S. Lewis, C. L. Schauer, G. A.
Sotzing, S. E. Stitzel, T. P. Vaid, D. R. Walt, Chem. Rev. 2000,
100, 2595 – 2626; e) N. A. Rakow, K. S. Suslick,Nature 2000, 406,

Figure 3. PCA score plot for each protein trial (* lysozyme, * elastin,
* ovalbumin, * fetuin, * BSA). The additional dimension further
separates the proteins. Table 2: Factor loadings and sequencing results for principal component

1.

Tripeptide
sequence

Factor loadings
(PC 1)

Bead
number

Ala-Ser-Asp 0.984 12
Ser-Lys-Gly 0.963 9
Arg-Lys-Lys 0.951 15
Gly-Asp-Ser 0.932 2
Asp-Leu-Val 0.928 22
Lys-Arg-Met 0.774 23
Gly-Gln-Gln 0.722 6

Angewandte
Chemie

6377Angew. Chem. Int. Ed. 2005, 44, 6375 –6378 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


710 – 713; f) T. Hirsch, H. Kettenberger, O. S. Wolfbeis, V. M.
Mirsky, Chem. Commun. 2003, 432 – 433.

[4] L. Baldini, A. J. Wilson, J. Hong, A. D. Hamilton, J. Am. Chem.
Soc. 2004, 126, 5656 – 5657.

[5] S. L. Wiskur, H. Ait-Haddou, J. J. Lavigne, E. V. Anslyn, Acc.
Chem. Res. 2001, 34, 963 – 972.

[6] S. C. McCleskey, M. J. Griffin, S. E. Schneider, J. T. McDevitt,
E. V. Anslyn, J. Am. Chem. Soc. 2003, 125, 1114 – 1115.

[7] a) W. Carey, K. Beebe, B. Kowalski, Anal. Chem. 1986, 58, 149 –
153; b) P. Jurs, G. Bakken, H. McClelland, Chem. Rev. 2000, 100,
2649 – 2678.

[8] Z. Zhong, E. V. Anslyn, J. Am. Chem. Soc. 2002, 124, 9014 –
9015.

[9] a) H. G. Kuivila, A. H. Keough, E. J. Soboczenski, J. Org. Chem.
1954, 19, 780 – 783; b) J. P. Lorand, J. D. Edwards, J. Org. Chem.
1959, 24, 769 – 774; c) T. D. James, K. R. A. S. Sandanayake, S.
Shinkai, Angew. Chem. 1996, 108, 2051 – 2053; Angew. Chem.
Int. Ed. Engl. 1996, 35, 1910 – 1922; d) S. L. Wiskur, J. J. Lavigne,
H. Ait-Haddou, V. Lynch, Y. H. Chiu, J. W. Canary, E. V.
Anslyn, Org. Lett. 2001, 3, 1311 – 1314.

[10] a) D. J. Iverson, G. Hunter, J. F. Blount, J. R. Damewood, K.
Mislow, J. Am. Chem. Soc. 1981, 103, 6073 – 6083; b) K. V.
Kilway, J. S. Siegel, J. Am. Chem. Soc. 1992, 114, 255 – 261;
c) H. E. Gottlieb, C. Ben-Ary, A. Hassner, V. Marks, Tetrahe-
dron 1999, 55, 4003 – 4114.

[11] A. Goodey, J. J. Lavigne, S. Savoy, M. Rodriguez, T. Curey, A.
Tsao, G. Simmons, S. Yoo, Y. Sohn, E. V. Anslyn, J. Shear, D.
Niekirk, J. T. McDevitt, J. Am. Chem. Soc. 2001, 123, 2559 –
2570.

[12] a) K. Niikura, A. Metzger, E. V. Anslyn, J. Am. Chem. Soc. 1998,
120, 8533 – 8534; b) J. J. Lavigne, E. V. Anslyn, Angew. Chem.
1999, 111, 3903 – 3906; Angew. Chem. Int. Ed. 1999, 38, 3666 –
3669; c) S. L. Wiskur, E. V. Anslyn, J. Am. Chem. Soc. 2001, 123,
10109 – 10110; d) See refs. [4] and [5].

[13] One BSA trial was excluded because an air bubble skewed the
CCD images.

[14] H. F. Kaiser, Educ. Psychol. Meas. 1960, 20, 141 – 150.
[15] N. Christodoulides, S. Mohanty, C. S. Miller, M. C. Langub, P. N.

Floriano, P. Dharshan, M. F. Ali, B. Bernard, D. Romanovicz, E.
Anslyn, P. C. Fox, J. T. McDevitt, Lab on a Chip 2005, 5, 261 –
269.

Communications

6378 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6375 –6378

http://www.angewandte.org


Organometallic Chemistry

DOI: 10.1002/anie.200501885

SiGe2 and Ge3: Cyclic Digermenes that Undergo
Unexpected Ring-Expansion Reactions**
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The chemistry of cyclic compounds composed of heavier
Group 14 elements represents one of the most fascinating
topics of modern organometallic chemistry. Since the first
reports on the preparation of heavy cyclopropane analogues
by Masamune et al. in 1982–1983,[1] the chemistry of these
unusual compounds has been greatly developed in all
respects, including synthesis, structure, and reactivity. The
first examples of heavy cyclopropene analogues were synthe-
sized only recently, during the last decade.[2] Since then,
several representatives of these highly challenging com-
pounds, which combine the properties of heavy cyclopropanes
and heavy alkenes in one molecule, have been reported.[3]

Apart from the homonuclear heavy cyclopropenes, con-
sisting of identical Group 14 elements, several heteronuclear
analogues containing different heavier Group 14 elements
can also be imagined. However, of all the possible combina-
tions only two heteronuclear heavy cyclopropenes have been
synthesized by the W,rtz-type coupling reaction, namely 3H-
and 1H-disilagermirenes, which feature endocyclic Si=Si and
Si=Ge bonds, respectively.[4] Herein, we report the synthesis
of two cyclic, three-membered-ring digermenes: the first 1H-
siladigermirene, a heteronuclear cyclopropene with one Si
and two Ge atoms, and a novel 1H-trigermirene derivative.

As the target compound 1H-siladigermirene, in contrast
to 3H-disilagermirene,[4] could not be prepared by the W,rtz
coupling reaction, we developed a new synthetic protocol that
involves a coupling reaction of 1,1-dilithiosilane R2SiLi2

[5]

with tetrachlorodigermane RCl2Ge�GeCl2R in toluene (R=

SiMetBu2). This reaction quickly results in the formation of
two products, tetrakis(di-tert-butylmethylsilyl)-1H-siladiger-
mirene (R4SiGe2, 1a) and disilene R2Si=SiR2 (2a),

[6] in a 2:1
ratio (Scheme 1). It is interesting that among the various
compounds that one can imagine as the products of this
reaction, namely 1,4-disila-2,3-digermabuta-1,3-diene, 2,4-
disila-1,3-digermabicyclo[1.1.0]butane, and 1H-siladigermir-
ene, only the last compound was formed. The isolation of
disilene 2a as the side product provides evidence for the
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initial formation of the intermediate cyclic 2,3-dichlorosila-
digermirane (3a) followed by a rapid lithium–chlorine
exchange reaction between 3a and a second equivalent of
R2SiLi2, finally resulting in the formation of 1a and 2a in a 2:1
ratio.[7] The 1H-siladigermirene 1a represents the first SiGe2
hybrid heavy analogue of cyclopropene featuring a skeletal
Ge=Ge double bond.

Compound 1a exhibits very simple 1H and 13C NMR
spectra with only two sets of signals for the protons of the Me
and tBu groups. In the 29Si NMR spectrum of 1a, the skeletal
Si atom resonates at high field (d=�110.6 ppm), as expected
for tetrahedral Si atoms incorporated in a three-membered-
ring system. Dark red crystals of 1a were isolated that were
highly sensitive to air and moisture. The X-ray crystal
structure analysis[8] proved that 1a was an unsaturated
three-membered ring with a Ge=Ge double bond length of
2.2429(6) = (Figure 1). The remaining two sides of the SiGe2
isosceles triangle are made up of Si�Ge single bonds
(2.4167(10) =). These skeletal bond lengths are characteristic
for three-membered rings of heavier Group 14 elements. As
expected, the Ge=Ge double bond has a highly pronounced
trans-bent configuration with a bending angle of 51.0(2)8.[9]

By employing the same synthetic approach, we were able
to prepare the corresponding Ge3 analogue, tetrakis(di-tert-
butylmethylsilyl)-1H-trigermirene (1b), by the reaction of
dilithiogermane R2GeLi2

[10] and tetrachlorodigermane
RCl2Ge�GeCl2R in toluene (Scheme 1). As with 1a, com-
pound 1b was formed along with R2Ge=GeR2 (2b) in a 2:1
ratio.

The reactivity of the new cyclic digermenes 1a and 1b
proved to be very interesting. Compounds 1a and 1b readily
react with an excess of CH2Cl2 at room temperature to
produce the new four-membered-ring compounds, trans-2,4-
dichloro-1,1,2,4-tetrakis(di-tert-butylmethylsilyl)[1,2,4]sila-
digermetane (5a) and trans-1,3-dichloro-1,2,2,3-tetrakis(di-
tert-butylmethylsilyl)[1,2,3]trigermetane (5b), respectively, as
the result of ring expansion (Scheme 2).

Surprisingly, the 1H NMR spectra of 5a and 5b display
markedly downfield-shifted resonances for the skeletal meth-
ylene protons: d= 2.79 and 2.98 ppm, respectively.[11] This
unusual feature might be attributed to a hyperconjugative
s(C�H)–s*(Ge�Cl) interaction, which would result in a
downfield shift of the signal of the CH2 protons. The crystal
structure analysis of 5a[8] demonstrates a folded SiGe2C four-
membered ring (folding angle 338) with long skeletal Si�Ge
bonds of 2.475(2) and 2.547(3) = (typical values 2.384–
2.462 =[12]), which could be due to steric congestion around
the Ge1-Si2-Ge3 unit (Figure 2). The long Ge�Cl bonds of
2.229(2)–2.236(2) = are another interesting feature, as they
exceed the normal values of 2.08–2.15 =.[12] The formation of
5a and 5b may involve initial 1,2-addition of a molecule of
CH2Cl2 across the Ge=Ge bond of 1a and 1b to form the
intermediate cyclopropane-type derivatives 4a and 4b,[13]

followed by intramolecular insertion of the methylene unit
into the neighboring endocyclic Ge�Ge bond (Scheme 2).
Indeed, calculations at the B3LYP/6-31G(d) level with the
GAUSSIAN 98 program on model compounds of 5a and 4a
with R=SiH3 showed that the final four-membered ring 5a is
41.7 kcalmol�1 more stable than the intermediate three-
membered ring 4a.

We found that CH2Cl2 is a unique reagent with respect to
its reactivity toward the heavy cyclopropene analogues 1a
and 1b. For example, CCl4 reacts with 1a and 1b to form the

Scheme 1. Synthesis of the 1H-siladigermirene 1a and the 1H-triger-
mirene 1b. E=Si, Ge; R=SiMetBu2.

Figure 1. ORTEP plot of the crystal structure of 1a ; the thermal ellip-
soids are shown at the 30% probability level and hydrogen atoms are
omitted. Selected bond lengths [E] and angles [8]: Ge1-Ge2 2.2429(6),
Si3-Ge1 2.4168(10), Si3-Ge2 2.4165(10), Ge1-Si4 2.3995(11), Ge2-Si5
2.3943(11), Si3-Si6 2.3993(13), Si3-Si7 2.4033(13); Ge2-Ge1-Si3
62.34(11), Ge1-Ge2-Si3 62.36(3), Ge1-Si3-Ge2 55.30(2). The torsional
angle Si4-Ge1-Ge2-Si5 is 51.0(2)8.

Scheme 2. Reaction of 1a and 1b with CH2Cl2 along with the proposed
mechanism for the formation of [1,2,4]siladigermetane 5a and
[1,2,3]trigermetane 5b. R=SiMetBu2.
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corresponding dichloro derivatives 2,3-dichloro-1,1,2,3-tetra-
kis(di-tert-butylmethylsilyl)siladigermirane (3a) and 1,2-
dichloro-1,2,3,3-tetrakis(di-tert-butylmethylsilyl)trigermirane
(3b), instead of the ring-expansion products (Scheme 3).[14]

The reaction with CHCl3 results in complicated product
mixtures. The ring-expansion reaction with CH2Cl2 is general
for all heavy cyclopropene analogues of the type R4EE

0
2 (R=

SiMetBu2; E, E’=Si, Ge). Thus, the previously reported 1H-
trisilirene R4Si3

[2b] as well as the 3H- and 1H-disilagermirenes
R4GeSi2

[4] smoothly react with CH2Cl2 to produce four-
membered rings that are isostructural to 5a and 5b.

Experimental Section
1a : A mixture of (tBu2MeSi)2SiLi2—prepared from 1,1-bis(di-tert-
butylmethylsilyl)-2,3-bis(trimethylsilyl)-1-silacycloprop-2-ene
(500 mg, 0.98 mmol) and Li (35 mg, 5.00 mmol) in THF (4 mL)—and
tBu2MeSi-GeCl2-GeCl2-SiMetBu2 (200 mg, 0.33 mmol) was placed in
a reaction tube with a magnetic stirrer bar. Dry, oxygen-free toluene
(4 mL) was introduced by vacuum transfer, and the dark green
reaction mixture was stirred for 1 h at room temperature. After the
inorganic salts were removed by filtration and the solvent was
removed under vacuum, the residue was taken up in hexane and
separated by column chromatography on silica gel (eluent: hexane) in
a glove box. Recrystallization of the appropriate fraction from
pentane at �30 8C produced pure 1a as dark red crystals (68 mg,
26%), m.p.: 193–1958C; 1H NMR (300.1 MHz, [D6]benzene, TMS):
d= 0.43 (s, 6H), 0.53 (s, 6H), 1.21 (s, 36H), 1.30 ppm (s, 36H);

13C{1H} NMR (75.5 MHz, [D6]benzene, TMS): d=�3.9, �2.1, 22.8,
23.4, 29.8, 31.2 ppm; 29Si{1H} NMR (59.6 MHz, [D6]benzene, TMS):
d=�110.6 (cyclic Si), 5.8 and 40.8 ppm (substituent Si); UV/Vis
(hexane): lmax (e)= 470 (1200), 403 (1000), 311 (2400), 236 nm
(21800 m

�1cm�1); elemental analysis (%) calcd for C36H84Ge2Si5: C
53.87, H 10.55; found: C 54.06, H 10.33.

1b : Compound 1b was prepared from (tBu2MeSi)2GeLi2 and
tBu2MeSi-GeCl2-GeCl2-SiMetBu2 in 22% yield as dark red crystals;
m.p.: 188–1908C; 1H NMR (300.1 MHz, [D6]benzene, TMS): d= 0.46
(s, 6H), 0.54 (s, 6H), 1.23 (s, 36H), 1.29 ppm (s, 36H); 13C{1H} NMR
(75.5 MHz, [D6]benzene, TMS) d=�3.8, �1.9, 22.7, 23.7, 29.8,
31.0 ppm; 29Si{1H} NMR (59.6 MHz, [D6]benzene, TMS): d= 17.0,
39.1 ppm; UV/Vis (hexane): lmax (e)= 457 (700), 407 (700), 324
(2400), 234 nm (13600 m�1cm�1); elemental analysis (%) calcd for
C36H84Ge3Si4: C 51.04, H 9.99; found: C 50.71, H 9.77.

5a : A mixture (319 mg) of 2-siladigermirene 1a and disilene 2a
(2:1) was placed in a reaction tube with a magnetic stirrer bar. Dry,
oxygen-free CH2Cl2 (1 mL) and hexane (1 mL) were introduced by
vacuum transfer, and the reaction mixture was stirred for 3 h at room
temperature to give a dark blue solution. After removal of the
solvents under vacuum, the residue was separated by column
chromatography on silica gel (eluent: hexane) in a glove box. Two
fractions were collected: the first blue fraction (2a) and the second
pale yellow fraction (5a). After removal of the solvent under vacuum,
the second fraction was recrystallized from hexane at �30 8C to give
pure 5a as colorless crystals (173 mg, 71%), m.p.: 152–1548C;
1H NMR (300.1 MHz, [D6]benzene, TMS): d= 0.46 (s, 6H), 0.79 (s,
6H), 1.20 (s, 18H), 1.21 (s, 18H), 1.24 (s, 18H), 1.31 (s, 18H),
2.79 ppm (s, 2H, CH2);

13C{1H} NMR (75.5 MHz, [D6]benzene, TMS):
d=�4.8, 1.1, 22.5, 23.1, 23.5, 24.3, 29.8, 30.0, 31.4, 31.8, 42.6 ppm;
29Si{1H} NMR (59.6 MHz, [D6]benzene, TMS): d= 21.5 and 28.6
(substituent Si), 30.7 ppm (cyclic Si); elemental analysis (%) calcd for
C37H86Cl2Ge2Si5: C 50.07, H 9.77; found: C 49.81, H 9.82.

5b : Compound 5b was prepared from a mixture of 1b and 2b in
69% yield as colorless crystals; m.p.: 149–1528C; 1H NMR
(300.1 MHz, [D6]benzene, TMS): d= 0.46 (s, 6H,), 0.84 (s, 6H),
1.201 (s, 18H), 1.203 (s, 18H), 1.23 (s, 18H), 1.30 (s, 18H), 2.98 ppm (s,
2H, CH2);

13C{1H} NMR (75.5 MHz, [D6]benzene, TMS): d=�4.9,
1.3, 22.9, 23.3, 23.5, 24.2, 29.8, 30.0, 31.2, 31.6, 44.9 ppm; 29Si{1H} NMR
(59.6 MHz, [D6]benzene, TMS): d= 27.7, 31.0 ppm; elemental anal-
ysis (%) calcd for C37H86Cl2Ge3Si4: C 47.68, H 9.30; found: C 47.74, H
9.32.

Received: May 31, 2005
Published online: September 7, 2005

.Keywords: germanium · group 14 elements · ring expansion ·
silicon · small ring systems

[1] a) S. Masamune, W. Hanzawa, S. Murakami, T. Bally, J. F.
Blount, J. Am. Chem. Soc. 1982, 104, 1150; b) S. Masamune, W.
Hanzawa, D. J. Williams, J. Am. Chem. Soc. 1982, 104, 6137; c) S.
Masamune, L. R. Sita, D. J. Williams, J. Am. Chem. Soc. 1983,
105, 630.

[2] a) Cyclotrigermene: A. Sekiguchi, H. Yamazaki, C. Kabuto, H.
Sakurai, S. Nagase, J. Am. Chem. Soc. 1995, 117, 8025; b) Cyclo-
trisilene: M. Ichinohe, T. Matsuno, A. Sekiguchi, Angew. Chem.
1999, 111, 2331; Angew. Chem. Int. Ed. 1999, 38, 2194; c) T.
Iwamoto, C. Kabuto, M. Kira. J. Am. Chem. Soc. 1999, 121, 886;
d) cyclotristannene: N. Wiberg, H.-W. Lerner, S.-K. Vasisht, S.
Wagner, K. Karaghiosoff, H. NNth, W. Ponikwar, Eur. J. Inorg.
Chem. 1999, 1211.

[3] a) V. Ya. Lee, A. Sekiguchi in The Chemistry of Organic
Germanium, Tin, and Lead Compounds, Vol. 2, Part 1 (Ed.: Z.
Rappoport), Wiley, Chichester, UK, 2002, chap. 14; b) A.
Sekiguchi, V. Ya. Lee, Chem. Rev. 2003, 103, 1429.
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Scheme 3. Reaction of 1a and 1b with CCl4 with formation of 2,3-
dichlorosiladigermirane 3a and 1,2-dichlorotrigermirane 3b.
R=SiMetBu2.
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Highly Enantioselective sec-Alkyl Sulfatase
Activity of the Marine Planctomycete
Rhodopirellula baltica Shows Retention of
Configuration**

Sabine R. Wallner, Marga Bauer, Chris W�rdemann,
Patricia Wecker, Frank O. Gl�ckner, and Kurt Faber*

The molecular mechanisms of the commonly employed
hydrolases involve nucleophilic attack onto the carbonyl
group of carboxylic acids or their derivatives.[1,2] As this group
is a planar entity, any stereochemical alterations of the
substrate caused by enzymatic catalysis are impossible, and as
a consequence, enantiomers of the transformed substrate and
product are usually homochiral (with the exception of
prochiral ormeso esters), that is, they have the same absolute
configuration. Although the stereochemical features of the
substrate, such as stereogenic centers (in racemates) or
enantiotopic groups (in prochiral or meso compounds), are
“recognized” by the enzyme, which gives rise to differences in
kcat and/orKM values, they remain unchanged during catalysis.

Biocatalysts, which elicit the more complex potential to
affect the stereochemistry of the substrate in a controlled
fashion during catalysis, are rather rare and encompass
haloalkane dehalogenases,[3] epoxide hydrolases,[4] and
(alkyl) sulfatases.[5, 6] In each case, a C(sp3) atom could
potentially be involved in the catalysis and therefore open
the possibility of stereocomplementary pathways. These
enzymes do not only display enantioselectivity (through the
transformation of one substrate enantiomer faster than the
other) but also stereoselectivity (with retention or inversion
of configuration). This therefore makes them important
catalytic tools for the development of so-called enantiocon-
vergent processes in which each enantiomer from a racemic
mixture is transformed into the same product through
independent pathways, that is, through retention and inver-
sion of configuration.[7] As a consequence, a racemate can be
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converted, in principle, into a single stereoisomeric product
without the occurrence of an undesired stereoisomer.

Sulfatases catalyze the hydrolytic cleavage of the sulfate
ester bond (Scheme 1). Depending on the enzyme subtype,
the stereochemical course of sulfate ester hydrolysis can be

controlled by an appropriate enzyme. On the one hand,
inverting sulfatases[8,9] were shown to act on sec-alkyl sulfate
esters by breaking the C�O bond of the sulfate ester, which
resulted in inversion of configuration (Scheme 1, pathway A).
However, nothing is known about their mechanism of action.
Based on limited knowledge of the stereospecific and
enantioselective hydrolysis of alkyl sulfate esters,[8] we
recently reported an inverting alkyl sulfatase (termed
“RS2”) from Rhodococcus ruber DSM 44541.[10–12] Although
the enzyme exhibited absolute stereospecificity through strict
inversion of configuration of simple sec-alkyl sulfate esters, its
enantioselectivity was less than perfect and its substrate
tolerance was rather narrow. These limitations could be
circumvented through the use of aerobically grown sulfur
metabolizers. In particular, Sulfolobus spp., which exhibited
not only enhanced enantioselectivities but also a broader
substrate spectrum,[13] showed a stereoselectivity identical to
that of “RS2”, that is, inversion of configuration was
observed.

To exploit the full potential of the enzymatic hydrolysis of
alkyl sulfate esters, stereocomplementary sulfatases that act
with retention of configuration were needed. In contrast to
inverting sulfatases, the mechanism of action of retaining
sulfatases is well understood (Scheme 2).[14,15] The mechanism

was elucidated during structural studies on human aryl
sulfatase A[16] and was shown to proceed through cleavage
of the S�O bond.[17] The latter is effected by nucleophilic
attack of an aldehyde hydrate (formed from a Cys or Ser
residue by post-translational modification[18]) onto the sulfur

atom; the result is liberation of the
corresponding alcohol and retention of
its stereochemistry (Scheme 2).[19]

The same principle of catalysis was
shown to occur in sulfatases from Pseu-
domonas aeruginosa[20] and Klebsiella
pneumoniae.[21] As the natural sub-
strates of these enzymes are believed
to be glycosyl and aryl sulfate esters,[16]

nothing is known about their enantioselectivities. Our search
for a suitable microbial source for retaining (alkyl) sulfatase
activity was led by the fact that all known sulfatases that act
through the above-mentioned mechanism have the canonical
sulfatase consensus motif C/S-X-P-X-R-X4-T-G.

[18,22,23,27] This
sequence motif encompasses sulfatases from mammals, lower
eukaryotes, and prokaryotes,[24] but is absent in the inverting
alkyl sulfatase RS2 from Rhodococcus ruber.[25]

A recently published complete genome sequence of the
marine planctomycete Rhodopirellula baltica DSM 10527
(formerly denoted as Pirellula sp. 1)[26, 27] revealed the exis-
tence of an unexpectedly high number of 110 genes putatively
encoding sulfatases. It is believed that, in R. baltica, these
enzymes play a vital role in the metabolism of sulfated
carbohydrates, such as chondroitin. Of the 110 potential
sulfatase sequences, 85 show the conserved “core” of the
sulfatase consensus motif C-X-P-X-R, which is required in
post-translational modification to render activated sulfatase
proteins. Furthermore, each of the 85 sequences contains the
adjacent “auxiliary” part of the consensus motif, X4-T-G,
either fully conserved or only slightly modified. This part of
the sulfatase consensus motif has been implicated in modu-
lating the efficiency of the post-translational modification
step.[24] According to the sequence–function relationships

proposed for both eukaryotic and prokary-
otic sulfatases,[20, 22,24] the 85 putative sulfa-
tases from R. baltica were expected to act
through retention of configuration.

To prove this hypothesis, a set of sec-
alkyl sulfate esters, rac-1a–9a and the
primary sulfate ester 10a were screened
by using resting whole cells of R. baltica
DSM 10527 (Table 1). In general, the enan-
tiopreference was shown to be R, that is, R
enantiomers were preferentially hydro-
lyzed from the racemate, while S enan-
tiomers remained untouched.

R. baltica displayed excellent activities
on linear (w-1)-sulfate esters rac-1a–3a
(Table 2, entries 1–3), which were readily
accepted as substrates. Surprisingly, even
sterically demanding sulcatyl sulfate (rac-
4a), which was accepted by neither sulfa-
tase RS2 nor Sulfolobus spp., was con-
verted with good rates. Concerning the

Scheme 1. Enzymatic stereodivergent hydrolysis of sulfate esters catalyzed by sulfatases.

Scheme 2. Schematic representation of the mechanism of action of retaining (aryl) sulfatases.
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enantioselectivities, all four substrates (Table 2, entries 1–4)
showed perfect E values (> 200) and the corresponding
R alcohols 1b–4b were obtained with excellent ee values (>
99%). However, in the case of phenyl-substituted substrates
(Table 2, entries 5 and 6), no conversion was observed. As R1

and R2 became similar in size, yielding near-symmetrical
compounds (Table 2, entries 7–9), the enantioselectivities
decreased as was observed in previous studies on inverting
sulfatases.[9,10,13] As R. baltica has more than 100 genes that
encode putative sulfatases, it is not surprising that the primary
sulfate ester 10a was readily converted as well.

Stereochemical analysis of the products suggested that the
hydrolysis pathway proceeded with retention of configura-
tion. For unambiguous proof, enantiopure (R)-2-octyl sulfate
was used as the substrate, which yielded (R)-2-octanol

without racemization in > 99% ee ; analogously, enantiopure
(S)-2-octyl sulfate remained untouched. Screening of the
extracellular medium did not show any activity, which
suggests that these sulfatases are intracellular. Using R.
baltica grown on various C sources—glucose, chondroitin
sulfate A,[28] and chondroitin sulfate C—did not lead to
significant differences in either activity or selectivity, thus
indicating that no enzyme induction takes place. This suggests
that the observed activity can, most likely, be associated with
a “broad-spectrum sulfatase” rather than with separate
primary- or sec-alkyl sulfatases.

In summary, the first highly enantioselective sec-alkyl
sulfatase that acts with strict retention of configuration was
detected in R. baltica DSM 10527 through a sequence-sim-
ilarity approach. The use of this sulfatase in combination with
a stereocomplementary inverting enzyme from Sulfolobus
spp. in a deracemization strategy is currently being inves-
tigated.[29]
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Cahn—Ingold priority (CIP) assignment of R1 and R2.
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baltica DSM 10527.
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however, it is homochiral to (R)-1b–4b, 7b, 8b. n.c.=no conversion;
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An attractive feature of dendritic systems, and possibly other
highly branched polymers, is their ability to encapsulate and
isolate various functional groups within the interior of the
molecule.[1] In many applications, from light harvesting to
catalysis, the benefit derived from site isolation is typically the
preservation of both the structure and activity of moieties that
would normally be sensitive to quenching or deactivation if
used as small molecules.[2] Site isolation as such has been used
since the work of Patchornik and co-workers with so-called
“wolf and lamb” reactions, in which otherwise incompatible
reagents on large heterogeneous particulate solid supports
were used in mixed-bed reactors to perform multiple steps of
a reaction sequence.[3] More recent investigations of sol–gels
with encapsulated opposing reagents have made the concept
of “wolf and lamb” reactions emerge as a powerful tool to
probe site-isolation effects in cross-linked solid materials.[4] To
our knowledge, this concept has never been applied to soluble
molecular reagents, such as star polymers, although their
synthetic accessibility relative to dendrimers makes them
attractive targets for practical applications. Herein, we report
a one-pot reaction cascade performed with two different star
polymers, each containing a different catalytic group confined
in its core. To demonstrate the synthetic utility that site
isolation affords, we have devised a “wolf and lamb” test, in
which otherwise incompatible acid and base catalysts are
employed to effect the overall transformation. Our results
clearly show that encapsulation of both acidic and basic
groups within highly branched, yet fully soluble, multiarm star
polymers suppresses their mutual deactivation, thus allowing
for a sequence of acid and base reactions to be performed in
succession (Figure 1). Thus, the concept of “wolf and lamb”
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reactions, previously limited to immiscible solid reagents, has
now been demonstrated successfully with reactive moieties
attached to well-defined and sterically restricted locations
within soluble synthetic macromolecules that are comparable
in size to many proteins.

The preparation of highly branched multiarm star poly-
mers with a narrow polydispersity has been an active area in
polymer science as these materials provide quick access to
globular macromolecules that bear some crude resemblance
to the more structurally perfect dendrimers. Although
syntheses of dendrimers have been well documented, it is
only recently that techniques have been put forth to prepare
well-defined star polymers without resorting to living anionic
methods.[5] We recently reported an “arm-first” approach
based on nitroxide-mediated living free-radical polymeri-
zation.[6]

Star polymers that contain analogues of para-toluenesul-
fonic acid (PTSA) groups at the core were prepared by using
the arm-first approach. A low-molecular-weight polystyrene
macroinitiator 1 was prepared in bulk from an a-hydrido-
alkoxyamine initiator and styrene at 125 8C (Scheme 1; size-
exclusion chromatography (SEC) with THF:Mn= 6250,Mw=

6730, polydispersity index (PDI)= 1.07).[7] Star polymers
were then obtained by using a 1:4:10 ratio of 1, divinylben-
zene (DVB), and a mixture of co-monomers (styrene and the
functional monomer phenyl 4-styrenesulfonate (2) in 3:2
ratio). The phenylsulfonate esters were saponified with KOH
in methanolic THF and then acidified to generate the active
form of the catalyst. The star polymers 3 thus obtained were
of high molecular weight (SEC with THF: Mn= 66150, Mw=

78530; multiangle laser light scattering (MALLS): Mn=

221200, Mw= 260200) and narrow polydispersity (PDI=
1.19). Further examination of the SEC traces of 1 and 3
indicates clean conversion to the macromolecule without any
low-molecular-weight polymer contaminants (Figure 2a),
which is critical to achieve catalyst isolation. Elemental
analysis of the sulfur content of 3 revealed 0.45 mmoles of
sulfonic acid groups per gram of polymer, or approximately
100 residues per star polymer. These values correspond to 3–4

acidic groups per arm for the 35–40-arm star polymer or 7–
8 wt%.

Similarly, star polymer 6, which contains amine moieties,
was synthesized by the arm-first method from an N-isopro-
pylacrylamide (NIPAAm) macroinitiator 4 (SEC with N,N,-
dimethylformamide (DMF): Mn= 4450, Mw= 5890, PDI=
1.32) and a styrene monomer 5 that contains a pendant 4-
(dialkylamino)pyridine catalyst (Scheme 1). The same opti-
mized ratio of 1:4:10 was used for the polymerization of 6
(SEC with DMF: Mn= 59160, Mw= 110210, PDI= 1.86;
MALLS: Mn= 526300, Mw= 640800), with the co-monomer
portion composed of styrene and 5 in a 1:1 ratio. Although the
SEC data with DMFas the solvent (Figure 2b) indicate a less-
controlled star polymerization and a higher molecular weight
for 6 (approximately 100 arms per star) relative to 3, we were
satisfied with the absence of contamination by low-molecular-
weight species and proceeded with the catalytic experiments.
The catalyst loading for 6 was evaluated by using UV
spectroscopy with 4-(dimethylamino)pyridine (DMAP) as
the reference compound in CHCl3 (lmax= 260 nm), with
subtraction of any background absorbance from the poly-
NIPAAm-core-(PS-co-DVB) star polymer. An upper value of
0.63 mmoles of 5 per gram of polymer was measured which
corresponds to approximately 350 catalytic groups per star
polymer or 3 or 4 residues per arm. Therefore, the DMAP-

Figure 1. Acid- and base-containing star polymers with non-interpene-
trating highly cross-linked cores.

Scheme 1. Synthesis of star polymers that contain core-confined PTSA
analogues or 4-(dialkylamino)pyridines.

Figure 2. a) SEC traces with THF as the solvent for macroinitiator 1
and star polymer 3 ; b) SEC traces with DMF as the solvent for macro-
initiator 4 and star polymer 6.
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like residues constitute up to 5–7% of the weight in the
polymer.

The chemical transformations targeted for this system
were the acid-catalyzed deprotection of 4-nitrobenzaldehyde
dimethyl acetal and the nucleophilic amine-catalyzed Baylis–
Hillman reaction of 4-nitrobenzaldehyde with methyl vinyl
ketone (MVK) (Scheme 2).[8] As control experiments, reac-

tions were performed in the absence of any catalysts; with
DMAP and PTSA; with non-polymer-bound DMAP and 3 ;
and with non-polymer-bound PTSA and 6 (Table 1).

Complete hydrolysis of the acetal was observed over the
course of a few hours when the reaction was performed with 3
and 6, and at the end of the experiment 65% of the aldehyde
had been converted into the Baylis–Hillman adduct. When
either of the small-molecule catalysts DMAP or PTSA were
added to 3 or 6, respectively, only partial hydrolysis of the
acetal was observed (Table 1, entries 2 and 3), which was also
the case when PTSA and DMAP were added (entry 4).
Finally, the acetal appears to be stable to hydrolysis when no
catalysts are used (entry 7).

Given that a Baylis–Hillman adduct did not form in any of
the entries except those in which both 3 and 6 were used, we
reason that when the small molecules DMAP or PTSA are
added to 3 and 6, respectively, they can penetrate the cores of
the star polymers and deactivate the acidic and basic groups
through salt formation. The absence of reactivity for the
resulting salt is confirmed by entry 4. The partial hydrolysis
observed in entries 2 and 3 points to the difficulty of titrating
the exact amount of catalyst in each internally cross-linked
star polymer for a given reaction.

To examine further the site-isolation properties of these
polymers, acid- or amine-containing diblock copolymers were
synthesized from the same macroinitiators and functional
monomers used in the preparation of 3 and 6 (Scheme 3). The

acid-containing polymer 10 (SEC with THF:Mn= 8170,Mw=

9090, PDI= 1.11, 0.73 mmol of sulfur per gram polymer) and
amine-containing polymer 11 (SEC with DMF: Mn= 6980,
Mw= 10050, PDI= 1.44, 0.55 mmol of catalyst per gram
polymer) were prepared to best resemble the star polymers
in terms of composition but not architecture. When either of
these diblock copolymer catalysts was used along with the
complementary star polymer (namely, 3 with 11 or 10 with 6,
entries 5 and 6, respectively), the reaction cascade did not
proceed. This result implies that the linear polymers can
penetrate the corona of the star polymers with the same
deleterious effects as either PTSA or DMAP, thus confirming
our hypothesis that the catalysts must be confined to the
sterically restricted core of the star polymers before the
advantages of site isolation can be realized.

Thus, we have shown that core-confined groups in these
high-molecular-weight, yet fully soluble, star polymers appear
to be site isolated as is observed with moieties at the core of
dendrimers. As a result of this site isolation, sequential
catalysis of a “wolf and lamb” two-step reaction using
catalytic species that are normally incompatible with each
other is possible. This ability to generate a pathway by which a
cascade of reactions is enabled is reminiscent of biological
systems in which a series of discrete reactions performed by
different enzymes is used to create a wide range of chemical
functionality and diversity through the combination of a few
simple steps.

Experimental Section
3 : The polymerization mixture containing polystyrene macroinitiator
1 (1.93 g, 0.355 mmol; SEC with THF: Mn= 6247, Mw= 6728, PDI=
1.07), DVB (336 mg, 1.42 mmol; 55 wt%), styrene (221 mg,
2.13 mmol), and phenyl 4-styrenesulfonate (2 ; 369 mg, 1.42 mmol)

Scheme 2. One-pot-reaction cascade involving sequential acid-cata-
lyzed acetal hydrolysis followed by the amine-catalyzed Baylis–Hillman
reaction.

Table 1: Catalytic results for the reaction cascade using acid and amine
catalysts.

Entry Acid
catalyst[a]

Amine
catalyst[a]

Yield of 8
[%][b]

Yield of 9
[%][b]

1 3 6 34 65
2 3 DMAP 9 0
3 PTSA 6 6 0
4 PTSA DMAP 3 0
5 3 11 <1 0
6 10 6 <1 0
7 none none 0 0

[a] Reaction conditions: 10 mol% acid and amine catalysts were used.
[7]0=0.50m in DMF with H2O (1 equiv) and MVK (4 equiv). The reaction
mixtures were heated at 70 8C in sealed vials for 36 h. [b] Yields are based
on GC-MS measurements with decane as the internal standard. The
values represent an average of three runs.

Scheme 3. Synthesis of diblock copolymers containing PTSA analogues
or 4-(dialkylamino)pyridines.
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in DMF (7.28 g) was heated at 125 8C for 16 h. The reaction mixture
was diluted with CH2Cl2 and precipitated on addition to iPrOH.
Fractionation from benzene using methanol gave a solid, which was
reprecipitated to give 2.54 g of the star polymer (89%). The star
polymer (250 mg, 1.25 mmol) was treated with KOH (250 mg,
4.45 mmol) in MeOH/THF (9:1) at 50 8C for 16 h, acidified with
H2SO4, and precipitated on addition to iPrOH to give a white solid
(215 mg, 87%). 1H NMR (500 MHz, CDCl3): d= 7.5–6.9 (br, Ar-H),
6.8–6.3 (br, Ar-H), 2.1–1.7 (br, -C(Ar)H-), 1.7–1.2 ppm (br, -CH2-);
IR (thin film): ñ= 3600–3200, 3081, 3059, 3025, 2924, 2850, 1942, 1873,
1804, 1746, 1730, 1713, 1687, 1600, 1584, 1492, 1452, 1413, 1372, 1217,
1179, 1155, 1126, 1069, 1030, 1006, 907, 834, 758, 699, 667 cm�1; SEC
with THF: Mn= 66150, Mw= 78530, PDI= 1.19; MALLS: Mn=

221200, Mw= 260200.
6 : The polymerization mixture containing polyNIPAAm macro-

initiator 4 (280 mg, 69.4 mmol; SEC with DMF: Mn= 4453, Mw=

5888, PDI= 1.32), DVB (66 mg, 0.279 mmol; 55 wt%), styrene
(36 mg, 0.344 mmol), and 4-(dialkylamino)pyridine monomer 5
(93 mg, 0.345 mmol) in DMF (1.35 g) was heated at 125 8C for 16 h.
The reaction mixture was diluted with CH2Cl2 and precipitated on
addition to cold diethyl ether. Fractionation from acetone using
hexanes gave the solid, which then reprecipitated to give 120 mg of
the star polymer (33%). 1H NMR (500 MHz, CDCl3): d= 8.3–8.0 (br,
Py-H; Py=pyridine), 7.1–6.2 (br, Ar-H, -NH-iPr), 4.2–3.9 (br, -
CH(Me)2), 3.8–3.5 (br, N-CH2-CH2-O), 3.2–2.9 (br, N-CH3), 2.5–2.3
(br, Ar-CH2-O), 2.3–1.8 (br, -C(Ar)H-, -C(C=O)H-, -CH2-), 1.8–1.5
(br, -CH2-), 1.4–0.8 ppm (br, -CH(CH3)2); IR (thin film): ñ= 2965,
2928, 1664, 1608, 1598, 1529, 1453, 1384, 1366, 1211, 1171, 1129, 989,
910, 804, 763, 701 cm�1; SEC with DMF: Mn= 59160, Mw= 110210,
PDI= 1.86; MALLS: Mn= 526300, Mw= 640800.
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Metallomics is a new field in the study of biometals and is
related to genomics, proteomics, and metabolomics.[1] Trace
metals in the environment may be adopted by biological
systems to assist in the syntheses and metabolic functions of
genes (DNA and RNA) and proteins. These metals may be
beneficial or may pose a risk to humans and other life
forms.[1–9] To establish metallomics as an integral biometal
science, more robust and information-rich trace- and ultra-
trace-chemical speciation analyses are needed for adequate
risk or benefit assessments and to determine distributions of
metals in humans, human blood serum, seawater, and even
biological cells. Metal speciation is an important research
subject in metallomics because the bioavailability and toxicity
of metals on a molecular basis depends on their chemical
state. Different species of the same metal be considered as
essential, innocuous, or toxic.[1–9] Another important research
subject in metallomics is the interaction between metal
species and biomolecules, which is significant for biochem-
istry, biology, medicine, pharmacy, nutrition, agriculture, and
environmental science.[1–9]
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Hybrid approaches are currently preferred for the study
of metal speciation and metal–biomolecule interactions in
numerous techniques developed to date.[6–9] The use of high-
resolution separation methods in combination with highly
sensitive detection techniques is necessary to improve the
accuracy of the detection of metal speciation and metal–
biomolecule interactions. The importance of capillary electro-
phoresis (CE) for such purposes has grown rapidly in the past
decade, primarily as a result of its potential flexibility and
easy implementation, high resolution, minimal sample and
reagent consumption, and rapid and efficient separations with
only minor disturbances of the existing equilibrium between
the different species.[6,10–12] The use of inductively coupled
plasma mass spectroscopy (ICP-MS) or optical emission
spectroscopy (ICP-OES) as online detection techniques for
CE promises substantial improvements in the sensitivity of
the methods and in the identification and quantification of
multispecies systems.[6]

Herein we report a new hybrid technique for nanoliter
trace-metal speciation and metal–biomolecule interaction
studies based on online coupling of CE to electrothermal
atomic absorption spectroscopy (ETAAS). ETAAS provides
high detection capability with low instrumental and opera-
tional costs. However, the discontinuous nature of ETAAS
makes it troublesome when used in combination with
continuous-flow systems and departs from the concept of
monitoring continuously the chromatographic eluent.[13] We
have developed a method for real-time ETAAS detection of
the CE effluent by the direct interface of CE with ETAAS.
The analysis was conducted on a laboratory-made thermo-
spray interface, with no need for external heat sources or
postcolumn derivatization steps. The features of this new
hybrid technique are its simplicity, low instrument and
running costs, easy operation, high sensitivity and selectivity,
as well as its environmentally friendly nature.
The schematic setup of the CE–ETAAS hybrid system is

shown in Figure 1. It includes a capillary electrophoresis
system, a thermospray interface, and a graphite furnace. It is
crucial for the interface to serve as a link that can harness the
full potential of the separation method and the detector.
ETAAS is sufficiently sensitive for speciation analysis, but
graphite furnaces are not designed for continuous operation.
Direct coupling of ETAAS to CE involves a number of
problems because of the stepwise operational characteristic of
the commercially available atomizers and because only a
small volume can be injected into the furnace.
In view of above problems, a thermospray interface was

designed to allow the real-time ETAAS monitoring of
individual species separated by CE. A commercially available
graphite tube and conventional ETAAS operating procedures
were modified slightly to enable real-time detection of the CE
effluent. First, the dosing hole of the graphite tube was
enlarged to allow the tight attachment of a hollow graphite
cap (1.0 mm i.d.), into which the thermospray vaporizer was
inserted. The graphite cap behaved as a good heat-transfer
medium for the vaporizer. A small gap was left between the
vaporizer and the graphite capsule for carrier gas (argon) to
flow through, thus enabling the delivery of the locally
generated vapor into the graphite tube. Second, because the

original dosing hole of the graphite tube was blocked by the
thermospray interface, two more holes (1.0 mm i.d.) were
made symmetrically beside the original dosing hole in the
graphite tube to serve as hole for exhaust gas. The distance
between the dosing hole and the hole for exhaust gas was
6.0 mm.
To demonstrate the applicability of the developed hybrid

technique for ultra-trace-element speciation, mercury and
cadmium were chosen as target elements as they are highly
dangerous metals, with an accumulative and persistent
character in the environment. To ensure sufficient time for
monitoring individual metal species in the CE effluent, the
graphite furnace was programmed with seven successive
thermostatic steps in the gas stop mode at an appropriate
constant temperature for 99 s (the maximum time allowed)
for each step. The temperature of the graphite furnace was set
at 600 8C for the efficient atomization of mercury species. In
this case, the lifetime of the graphite tube was 400 h. For
cadmium speciation, the temperature of the graphite furnace
was set at 1000 8C as a compromise between the lifetime of the
graphite tube (� 70 h) and the sensitivity of the method. The
lifetime of the graphite tube decreased markedly when the
temperature of the graphite furnace rose above 1200 8C.
In view of the complete introduction of CE effluent into

the graphite tube, running electrolyte may influence the real-
time ETAAS detection, depending on the nature of the
element of interest. The goal herein was to achieve adequate
resolution of the target species and to ensure subsequent
detection without interference. Phosphate and borate buffers
were suitable for mercury, but led to serious interferences for
real-time ETAAS detection of cadmium at 1000 8C. Ammo-
nium acetate (NH4Ac) was preferred for cadmium speciation
owing to its easy decomposition. As a running electrolyte with
higher salt content causes undesirable blocking at the tip of
the thermospray vaporizer after continuous heating for a long
time, the concentration of the electrolyte should be as low as

Figure 1. Schematic diagram for the new hybrid technique of capillary
electrophoresis coupled online with electrothermal atomic absorption
spectroscopy through a thermospray interface (not to scale).
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possible, but should be enough to ensure good resolution and
reproducibility for CE separation.
As shown in Figure 2A, three mercury species of meth-

ylmercury (MeHgI), phenylmercury (PhHgI), and inorganic
mercury (HgII) were treated by baseline separation with CE

in a 50 cm< 75 mm i.d. fused-silica capillary at 20 kV by using
15 mmolL�1 phosphate buffer at pH 6.8. The detection limit
of the developed hybrid technique for mercury speciation was
independent of mercury species. With an injection of 200 nL
of sample solution in the hydrodynamic method, the detection
limit (S/N= 3) of the mercury species was 14.8� 0.7 mgL�1 (as
Hg). The developed method was validated by analyzing two
certified reference materials GBW (E) 080393 (simulated
natural water, National Research Center for Standard
Materials, Beijing, China) and DORM-2 (dogfish muscle,
NRCC, Ottawa, Canada). Both the quantified HgII content
(97� 2 mgL�1, n= 5) in GBW (E) 080393 and the methyl
mercury content (4.28� 0.21 mgg�1) in DORM-2 by using a
simple external calibration method based on peak-area
measurements are commensurate with the certified values
(100� 4 mgL�1 for HgII in GBW (E) 080393, and 4.47�
0.32 mgg�1 for methylmercury in DORM-2).
The developed hybrid technique was also applied to the

study of the effect of the pH value on the reaction of CdII with
disodium ethylenediaminetetraacetate (EDTA). As shown in
Figure 2B, CdII and [Cd(edta)]2� were well separated by CE
in a 50 cm<75 mm i.d. fused-silica capillary at 20 kV when
using NH4Ac buffer (5 mmolL

�1) at pH 8.0. The peak area of
CdII increased, whereas that of [Cd(edta)]2� decreased as the
pH value decreased from 6.8 to 1.0 owing to the coalescence
of H+ with EDTA. The peak of CdII disappeared in the
presence of excess EDTA at pH 6.8 (Figure 2Be).
The usefulness of the developed hybrid technique for the

study of metal–biomolecule interactions was demonstrated by
taking CdII/bovine serum albumin (BSA) and HgII/DNA as
model systems. For this purpose, experiments were performed
to obtain a series of incubation-time-dependent electrophero-
grams of CdII and Cd–BSA adduct for a mixture solution of
CdII (0.2 mmolL�1) and BSA(0.1 mmolL�1) (Figure 3A).
Baseline separation of CdII and Cd–BSA adduct was carried
out by CE in a 50 cm<75 mm i.d. fused-silica capillary at
20 kV in the presence of 5 mmolL�1 of NH4Ac-Tris buffer
(pH 7.40) as running electrolyte. It was found from Figure 3A
that about 55% of the CdII was bound to BSAwithin 12 h and
that the binding reaction between CdII and BSA reached
equilibrium after 48 h. Hereafter no variations in the con-
centrations of CdII and Cd–BSA adduct were observed at
various CdII/BSA molar ratios. The kinetics and binding
constant for the interaction of CdII with BSA were evaluated
from the time-dependent peak areas of CdII and Cd–BSA
adduct. We assume that the interaction of CdII and BSA
results in pseudo-first-order kinetic properties at the initial
stage of incubation. The apparent kinetic rate constant (k)
was then calculated by polynomial approximation of the
concentration–time plots according to Equation (1).[14]

ln
CbCd
C0Cd
¼ �k t ð1Þ

C0Cd and C
b
Cd are the initial molar concentration of Cd

II and
the concentration of Cd–BSA adduct, respectively. The
kinetic rate constant for the interaction of CdII and BSA
was found to be independent of BSA concentration (zero-
order kinetics for BSA). The value of k at various initial molar

Figure 2. A) Electropherograms of a) GBW (E) 080393 (simulated nat-
ural water); b) GBW (E) 080393 spiked with of HgII, PhHgI, and MeHgI

(100 mgL�1 each); c) the extract of a certified reference material
(DORM-2, dogfish muscle); d) the extract of DORM-2 spiked with of
MeHgI, PhHgI, and HgII (100 mgL�1 each); e) a standard mixture of
MeHgI, PhHgI, and HgII (100 mgL�1 each). B) Electropherograms of
CdII and [Cd(edta)]2� for a) CdII (89 nmolL�1), pH 6.8; b) a standard
mixture of CdII (89 nmolL�1) and EDTA (40 nmolL�1), pH 1.0; c) a
standard mixture of CdII (89 nmolL�1) and EDTA (40 nmolL�1),
pH 3.0; d) a standard mixture of CdII (89 nmolL�1) and EDTA
(40 nmolL�1), pH 6.8; e) a standard mixture of CdII (89 nmolL�1) and
EDTA (160 nmolL�1), pH 6.8.
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ratios (0.5, 1, 2, 4, and 10) of CdII/BSA with an initial CdII

concentration of 0.2 mmolL�1 at 37 8C was determined to be
(1.108� 0.065) < 10�3 min�1.
The determination of Cd–BSA binding constant (Kb) was

based on the bimolecular reaction between the donor (CdII)
and the acceptor (BSA). If the concentration of BSAwas kept
constant, but different concentrations of CdII were added in
the mixture, the value of Kb could be estimated by using a

linear regression of a Scatchard plot.[15] based on the following
expression [Eq. (2)]:

CbCd
CfCd
¼ �Kb C

b
CdþCBSAKb ð2Þ

In Equation (2), CbCd and CfCd are the concentrations of
bound CdII (i.e. Cd–BSA adduct) and CdII, and CBSA is the
concentration of the binding site on the BSA. The number of
Cd atoms bound per BSA molecule (n) was calculated from
the change in the peak areas of CdII and Cd–BSA adduct
based on Equation (3):[14]

n ¼ C0Cd
C0BSA

SbCd
SfCdþ SbCd

ð3Þ

In Equation (3), C0Cd and C0BSA are the initial concentra-
tions of CdII and BSA, respectively, SfCd and SbCd are the peak
areas of CdII and Cd–BSA adduct, respectively. As such, the
binding constant of CdII with BSAwas estimated to be 2.68 <
107 Lmol�1, and the number of binding sites was 3.4 after
incubation for 12 h. The evolution of Cd-BSA binding as a
function of incubation time at various initial molar ratios of
CdII to BSA is illustrated in Figure 3B. In the presence of
excess CdII, the reaction proceeds more rapidly and the
protein is attached to Cd to a higher degree, as expressed by a
growing number of CdII bound per BSA molecule. The
number of Cd atoms bound per BSA molecule increased
more rapidly with higher molar ratios of CdII to BSA as the
incubation time increased to 12 h. The number of CdII species
bound per BSA molecule increased very slowly with increase
of incubation time over a 12-h period. These results indicate
that both strong and weak binding sites on the BSA molecule
might contribute to the interaction of CdII with BSA in the
presence of excess CdII. It was found that BSA binds up to
5 mol of CdII per mol of the protein when incubated with CdII

in tenfold excess. The CdII/BSA stoichiometry ratio is greater
than 3.4:1 and might be ascribed to the high affinity of soft
CdII to some potential binding sites on BSA.

Representative electropherograms of the mixture of HgII

and salmon sperm DNA are shown in Figure 4. HgII was well
resolved fromHg–DNA adduct. The electropherograms show
that HgII decreased, whereas the bound Hg–DNA increased
with increasing concentration of DNA, as was clearly
reflected by the variations in peak areas of HgII and the
Hg–DNA adduct. The Kb value for the binding of Hg

II with
DNA is 5.12 < 106 Lmol�1, and the number of binding sites is
0.2 for an initial DNA concentration of 2 mgL�1 (correspond-
ing to a base-pair concentration of 3.4 mmolL�1) after
incubation with various concentrations of HgII for 1 h.
Detailed studies are underway in our laboratory to determine
the interactions of different mercury species with DNA,
improve our understanding of the kinetic and thermodynamic
properties, and to evaluate the relevant binding parameters,
the damage of different mercury species to DNA, and the
potential toxicity and environmental effects.
In summary, ETAAS was employed for the first time as a

real-time CE detector. The combination of species separation
by CE with direct ETAAS detection is suitable for elemental
speciation. The technique could be used in investigations of

Figure 3. A) Incubation-time-dependent electropherograms of CdII and
Cd–BSA adduct for the binding of CdII (0.2 mmolL�1) with BSA
(0.1 mmolL�1). Baseline separation of CdII and Cd–BSA adduct was
achieved by capillary electrophoresis in a fused-silica capillary
(50 cmH75 mm i.d.) at 20 kV by using NH4Ac–Tris buffer (pH 7.40;
5 mmolL�1) as running electrolyte. B) Number of cadmium atoms
binding per BSA molecule at variable incubation time. Initial CdII/BSA
molar ratio (initial CdII concentration of 0.2 mmolL�1): a) 1:2; b) 1:1;
c) 2:1; d) 4:1; e) 10:1.

Communications

6390 www.angewandte.org 	 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6387 –6391

http://www.angewandte.org


the thermodynamic equilibrium between the coexisting
species and to determine the kinetics and stoichiometry of
the binding reaction between metal species and biomolecules
with good selectivity and high sensitivity.

Experimental Section
Certified reference materials DORM-2 (dogfish muscle; NRCC,
Ottawa, Canada) and GBW (E) 080393 (simulated natural water;
NRCSM, Beijing, China) were analyzed to check the accuracy of the
developed hybrid technique for speciation analysis. An acid-leaching
procedure was employed for extraction of mercury species from
biological materials:[16] Briefly, hydrochloric acid (5 mL, 5 molL�1)
was added to the certified reference material DORM-2 (0.3 g) in a 10-
mL centrifuge tube. The mixture was then placed in an ambient
ultrasonic bath for 10 min. After extraction, the suspension was
centrifuged at 3500 rpm for 10 min, and the supernatant was trans-
ferred to a 10-mL flask. The supernatant was neutralized with
NH3H2O and adjusted to pH 4.8–5.0 with phosphate buffer, then
diluted to volume with doubly deionized water.

To simulate physiological conditions, NH4Ac–Tris buffer
(5 mmolL�1) containing 100 mmolL�1 NaCl at pH 7.40 was used as
the incubation solution. For the kinetic experiment, the reaction
mixtures were incubated at 37 8C for more than 6 days, and aliquots
were continuously taken from the same sample for analysis.
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One-dimensional nanostructures of conductive polymers
(CPs) have attracted a great deal of interest as building
blocks for future miniaturized nanoelectronic devices[1] and
highly sensitive chemical[2] or biological sensors.[3] Several
“template-less” approaches to 1D superstructures of CPs
based on the self-assembly of conjugated polymers, oligomers,
or monomers have been reported recently.[4] Other methods
for the synthesis of CP nanowires involve chemical or
electrochemical oxidative polycondensation in “hard tem-
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plates” (such as zeolites, track-etched polymeric membranes,
and porous alumina),[5] or “soft templates” (surfactant
micelles or liquid-crystalline phases).[6] However, for various
applications, CP nanowires must be properly integrated into
circuits. Therefore, at least one additional step is required,
such as the release of the nanowires from the templates and/
or their positioning in the device.

Polymer chemistry offers a fascinating world of structures
of different architecture, composition, and functionality. The
use of single polymer molecules as templates constitutes a
highly promising strategy to generate nanoparticles with
desired size, shape, location, and with specific properties.[7]

Like macroscopic objects, single molecules of polyelectrolyte
(PE) can be stretched and aligned under external forces[8]

(such as centrifugal or capillary forces and electric or shear
fields) and can be immobilized onto surfaces by simple
procedures like casting or printing.[9] Single DNA molecules
have recently been used for the fabrication of metallic[10] and
conductive polymer (polyaniline, PANI) nanowires.[11] In the
latter case, DNA molecules were covalently attached to a Si
surface and activated with aniline, which was then polymer-
ized. However, the PANI nanowire networks produced in this
way have rather low conductivity, even when doped.[11] This
low conductivity is the result of a very limited quantity of
PANI being formed along the template. This restriction is
governed by the quantity of aniline that can be attracted by
DNA during the activation step owing to electrostatic and
hydrophobic interactions. The oxidative degradation of DNA
templates has been proposed by some authors[11b] as a possible
factor that decreases the continuity and thus the conductivity
of the DNA–PANI nanowires. We therefore assumed that the
use of chemically robust synthetic PEmolecules might benefit
the fabrication of more conductive nanowires. Herein, we
report the use of single molecules of negatively charged
synthetic polyelectrolyte (polystyrene sulfonic acid, PSA) to
grow continuous and conductive polypyrrole (Ppy) nanowires
through selective “electroless” deposition of Ppy along PSA
molecules.

Spin-coating of a PSA solution onto mica or a thermally
oxidized Si wafer at high rotation speed results in stretching
and alignment of the PSA chains (Figure 1a and Supporting
Information). In initial experiments, mica-deposited PSA
templates were incubated in pyrrole (Py) monomer solution,
then rinsed with deionized water to remove unattached Py
and placed in a solution of ammonium persulfate (APS) to
polymerize the Py attached to the templates. The resulting
product appears in AFM images as a 1D sequence of
apparently separated clusters 2–4 nm in height (Figure 1c).
These structures are considerably higher than bare PSA
molecules (� 0.5 nm),[8] which clearly reflects the formation
of Ppy clusters along the PSA molecules.

To produce more continuous and thicker Ppy nanowires,
we performed electroless deposition of Ppy.[12] PSA chains
were deposited onto substrates in the stretched conformation
and were then treated with aqueous solution of Py and APS
for up to 60 s (for details, see Experimental Section and
Supporting Information). AFM investigations revealed the
successful formation of PSA–Ppy nanowires with diameters
that vary from a few to hundreds of nanometers depending on

the polymerization time (Figure 1c,d). As expected for the
template method, the aspect ratio of the nanowires (� 7 and
� 100 for the nanowires in Figures 1b and d, respectively) is
dependent on the contour length of the PSA molecules. The
resulting nanowires, however, are somewhat shorter than the
corresponding templates (usually by a factor of 1.5–3,
depending on the polymerization time). The observed partial
shrinkage of the nanowires is the result of attractive
interactions between hydrophobic segments of Ppy, which

Figure 1. a) Topographic AFM image of short (MW=403 kgmol�1) PSA
molecules. b) AFM image of Ppy nanoparticles formed from the place-
ment of aqueous solutions of Py and APS onto mica-immobilized PSA
templates (MW=403 kgmol�1) for 20 s. c) AFM image of Ppy nano-
particles formed from the incubation of mica-immobilized long (MW=
6940 kgmol�1) PSA molecules in Py monomer solution followed by
rinsing with water and oxidation with APS. d) Surface image from the
same procedure as in b), but with the use of long
(MW=6940 kgmol�1) PSA templates. e),f) Cross-sections along the
dashed lines in c) and d), respectively. g) Surface image from the
same procedure as in d), but with an APS concentration fivefold
smaller.
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can be avoided if the PSA templates are properly fixed to the
substrate.

Close inspection of the AFM images shows that thin
nanowires (1< 5 nm) are still sequences of isolated Ppy
clusters, although the nanowires become quasi-continuous
(the clusters are closely packed) if their diameter exceeds
10 nm. The clusters are localized predominantly along the
PSA chains, which indicates a rather high selectivity of the
deposition.

In general, growth of Ppy nanowires can be realized
according to two schemes: 1) precipitation of hydrophobic
Ppy nanoparticles preformed in solution onto the hydro-
phobic PSA–Py complex, and 2) growth of Ppy from the
PSA–Py complex.[13] We performed a set of experiments to
decide which scheme is realized in our case. For this, we
prepared colloidal dispersions of Ppy by mixing solutions of
Py and APS followed by quenching with excess sodium
bisulfite (SBS) as a reducing agent. The colloids prepared in
this manner were placed on a substrate with pre-adsorbed
PSA template molecules. However, the formation of Ppy
nanowires was never observed in these experiments regard-
less of the activation time, size, and concentration of Ppy
colloids used. Thus, the prerequisite for nanowire growth is
the presence of both Py monomer and oxidizing agent in
solution. This result clearly excludes the “grafting-to” and
supports the “grafting-from” scheme for Ppy nanowire
formation.

Varying the reaction conditions influences the morphol-
ogy of the Ppy nanowires. With excess oxidant, the resulting
nanowires display a relatively smooth morphology (Fig-
ure 1c,d). In contrast, a lack of oxidant leads to the formation
of “hairy nanowires” that resemble “molecular brushes”[14]

(Figure 1g). These observations are consistent with the
“grafting-from” scheme of Ppy growth.[15]

Electrical characterization was performed for the larger
Ppy nanowires (Figure 2). For this, Ppy nanowires 50–60 nm
thick were grown onto devices with gold micro-electrodes
(the distance between the electrodes was 1 mm). The amount
of PSA–Ppy nanowires produced was adjusted to allow only a
few Ppy nanowires to bridge the electrodes; the other
nanowires remained disconnected. This allowed us to mea-
sure the dc conductivity of individual nanowires. After
deposition, the device was carefully investigated by AFM,
and the amount, location, and size of all nanowires was noted.
These electrical measurements revealed the resistance of a
single nanowire to be � 0.6–1.5 MW, which corresponds to a
conductivity of � 1–3 Scm�1. This rather high conductivity
approaches the conductivity of Ppy in bulk.[16] The nanowires
display a linear current–voltage dependence (Figure 2h,
inset), which reflects good contacts between the nanowires
and the electrodes and good connectivity of the Ppy clusters
along the PSA molecule. To break a certain nanowire, we
slowly increased the potential between the electrodes until an
abrupt increase in resistance was observed. The significant
resistance increase after this procedure (from 1.1 to 21 MW

for the nanowire in Figure 2b) proves that the measured
conductance is indeed caused by this particular nanowire. On
the other hand, AFM inspection of the broken nanowires
reveals the formation of gaps (usually one or two per broken

wire, Figure 2b–g). An even more pronounced decrease of
the conductance (the resistance increased from a fewMW to a

Figure 2. a) AFM topography image of a representative Ppy nanowire
with a resistance of �1 MW. b),c) High-magnification topography and
d),e) phase AFM images of the pristine Ppy nanowire bridging two
microelectrodes. The intact nanowire shown in b) and d) was broken
by applying a high voltage (25 V; c) and e), respectively). f),g) Cross
section profiles of the nanowires in images b) and c), respectively.
h) Room-temperature resistance–current characteristics of the pristine
nanowire with a resistance of 1.1 MW; numbered arrows indicate the
sequence of increasing (1–3, ^) and subsequent decreasing (4, &) volt-
age. The same nanowire after breakage with high voltage displays a
resistance of �21 MW. (Inset: demonstration of the linear I–U
dependence of the pristine nanowire at low voltage.)
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few GW) was observed when the nanowires were mechan-
ically broken by movement of the AFM tip operating in
contact mode (Supporting Information).

Finally, we evaluated the possibility of using Ppy nano-
wires as active elements in sensors. In general, the conduc-
tivity of Ppy can be modulated by changing the doping level:
the conductivity is high in an oxidized (doped) state and low
in a reduced (de-doped) form. Alternatively, Ppy in the
reduced form can be doped by acids and de-doped by bases.
As expected, the Ppy nanowires synthesized by oxidative
polycondensation display a rather high conductivity that
changes only slightly upon further exposure to acidic (HCl) or
basic (NH3) vapors. To make the conductivity of the Ppy
nanowires sensitive to acids and bases, they were reduced by
rinsing with an aqueous solution of NaBH4 (1 gL

�1), which
resulted in an increase in resistance from 1–5 MW for doped
nanowires to more than 1 GW for the de-doped wires. In the
reduced state, the nanowires reversibly change their resist-
ance upon exposure to HCl and NH3 vapors from several MW

to a few GW.[17]

In conclusion, we have developed a simple chemical route
to conductive Ppy nanowires by the grafting of Ppy from
isolated synthetic polyelectrolyte molecules. The location and
length of the synthesized Ppy nanowires are defined by the
location and length of adsorbed single-molecule templates.
The diameter of the nanowires can be varied from a few
nanometers to hundreds of nanometers by adjusting the
polycondensation time and concentration of the reagents. The
dc conductivity of individual Ppy nanowires approaches the
conductivity of Ppy in bulk. This result opens up broad
opportunities for the fabrication of electronic devices and
sensors at a molecular level.

Experimental Section
Polystyrene sulfonic acid (PSA; MW= 6940 kgmol�1, PDI= 1.3;
MW= 403 kgmol�1, PDI= 1.3) was purchased from the Polymer
Standards Service, Mainz, Germany. Ammonium persulfate (APS),
pyrrole (Py), and all other chemicals were purchased from Aldrich.

Ppy nanowires: Stretched PSA molecules were deposited from
aqueous solution (0.01 gL)�1 onto clean Si wafers or freshly cleaved
mica by spin-coating at high speed (10000 rpm). Py (3 gL�1, 50 mL)
and APS (30 gL�1, 50 mL) in deionized water were placed for a
limited time (10–60 s) onto the substrates with predeposited PSA
molecules. Afterwards, the samples were rinsed with water, dried, and
examined byAFM (NanoScope IV-D3100, Digital Instruments, Santa
Barbara, USA) in tapping mode. The diameter of the Ppy nanowires
was dependent on the polymerization time and was found to be < 10,
10–30, and 30–60 nm for polymerization times of 15, 30, and 60 s,
respectively. “Hairy nanowires” were produced with a similar
procedure in which the only difference was a lower concentration
of APS (6 gL�1).

For electrical measurements (Keithley 236 Source-Measure
Unit), 18-finger gold micro-electrodes (step height: 50 nm; width:
500 nm; separation: 1 mm) were fabricated by photolithography on a
Si wafer with an insulating SiO2 layer (300 nm).
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Capsules and Star-Burst Polyhedra:
An [Ag2L2] Capsule and a Tetrahedral [Ag4L4]
Metallosupramolecular Prism with
Cyclotriveratrylene-Type Ligands**

Christopher J. Sumby and Michaele J. Hardie*

Cyclotriveratrylene (CTV) is a macrocyclic host molecule
that strongly favors a crown conformation, which gives it a
bowl shape with a shallow molecular cavity.[1] Indeed, despite
CTV being known for over 40 years, the alternative saddle
conformation has only recently been isolated by the rapid
quenching of a hot solution or melt,[2] or within a novel CTV-
based cryptophane.[3] The bowl-shaped CTV is a cyclic trimer
which has a distinctly spiked, pyramidal aspect. We wish to
exploit this characteristic to create self-assembled capsules
and polyhedra through the formation of metallosupramolec-
ular assemblies. These would likewise have a spiked aspect
that allows for significantly more internal space than could be
afforded from a similar flat or flexible ligand. A range of
spectacular polyhedral structures have been reported from
the self-assembly of metal salts with multifunctional ligands.[4]

CTV itself is not a good molecular component for such
assemblies as it lacks predictable coordination sites for
transition metals, hence we have synthesized a number of
CTV analogues with pyridyl groups at
the upper rim for use as ligands for
these types of assemblies as well as
coordination networks.[5] Notably, a
number of crystalline hydrogen-
bonded assemblies feature tetrahedral
clusters of CTV hosts arranged in a
back-to-back fashion,[6] which excludes
the possibility of forming an assembly
with internal space. Likewise a 3D
coordination polymer with a C3-substi-
tuted CTV derivative also shows this
back-to-back stacking.[7] Self-assem-
bled complexes of CTV-related host
molecules that do show an internal space would result from
the head-to-head association of host molecules. Examples are
currently restricted to a dimeric [Pd3L2] capsule that has been
characterized in solution by Shinkai and co-workers.[8] This

capsule results from the assembly of a trisubstituted CTV
derivative possessing rigid pyridyl arms with cis-protected Pd
salts. Covalently linked cryptophanes, where two CTV frag-
ments are linked in a head-to-head fashion by organic spacers,
are well established.[9]

Other bowl-shaped host molecules have been shown to
form both capsule assemblies and more complicated poly-
hedral structures. Capsule structures assembled from hydro-
gen bonds or coordination chemistry are known with calix-
arenes and calixresorcinarenes.[10] Considerably more com-
plicated assemblies such as a cyclic trimer,[11] cyclic hexam-
ers,[12] a tetrahedron,[11b] a snub cube,[13] icosahedron,[14] and a
cuboctahedron[15] have also been reported from similar
tetrameric molecular hosts.

We report herein a new type of [M2L2] dimeric capsule
with a CTV-related host molecule in the complex [Ag2(tris(3-
pyridylmethylamino)cyclotriguaiacylene)2(CH3CN)2]·2PF6·
4CH3CN, along with the first example of a discrete polyhedral
cluster larger than a dimeric capsule assembled with a CTV-
related host molecule. This latter complex [Ag4(tris(4-
pyridylmethylamino)cyclotriguaiacylene)4(CH3CN)4]·4BF4·
7CH3CN·2.8H2O features a tetrahedral metallosupramolec-
ular prism with a novel stellated “star-burst” aspect to the
assembly.

The precursor 3,8,13-triamino-2,7,12-trimethoxy-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononene (1) has been previ-
ously reported,[16] and can be converted into the tris(pyridyl-
methylamino)cyclotriguaiacylenes 2 and 3 in good yields by
reaction with the appropriate pyridinecarboxaldehyde, fol-
lowed by reduction with sodium borohydride (Scheme 1).

Reaction of ligand 2 dissolved in acetone with AgPF6 in
CH3CN gives the crystalline complex [Ag2(2)2-
(CH3CN)2]·2PF6·4CH3CN (4), whose structure was deter-
mined by X-ray crystallography.[17] The metal complex
[Ag2(2)2(CH3CN)2]

2+ is a dinuclear, dimeric species with a
capsulelike structure (Figure 1). The centrosymmetric capsule
forms through the head-to-head coordination of two ligands
to two AgI centers to give an [M2L2] capsule rather than the
[M3L2] capsule reported by Shinkai and co-workers. The
AgI center is coordinated by a terminal acetonitrile ligand at
an Ag�N distance of 2.347(3) A, and three pyridyl groups at
Ag�N distances of 2.322(3), 2.346(2), and 2.247(2) A in a
distorted tetrahedral geometry.

The conformation and directionality of twist of the pyridyl
arms of ligand 2 are all similar, and directed above the

Scheme 1.
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molecular cavity of the ligand. This arrangement means that
the AgI centers are likewise located above the molecular
cavity which results in the capsule having an equatorial region
that is pinched inwards. Each coordinated acetonitrile ligand
is directed into the cavity of a molecular host. Such host–guest
associations between a host and coordinated acetonitrile have
been previously observed for silver–CTV complexes.[18] The
two specific host–guest interactions observed in this structure
may be a factor favoring the formation of an [M2L2] capsule
over the [M3L2] species.

1H NMR spectroscopic analysis of the dimeric capsule
suggests a species related to the solid-state structure may be
present in solution. Addition of one equivalent of a silver salt
to a solution of 2 results in subtle, but significant, changes to
the 1H NMR spectrum: in particular, the splitting of the signal
for the methylene spacer of the pyridyl arms of 2 into two
doublets and the considerable upfield shift of the H2 proton
of the pyridyl ring. The former change is likely to originate
because of restricted rotation of the pyridyl arm of 2 upon
coordination, while the latter may result from internalization
of the pyridyl H2 within a capsule or related species.
However, the [Ag2(2)2(CH3CN)2]

2+ capsule characterized by
X-ray crystallography has C2 symmetry but in solution the
ligand (2) possesses C3 symmetry—that is, only one set of
signals are observed. Thus, either a fluxional process which is
fast on the NMR timescale is simplifying the expected
spectrum for the [Ag2(2)2(CH3CN)2]

2+ capsule, or another
species such as an [Ag3(2)2]

3+ cage or an [Ag(2)]+ complex
where the ligand is a tripodal tridentate donor is present in
solution. Rapid crystallization (ca. 20 min) of the [Ag2(2)2-
(CH3CN)2]

2+ capsule occurs from acetonitrile solution when
the silver salt used is silver(i) cobalt(iii) bis(dicarbollide)
(Ag[Co(C2B9H11)2]) which indicates there is some form of
preorganization of the structure in solution.

Titration of 2 with Ag[Co(C2B9H11)2] leads to a significant
upfield shift of the pyridyl H2 signal when up to one
equivalent of the silver salt is added. The upfield movement

of the resonance then stabilizes before
undergoing a downfield shift as more
than 1.5 equivalents of
Ag[Co(C2B9H11)2] are added. The pyr-
idyl H6 proton signal mimics this
behavior, but undergoes a significantly
less-pronounced upfield shift, while the
signals for the more remote pyridyl H4
and H5 move progressively downfield
throughout the titration. In an addi-
tional set of experiments, crystals of 4
prepared in acetonitrile were redis-
solved in [D6]acetone or CD3NO2, but
signals for the incarcerated acetonitrile,
disappointingly, could not be observed.
These results suggest that while a
related [Ag2(2)2]

2+ capsule may be
present in solution, other species,
including the originally anticipated
[Ag3(2)2]

3+ capsule, and possibly a 1:1
complex, are also likely solution struc-
tures. ES-MS results demonstrate the

presence of a 1:1 complex in solution, thus suggesting that the
ligand may in fact act as a tripodal tridentate donor in
solution. This 1:1 complex then dimerizes upon crystallization
to generate the [M2L2] capsule. Further solution studies will
be discussed in a future full paper that demonstrates the
generality of this capsule-related topology with other tetra-
hedral transition-metal ions.

Use of the 4-substituted ligand 3 in place of the 3-
substituted ligand 2 has a profound effect on the type of
metallosupramolecular prism isolated. Reaction of 3 with one
equivalent of AgBF4 in CH3CN gives the crystalline complex
[Ag4(3)4(CH3CN)4]·4BF4·7CH3CN·2.8H2O (5). The crystal
structure of 5 was determined by single-crystal techniques.[17]

Complex 5 contains a [Ag4(3)4(CH3CN)4]
4+ metallosupramo-

lecular prism in which the AgI centers form the vertices of a
slightly distorted tetrahedral prism, with Ag···Ag separations
along the tetrahedron edges ranging from 8.29 to 10.33 A.
Four tris(4-pyridylmethylamino)cyclotriguaiacylene ligands
form the faces of the [M4L4] tetrahedral prism (Figure 2).

There are four independent ligands within complex 5, and
each shows a noncrystallographic C3 symmetry. The confor-
mation of each ligand is similar, with the plane of each pyridyl
arm at approximately 908 to the plane of the core arene group
to which it is attached. All pyridyl arms are directed inwards
in relation to the ligand core. This conformation allows for
formation of a convergent, discrete structure, rather than a
polymeric structure which would result from an exo pyridyl
arm conformation. Each molecule of 3 bridges between three
AgI centers. There are four crystallographically independent
AgI centers, and each is coordinated by pyridyl groups from
three different molecules of 3 and an acetonitrile ligand. The
Ag�Npy and Ag�NCMe interatomic distances range from
2.216(13) to 2.328(13) and 2.390(18) to 2.60(3) A, respec-
tively, and the metal geometries are distorted tetrahedral,
distorted trigonal pyramidal, or have a geometry in-between
these extremes. Three of the four AgI centers have their
terminal acetonitrile ligand directed exo from the tetrahedral

Figure 1. The capsule structure of [Ag2(2)2(CH3CN)2]
2+ from the crystal structure of 4. a) Stick representa-

tion, b) space-filling representation.
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prism, and one, Ag(3), has the terminal acetonitrile molecule
directed into the prism. The geometry of Ag(3) is closest to
trigonal pyramidal with the acetonitrile ligand forming a long
bond (Ag�N: 2.60(3) A) in the capping position.

Tetrahedral metallosupramolecular prisms have been
reported by a number of researchers, with most examples
having an [M4L6] stoichiometry where the six ligands define
the edges of the tetrahedron.[19] There have been fewer
examples of tetrahedral metallosupramolecular assemblies
where the ligand defines a face of the tetrahedron. These are a
[M8L4] distorted tetrahedron from Fujita and co-workers,[20] a
distorted [M12L4] tetrahedron reported by Robson and co-
workers,[21] a handful of [M4L4] tetrahedra with triscatecholate
ligands,[22, 23] an [M4L4] tetrahedron formed from a disk-
shaped tridentate ligand,[24] and an [M4L4] tetrahedron with a
podand borate ligand.[25] Additionally, a flattened tetrahedral

structure, in which the calixresorcinarene ligands act as the
vertices of a metallosupramolecular tetrahedron, has been
reported by Beer and co-workers.[11b] Aside from the final two
examples, these tetrahedra feature ligands with a flat trigonal
core. Where the structure of 5 differs from these examples is
in having a pyramidal ligand defining the triangular faces of
the tetrahedron, which gives the assembly a spiked starlike
aspect, somewhat akin to stellations of a prism.[26] Figure 3a
highlights this “star-burst” aspect of 5 and shows the
tetrahedron of AgI ions and the centers of the lower rim -
(CH2)3- plane of the ligands. This “star-burst” topology
engenders the structure with a greater internal volume than
a tetrahedron of equivalent dimensions formed with a planar
trigonal ligand.

Overall, the [Ag4(3)4(CH3CN)4]
4+ prism is a molecular

host for five molecules of acetonitrile. Four of these aceto-
nitrile guests form host–guest interactions, each with an
individual ligand, in which the hydrophobic methyl group is
directed into the molecular cavity. Distances between the
methyl carbon atom of the guest and the lower rim -(CH2)3-
plane of the host ligand range between 3.74 and 3.86 A. The
fifth acetonitrile molecule is disordered across two positions
with 65% occupancy as the endo CH3CN molecule coordi-
nated to Ag(3) and 35% occupancy as a guest in the middle of
the assembly (Figure 3b).

The tetrahedral prisms pack together in the crystal lattice
with various p-stacking interactions apparent. These include
face-to-face interactions between core arene groups at
centroid separations of 3.56 A and edge-to-face interactions
between pyridyl CH groups and core arene groups at C�
H···centroid separations of 2.40 A (C···centroid distance
3.3 A). The additional solvent molecules and BF4

� counter-
ions fill spaces created by the packing of the prisms. These
sites are approximations of the tetrahedral and octahedral
interstitial holes displayed by close-packing spheres, which
are created as [Ag4(3)4(CH3CN)4]

4+ has a roughly spherical
surface. Note that [Ag4(3)4(CH3CN)4]

4+ does not genuinely
close pack as it is not truly spherical; distortions are such that
each [Ag4(3)4(CH3CN)4]

4+ unit is in proximity to 11 others
rather than the 12 expected of a genuinely close-packed array.

Figure 2. Tetrahedral metallosupramolecular prism [Ag4(3)4(CH3CN)4]
4+

from the X-ray crystal structure of 5. Thin lines highlight the tetrahedral
prism formed by the AgI centers (shown as spheres).

Figure 3. a) Star-burst aspect of [Ag4(3)4(CH3CN)4]
4+ with AgI centers shown as spheres and the centers of the ligand’s lower rim -(CH2)3- plane

shown as 3-connecting points. b) Host–guest associations within prism [Ag4(3)4(CH3CN)4]
4+ with guest CH3CN molecules inside the prism shown

in ball-and-stick representation.
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We have reported herein the first structural character-
izations of metallosupramolecular cages incorporating ligands
derived from the molecular host CTV. In the first case, the
additional flexibility engineered into our ligand system over
that reported by Shinkai and co-workers, coupled with the
geometrically more accommodating silver centers have
resulted in the isolation and structural characterization of a
more compact [M2L2] molecular capsule which incarcerates
two coordinated CH3CN guests. The utilization of the more-
divergent 4-pyridyl ligand 3 led to the formation of a
significantly expanded stellated tetrahedron with an internal
space capable of accomodating five CH3CN guest molecules.
This dichotomy of structures observed presents the intriguing
possibility that by tailoring the size of the guest we can control
the formation of various metallosupramolecular cages with
this ligand system.

Received: April 19, 2005
Published online: September 7, 2005

.Keywords: coordination modes · host–guest systems ·
N ligands · silver · supramolecular chemistry

[1] J. W. Steed, J. L. Atwood, Supramolecular Chemistry, Wiley,
Chichester, 2000.

[2] H. Zimmermann, P. Tolstoy, H.-H. Limbach, R. Poupko, L. Z.
Raphy, J. Phys. Chem. B 2004, 108, 18772 – 18778.

[3] S. T. Mough, J. C. Goeltz, K. T. Holman, Angew. Chem. 2004,
116, 5749 – 5753; Angew. Chem. Int. Ed. 2004, 43, 5631 – 5635; .

[4] For reviews, see: a) S. R. Seidel, P. J. Stang, Acc. Chem. Res.
2002, 35, 972 – 983; b) M. Fujita, K. Umemoto, M. Yoshizawa, N.
Fujita, T. Kusukawa, K. Biradha, Chem. Commun. 2001, 509 –
518; c) G. F. Sweigers, T. J. Malefeste, Chem. Rev. 2000, 100,
3483 – 3537; d) D. L. Caulder, K. N. Raymond, Acc. Chem. Res.
1999, 32, 975 – 982.

[5] M. J. Hardie, R. Mills, C. J. Sumby, Org. Biomol. Chem. 2004, 2,
2958 – 2964.

[6] a) M. J. Hardie, C. L. Raston, A. Salinas, Chem. Commun. 2001,
1850 – 1851; b) R. Ahmad, M. J. Hardie, CrystEngComm 2002, 4,
227 – 231; c) R. Ahmad, I. Dix, M. J. Hardie, Inorg. Chem. 2003,
42, 2182 – 2184.

[7] C. J. Sumby, M. J. Hardie, Cryst. Growth Des. 2005, 5, 1321 –
1324.

[8] Z. Zhong, A. Ikeda, S. Shinkai, S. Sakamoto, K. Yamaguchi,Org.
Lett. 2001, 3, 1085 – 1087.

[9] For a review, see: A. Collet, Tetrahedron 1987, 43, 5725 – 5759.
[10] For example, see: a) R. Pinalli, V. Cristini, V. Sottili, S. Geremia,

M. Campagnolo, A. Caneschi, E. Dalcanale, J. Am. Chem. Soc.
2004, 126, 6516 – 6517; b) M. J. Hardie and C. L. Raston, J.
Chem. Soc. Dalton Trans. 2000, 2483 – 2492; c) L. R. MacGilliv-
ray, P. R. Diamente, J. L. Reid, J. A. Ripmeester, Chem.
Commun. 2000, 359 – 360; d) J. Rebek, Jr., Chem. Commun.
2000, 637 – 643.

[11] a) O. D. Fox, M. G. B. Drew, E. J. S. Wilkinson, P. D. Beer,
Chem. Commun. 2000, 391 – 392; b) D. Fox, M. G. B. Drew, P. D.
Beer, Angew. Chem. 2000, 112, 139 – 144; Angew. Chem. Int. Ed.
2000, 39, 135 – 140; .

[12] a) G. W. V. Cave, J. Antesberger, L. J. Barbour, R. M. McKinlay,
J. L. Atwood, Angew. Chem. 2004, 116, 5375 – 5378; Angew.
Chem. Int. Ed. 2004, 43, 5263 – 5266; b) J. L. Atwood, L. J.
Barbour, A. Jerga, Chem. Commun. 2001, 2376 – 2377; c) T.
Gerkensmeier, W. Iwanek, C. Agena, R. FrNhlich, S. Kotila, C.
NOther, J. Mattay, Eur. J. Org. Chem. 1999, 2257 – 2262.

[13] L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469 – 472.
[14] G. W. Orr, L. J. Barbour, J. L. Atwood, Science 1999, 285, 1049 –

1052.
[15] J. L. Atwood, L. J. Barbour, S. J. Dalgarno, M. J. Hardie, C. L.

Raston, H. R. Webb, J. Am. Chem. Soc. 2004, 126, 13170 –
13171.

[16] a) D. S. Bohle, D. J. Stasko, Inorg. Chem. 2000, 39, 5768 – 5770;
b) C. Garcia, J. MalthÞte, A. Collet, Bull. Soc. Chim. Fr. 1995,
132, 52 – 58.

[17] Crystal data for 4 : C96H102Ag2F12N18O6P2,Mr= 2109.64, triclinic,
P1̄, a= 12.789(3), b= 13.779(3), c= 15.735(3) A, a= 98.26(3),
b= 110.38(3), g= 104.71(3)8, V= 2430.1(8) A3, Z= 1, 1calcd=

1.442 Mgcm�3, m= 0.522 mm�1, F(000)= 1084, colorless block,
0.31R 0.23R 0.13 mm3, 2qmax= 55.488, T= 150(1) K, 46790
reflections, 11104 unique (99.7% completeness), Rint= 0.0888,
658 parameters, GOF= 1.037, wR2= 0.1380 for all data, R1=

0.0477 for 8477 data with I> 2s(I). CCDC-268973 contains
supplementary crystal data for this structure. Crystal data for 5 :
C190H196Ag4B4F16N35O14.80, Mr= 3985.34, orthorhombic, Pbca,
a= 34.132(7), b= 32.714(7), c= 35.700(7) A, V= 39862(14) A3,
Z= 8, 1calcd= 1.328 Mgcm�3, m= 0.469 mm�1, F(000)= 16411,
colorless block, 0.18 R 0.13 R 0.07 mm3, 2qmax= 42.088, T=
150(1) K, 116753 reflections, 21415 unique (99.5% complete-
ness), Rint= 0.1335, 2361 parameters, GOF= 1.086, wR2=
0.3673 for all data, R1= 0.1096 for 12572 data with I> 2s(I).
CCDC-268974 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.

[18] R. Ahmad, M. J. Hardie, Cryst. Growth Des. 2003, 3, 493 – 499.
[19] For example, see: a) T. Beissel, R. E. Powers, K. N. Raymond,

Angew. Chem. 1996, 108, 1166 – 1168; Angew. Chem. Int. Ed.
Engl. 1996, 35, 1084 – 1086; b) D. L. Caulder, R. E. Powers, T. N.
Parac, K. N. Raymond, Angew. Chem. 1998, 110, 1940 – 1943;
Angew. Chem. Int. Ed. 1998, 37, 1840 – 1843; c) M. Ziegler, A. V.
Davis, D. W. Johnson, K. N. Raymond, Angew. Chem. 2003, 115,
689 – 692;Angew. Chem. Int. Ed. 2003, 42, 665 – 668; d) S. Mann,
G. Huttner, L. Zsolnai, K. Heinze, Angew. Chem. 1996, 108,
2983 – 2984; Angew. Chem. Int. Ed. Engl. 1996, 35, 2808 – 2809;
e) J. S. Fleming, K. L. Mann, C.-A Carraz, E. Psillakis, J. C.
Jeffery, J. A. McCleverty, M. D. Ward, Angew. Chem. 1998, 110,
1315 – 1318; Angew. Chem. Int. Ed. 1998, 37, 1279 – 1281; ;
f) R. L. Paul, Z. R. Bell, J. C. Jeffery, J. A. McCleverty, M. D.
Ward, Proc. Natl. Acad. Sci. USA 2002, 99, 4883 – 4888; g) R. L.
Paul, S. P. Argent, J. C. Jeffery, L. P. Harding, J. M. Lynam, M. D.
Ward, Dalton Trans. 2004, 3453 – 3458; h) R. W. Saalfrank, A.
Stark, K. Peters, H. G. Von Schnering, Angew. Chem. 1988, 100,
878 – 880; Angew. Chem. Int. Ed. Engl. 1988, 27, 851 – 853; ;
i) E. J. Enemark, T. D. P. Stack, Angew. Chem. 1998, 110, 977 –
981; Angew. Chem. Int. Ed. 1998, 37, 932 – 935.

[20] K. Umemoto, K. Yamaguchi, M. Fujita, J. Am. Chem. Soc. 2000,
122, 7150 – 7151.

[21] I. M. MUller, R. Robson, F. Separovic, Angew. Chem. 2001, 113,
4519 – 4520; Angew. Chem. Int. Ed. 2001, 40, 4385 – 4386.

[22] a) C. BrUckner, R. E. Powers, K. N. Raymond, Angew. Chem.
1998, 110, 1937 – 1940; Angew. Chem. Int. Ed. 1998, 37, 1837 –
1839; b) D. L. Caulder, C. C. BrUckner, R. E. Powers, S. KNnig,
T. N. Parac, J. A. Leary, K. N. Raymond, J. Am. Chem. Soc. 2001,
123, 8923 – 8938; c) R. W. Saalfrank, H. Glaser, B. Demleiter, F.
Hampel, M. M. Chowdhry, V. SchUnemann, A. X. Trautwein,
G. B. M. Vaughan, R. Yeh, A. V. Davis, K. N. Raymond, Chem.
Eur. J. 2002, 8, 493 – 497.

[23] M. Albrecht, I. Janser, S. Meyer, P. Weis, R. FrNhlich, Chem.
Commun. 2003, 2854 – 2855.

[24] S. Hiraoka, T. Yi, M. Shiro, M. Shionoya, J. Am. Chem. Soc. 2002,
124, 14510 – 14511.

Communications

6398 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6395 –6399

http://www.angewandte.org


[25] A. J. Amoroso, J. C. Jeffery, P. L. Jones, J. A. McCleverty, P.
Thornton, M. D. Ward, Angew. Chem. 1995, 107, 1577 – 1580;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1443 – 1445.

[26] Stellations arise from extending the edges of a polyhedron so
that they intersect to form a star. A tetrahedron cannot strictly
show a stellation as the extended edges of a tetrahedron never
meet. Often the overall effect of stellation is to produce
pyramidal faces in place of flat faces; hence this prism is
reminiscent of a stellated prism. For an example of a complex
with a stellated structure, see: E. C. Constable, C. E. Housecroft,
M. Neuburger, S. Reymann, S. Schaffner, Chem. Commun. 2004,
1056 – 1057.

Angewandte
Chemie

6399Angew. Chem. Int. Ed. 2005, 44, 6395 –6399 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Structure Elucidation

DOI: 10.1002/anie.200501533

Facile Disulfide Bond Cleavage in Gaseous
Peptide and Protein Cations by Ultraviolet
Photodissociation at 157 nm**

Y. M. Eva Fung, Frank Kjeldsen,* Oleg A. Silivra,
T. W. Dominic Chan, and Roman A. Zubarev*

Disulfide bonds formed between cysteine residues stabilize
the native structure of many proteins.[1] These covalent cross-
linkages are part of the tertiary structure and introduce
conformational constraints to the polypeptide architecture,
thus improving the thermodynamic stability. Mass spectrom-
etry has become increasingly important in the character-
ization and identification of proteins as a result of its
capability for highly specific measurements on relatively
small amounts of analyte. Protein characterization and
identification relies on database searches using primary
sequence information obtained by tandem mass spectrometry
(MSn or MS/MS). The top-down approach[2] applied to intact
proteins ions is an efficient MS/MS method which is
potentially suited for the high-throughput characterization

of proteins. The problems addressed by the top-down
approach include verification of the protein sequence, local-
ization of errors in DNA-predicted sequences, de novo
sequencing, as well as the analysis of pre- or posttranslational
modifications (PTMs). However, such PTMs as disulfide
bonds still remain a challenge for traditional MS/MS techni-
ques that utilize vibrational excitation (VE), as they break
peptide bonds preferentially in protonated polypeptides and
leave the disulfide bonds intact.[3] As a result, information on
the primary sequence is limited to parts of the protein that is
not constrained by disulfide bonds. This restriction compli-
cates primary sequence elucidation and limits the utility of
automated database searches. The problem of disulfide bonds
is solved conventionally by their reduction and alkylation[4]

prior to MS/MS measurements. However, the additional step
involving solution-phase chemistry, including subsequent
purification, greatly increases the analysis time and the risk
of sample loss. Another approach is to use an alternative ion-
dissociation strategy. Chrisman and McLuckey have shown
that VE of deprotonated polypeptides induced by collision-
ally activated dissociation (CAD)[5] breaks disulfide bonds
with high efficiency.[6] However, CAD of peptide anions often
produces complicated mass spectra that, together with back-
bone cleavages, contain significant amounts of neutral mass
losses and rearrangement products which make such MS/MS
spectra of limited value for sequencing. Electron-capture
dissociation (ECD)[7] stands alone in its ability to cleave S�S
bonds preferentially in peptide polycations (Scheme 1).[3] A

drawback of this technique is that the capture of a low-energy
electron by multiply charged polypeptides results in charge
reduction prior to bond cleavage, which in turn leads to a
charge decrease in one of the two fragments. As species need
to contain at least one charge to be detectable in mass
spectrometry, the charge reduction in ECD can lead to a loss
of information.
Previously, when magnetic sector instruments were widely

used, high-energy CAD (HE CAD) was utilized to produce
cleavage of numerous disulfide bonds in peptides.[8] The
abundance of this fragmentation channel compared to low-
energy CAD has been explained by electronic excitation.
Today, HE CAD can only be found in TOF/TOF instruments
that are more suitable for peptides than for proteins, and for
which MSn abilities are limited above n= 2. Therefore, a
fragmentation technique is needed that is suitable for MSn of
protein cations and that would not involve charge reduction.
We have assumed that if the HE CAD efficiency for

cleavage of a disulfide bond is indeed a result of electronic
excitation, a similar effect could be expected upon irradiation
of polycations with ultraviolet (UV) light. Indeed, irradiation
of desorbed cations with light of wavength 337 nm in matrix-
assisted laser desorption ionization (MALDI) studies[9]

results in partial reduction of the S�S bonds in situ.[10] The

Scheme 1. Charge reduction by cleavage of the disulfide bond with ECD.
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wavelength of maximum absorption for the S�S bond in, for
example, cystine (Cys-S-S-Cys) is approximately 150 nm.[11]

Therefore, one may expect an efficient cleavage of the S�S
bond upon UV photodissociation (UVPD) at 157 nm. This
cleavage would compete with the backbone fragmentation of
peptide monocations reported by Reilly and co-workers that
resulted in unusual cleavage of the backbone Ca�C bonds (a,
x-type fragments).[12] The fragmentation of the peptide back-
bone in that study was explained as a result of electronic
excitation of the polyamide bonds as a consequence of
absorption of photons of 7.9 eV.
Herein, we have tested the above assumption and present

evidence of a facile cleavage of both intra- and intermolecular
disulfide bonds in peptide and protein polycations by UVPD
at 157 nm. Figure 1 presents a comparison of the MS/MS
spectra obtained with CAD, ECD, and consecutive UVPD
and CAD (UVPD/CAD) of a peptide dimer linked by an
intermolecular disulfide bridge. The CAD mass spectrum
(Figure 1a) of the [M+3H]3+ ions contains only a few (ten) b-
and y-type fragment ions (in b ions, the charge is retained on
the N-terminal side of the peptide, and in y ions on the C-
terminal side).[13] However, there was no evidence for
cleavage of the disulfide bond. In contrast, ECD (Figure 1b)
produced abundant signals corresponding to free monomers

and thus to cleavage of the S�S bond. Charge reduction
meant that only singly charged peptide monomers were
observed, thus rendering them useless for MS3 by ECD, as
electron capture would neutralize them and their products.
UVPD at 157 nm (Figure 1c) also cleaved the disulfide bond,
and led to both singly and doubly charged peptide monomers.
The efficiency of the dissociation of the S�S bond (defined as
the ratio of the released monomer abundances divided by the
total ion abundance) by UVPD at 157 nm was 1.2%
compared to 2.3% with ECD. However, UVPD at 157 nm
was implemented on a linear ion trap that was approximately
100 times more sensitive than the Fourier transform analyzer
on which the ECD mass spectrum was obtained. Thus, the
twofold loss of efficiency was more than compensated by the
huge advantage in sensitivity. Furthermore, the efficiency of
the S�S bond cleavage in UVPD increases as the positive
charge decreases (data not shown).
Only limited information on the sequence of the peptide

dimers was obtained inMS2 with UVPD at 157 nm, as the S�S
bond was cleaved at a higher rate than the peptide backbone.
Therefore, the released doubly charged peptide monomers
were isolated and subjected to MS3 by CAD (Figure 1d and
e), which resulted in extensive fragmentation of the backbone
(> 60% sequence coverage). The same procedure was carried

Figure 1. a)–c) Tandem mass spectra of a disulfide-bridged peptide dimer, M1-S-S-M2 ; where M1=MGLDTYCLSKAIR and M2=TRLNQCFPTKAT.
Fragments from M1 are marked in bold and that from M2 are marked in italics. The fragmentation techniques were: a) CAD, b) ECD, c) UVPD at
157 nm, d) CAD of isolated [M1+2H]2+ after UVPD at 157 nm of M1-S-S-M2 trications; e) CAD of isolated [M2+2H]2+ after UVPD at 157 nm of
M1-S-S-M2 trications. The identities of the [M1,2�61]2+ peaks in (d) and (e) are currently under investigation.
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out on singly charged peptide monomers, which increased the
overall sequence coverage to 96%, with only one interresidue
bond not cleaved. The combined sequence information of all
the disulfide-linked peptide dimers studied is summarized in
Figure 2.

We hypothesize that UVPD breaks disulfide bonds by
homolytic cleavage induced by electronic excitation. This
process should result in two complementary fragments with
radicals localized on each of the sulfur atoms (R1CH2SC/
R2CH2SC). However, the isotopic pattern observed for the
sulfenyl radical (see inset of Figure 1c) was much broader
than the theoretically calculated distribution. To investigate
this effect further we isolated separately two isotope compo-
nents of the UVPD-released doubly charged
TRLNQCFPTKAT peptide monomer and fragmented them
by CAD (Figure 3a and b, respectively). Only the cysteine-
containing fragment ions exhibited a mass difference of 1 Da
between the two spectra—other fragment ions were of the
same mass. This result implies that the mass difference of
1 Da between the two monomeric ions was not exclusively the
consequence of stable isotopes (for example, 12C versus 13C),
but also the result of the presence of two different species
(R1CH2SC and R1CH2SH). Similarly, isolation and MS/MS of
the isotope 1 Da below the monoisotopic signal confirmed the
identity of these ions as R1CH=S (data not shown).
Thus, three mechanisms for the cleavage of disulfide

bonds in UVPD at 157 nm were proposed (Scheme 2).
Electronic excitation by photon absorption can lead to rapid
cleavage of the disulfide bond and formation of two sulfenyl
radicals R1CH2SC and R2CH2SC (path a). If fragment separa-
tion is delayed because of noncovalent bonds between the
monomers, the proximity of the two radical peptide chains

can result in intermolecular hydrogen transfer. This process
leads to reactions (path b or path c) where either abstraction
of a H atom by a peptide monomer from the other monomer
forms sulphydryl or thioaldehyde (-CH2SH or -CH=S) func-
tional groups. Alternatively, absorption of a photon by a
dimer leads to intramolecular hydrogen rearrangement, with
an H atom attacking the S�S bond, as has been suggested for
ECD.[3,14] Additional evidence for this latter mechanism
comes from the observation of abundant loss of H atoms
from irradiated precursor ions (data not shown), thus
indicating that hydrogen abstraction and rearrangement do
play a significant role in UVPD at 157 nm.
The ability of UVPD at 157 nm to cleave intramolecular

disulfide bonds was tested on the peptide RLCADTPICGK
with a disulfide bridge between the two cysteine residues.
Figure 4 shows the CAD spectrum (Figure 4a) and the
UVPD spectrum (Figure 4b) for comparison. While CAD
yielded only three b and one y ions with no cleavage of the
disulfide bond, UVPD generated a series of a-type (a2–a10)
fragment ions (a ions correspond to cleavage of a Ca

�C
backbone bond with the charge retained on the N-terminal
side) and two d-type fragment ions (dn ions form from radical
an ions by loss of side-chains from the C-terminal residue), all
as a consequence of cleavage of the disulfide bond. The
observation of a-type fragment ions in UVPD at 157 nm was
in agreement with the results obtained by Reilly and co-
workers.[12] Two other peptide ions with intramolecular
disulfide bonds gave similar fragmentation (data not shown).
Moving from model peptides to biologically relevant

proteins, we applied UVPD at 157 nm to human insulin, a 5.9-
kDa molecule containing polypeptide chains A and B linked
by two disulfide bonds, and with one S�S bond within the

Figure 2. a) Fragmentation schemes of three trications of disulfide-
bridged peptide dimers resulting from UVPD/CAD at 157 nm.

Figure 3. CAD mass spectra of isolated isotopic ions after UVPD at
157 nm of dications of the TRLNQCFPTKAT peptide corresponding to
masses of a a) monoisotopic signal and b) the first isotopic signal.

Scheme 2. Suggested reaction pathways for the cleavage of the disulfide bond by UVPD at 157 nm.
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A chain (Figure 5). Previously, ECD of 6+ ions have
released free A and B chains, but only the B chain gave a
MS3 spectrum.[3] Here, UVPD of [M+6H]6+ ions (Figure 5a)
yielded predominantly the quadruply charged B chain and
doubly charged A chain by simultaneous cleavage of both
intermolecular disulfide bonds. CAD on the isolated 4+
charged B chain (Figure 5b) gave abundant b and y fragment
ions covering 59% of the sequence. CAD was performed on
2+ charged A-chain ions (Figure 5c) to determine whether
the intramolecular S�S bond in the A chain was also cleaved.
This experiment yielded b and y ions covering 85% of the

sequence. Observation of seven fragments arising from
backbone cleavages between the two cysteine residues
confirmed the breakage of the intramolecular S�S bond.
Thus, the UVPD/CAD combination provided the most
complete top-down sequence verification of a protein with
three S�S bonds to date.
In summary, we have demonstrated the ability of UVPD

at 157 nm to cleave both intra- and intermolecular disulfide
bonds without charge reduction in peptide and protein
cations. This methodology is expected to be useful in
de novo sequencing of polypeptides. As a note of caution,
competition with backbone cleavages in UVPD complicates
identification of complementary fragment pairs arising exclu-
sively from cleavage of the S�S bond in de novo sequencing.
This problem can be addressed by first performing CAD of
the intact protein to reveal complementary pairs arising from
cleavage of the backbone.While classical reduction of the S�S
bond in solution may still provide a clearer answer, the faster
UVPD approach that avoids time- and sample-consuming wet
chemistry will be preferred in many cases. As photons are not
affected by electromagnetic irradiation, UVPD can easily be
adapted to different types of mass analyzers, which broadens
the application range of this technique.

Experimental Section
Cysteine-containing peptides were synthesized by automated solid-
phase synthesis using the 9-fluorenylmethoxycarbonyl (Fmoc) pro-
tection strategy on a research-scale ResPep peptide synthesizer

(Intavis AG, Gladbach, Germany). The
oxidation of the cysteine residues was
performed on 0.5 mg of peptides in a
solution of DMSO (20 mL) in 20 mm
NH4HCO3 (aq, 80 mL) for two days at RT.
Human insulin (Sigma, St Louis, MO) was
used without further purification. Mass-
spectrometric experiments were performed
on a linear ion trap mass spectrometer
(Thermo Electron, San Jose, CA) equipped
with a nanoelectrospray interface operated
in the positive ion mode. Oxidized peptides
were diluted in a solvent containing acetic
acid/methanol/water (2:49:49, v/v/v) to
approximately 10�6m and electrosprayed.
An excimer F2 UV laser at 157 nm (Excistar
S500, Tuilaser, Germering, Germany) was
connected with the mass spectrometer by
means of a CaF2 window on-axis with the
ion trap. Unfocused laser pulses (15 ns,
1 mJ) with a repetition rate of 500 Hz
were passed through a 1.5-mm collimator
installed in front of the window. Isolated
precursor ions were irradiated for 3 to 9 ms
with UV light. ECD experiments were
performed on a 7 Tesla FT mass spectrom-
eter (Thermo Electron AG, Bremen, Ger-
many) equipped with an indirectly heated
cathode as an electron source. The electron
irradiation in ECD lasted for 70 ms.

Received: May 4, 2005

Figure 4. Tandem mass spectra of dications of the peptide
RLCADTPICKGK with an intramolecular disulfide bridge, obtained
with: a) CAD and b) UVPD at 157 nm.

Figure 5. a) Mass spectrum of human insulin 6+ ions obtained by UVPD at 157 nm, b) CAD spectrum of
[M+4H]4+ ions of the B chain released in UVPD at 157 nm from 6+ insulin ions, c) CAD spectrum of
[M+2H]2+ ions of the A chain released in UVPD at 157 nm from 6+ insulin ions. The inset shows the iso-
topic distribution of y11 ions (Ile�Cys bond cleaved) confirming breakage of the disulfide bond.
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Peptidoglycan is an essential component of the bacterial cell
wall and provides the structural integrity necessary to resist
internal osmotic pressure and to prevent cell lysis.[1] It is a

covalent linear glycan polymer that consists of alternating N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid
(MurNAc) residues, the latter of which have an appended
pentapeptide chain. In addition to the transglycosylase and
transpeptidase enzyme families, the biosynthesis of peptido-
glycan involves a number of ATP-dependant ligases (namely
the Mur ligases). These catalyze the assembly of the
pentapeptide moiety through the successive addition of l-
Ala, d-Glu, m-dpm or l-Lys, and d-Ala–d-Ala to UDP-
MurNac by MurC, MurD, MurE, and MurF enzymes,
respectively (m-dpm=meso-diaminopimelic acid; UDP=
uridine-5’-diphosphoryl). An additional ATP-dependant
enzyme, d-Ala–d-Ala ligase (dd-ligase) is responsible for
supplying the d-Ala–d-Ala dipeptide, which is the substrate
for MurF.
Inhibition of any of these essential enzymes in either

Gram-positive or Gram-negative organisms leads to the loss
of cell shape and integrity followed by bacterial death.[2–4] The
emergence of bacterial strains that are resistant to all
antibiotics in current clinical use has created an urgent need
for the development of new inhibitors of peptidoglycan
biosynthesis enzymes and, in particular, those that act on
targets that have not been previously exploited.
As part of a structure-based design and synthesis program

for the discovery of new enzyme inhibitors, we previously
described the computer-aided molecular design, synthesis,
and biological evaluation of novel inhibitors of the ligase
responsible for d-Glu attachment, MurD.[5] Other research
groups, using either library-screening methods or substrate-
inspired approaches, have also reported useful inhibitors of
the MurC[6–8] and MurD[6,9,10] ligases. A phosphinate-based
transition-state isostere of dd-ligase has also been
reported.[10]

The structure-based design of small-molecule enzyme
inhibitors is a powerful tool in drug discovery, particularly if
an X-ray crystal structure of the target enzyme is available.
For cases in which the X-ray crystal structure includes a
substrate or a known inhibitor, a substrate-inspired approach
can be adopted; classical molecular modeling techniques can
be used to alter the structure of the co-crystallized substrate,
and a new molecule with enhanced enzyme-binding affinity
can be produced. To identify different inhibitor structure
types, the technique of virtual high-throughput screening
(VHTS) can also be applied to the crystal structure of the
enzyme in an attempt to identify new “hits” by docking the
3D structures of molecules contained in a database.[11]

However, both techniques have a number of drawbacks.
The substrate-inspired approach requires a suitable enzyme–
substrate co-crystal structure. Furthermore, the structures of
the designed molecules will necessarily be biased toward that
of the original co-crystallized small molecule, which, as is the
case for many natural enzyme substrates, may not possess
drug-like properties and may not be an ideal starting point.
Although suitable databases allow the design of molecules by
the VHTS method to focus on drug-like fragments, this
technique is limited by the size and diversity of the small-
molecule database; even databases that consist of millions of
compounds constitute only a small fraction of the available
“diversity space”.
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Recent reports involving the application of de novo
design indicate that this approach is a powerful alternative
to these classical drug discovery approaches.[12–15] Through the
use of only structural features present within the enzyme, new
inhibitor designs can be built up sequentially according to the
requirements of the targeted binding site. Therefore, in
principle, de novo design should be a far more useful
technique than VHTS, because a good de novo design
program will examine structure space many orders of
magnitude larger than that of most virtual libraries currently
in use for this purpose. Herein, we report the application of
the de novo molecular design program SPROUT[16] to the
design of a novel inhibitor of dd-ligase from E. coli. We also
describe the development of an efficient synthesis of this
novel inhibitor and the enzymological characterization of its
interaction with dd-ligase and a related enzyme.
SPROUT[16] is a powerful suite of software modules for

de novo structure-based molecular design. SPROUT has
modules for 1) characterizing regions within a protein,
2) detecting “hot-spots” in which ligand atoms are expected
to form strong interactions with the protein, 3) docking
molecular fragments to these sites, 4) joining these fragments
with a molecular backbone to give a complete ligand, and
5) ranking the set of predicted ligands by criteria that include
predicted binding energy, structural complexity, and synthetic
accessibility.
In E. coli, there are two isoforms of dd-ligase (DdlA and

DdlB) encoded by the genes ddlA and ddlB, with similar
kinetic characteristics. The crystal structure of E. coli DdlB
complexed with a phosphorylphosphinate inhibitor and
resolved to 2.3 D has been used to propose a catalytic
mechanism for the formation of d-Ala–d-Ala.[17] To use a
de novo approach for the discovery of novel dd-ligase
inhibitors, we applied SPROUT to the X-ray crystal struc-
ture[18] of dd-ligase encoded by ddlB from E. coli.
The active site contains two distinct d-alanine binding

sites; the N-terminal site is a high-affinity site with strict
substrate specificity, whereas the C-terminal site is a lower-
affinity site showing lower substrate specificity.[19] A phos-
phonate-based transition-state isostere is included in the
crystal structure of DdlB, located within the active site. It
makes direct contacts with essentially all of the residues
implied by the catalytic reaction mechanism[17] (Figure 1).
To design a structurally simple inhibitor which was

predicted to show high affinity for the enzyme, we wished
to use only a small number of these contacts in our SPROUT
design strategy. Examination of this active site with SPROUT
indicated that use of the side chains of residues R255 and E15,
the Ca backbone N�H group of G276, and the magnesium ion
Mg331 should result in relatively simple designed molecular
templates. Additionally, SPROUT analysis revealed the
presence of a small hydrophobic region (which is not used
by the phosphonate isostere) between the phenolic ring of
Y216 and the alkyl side chain of L282 that we also wished to
use for inhibitor design. During this work, it became apparent
that the design of a molecular template which allows good
contacts to be made to all these sites would require a rigid
small-ring framework; the cyclopropyl-based amino acid 1

(Figure 2) was selected from the many suggestions that arose
from the SPROUT design iterations.
One of us recently reported the X-ray crystal structure of

the closely related ligase VanA co-crystallized with the same
phosphinate-based isostere as described above for DdlB.[20] In
addition to the dd-ligases, VanA is present in certain
vancomycin-resistant enterococci and is responsible for the
formation of d-alanine–d-lactate. This unit is then incorpo-
rated into the pentapeptide chain, and it is the resulting
lactate-containing peptide that binds poorly to vancomycin.
We were aware that although the overall topology of the
active sites of VanA and DdlB were very similar, there are
also important differences, particularly in the hydrophobic
region bordered by L282 and Y216 in DdlB (corresponding to
R317 and H244 in VanA). We therefore used SPROUT to
produce a model of our designed inhibitor 1 within the active
site of VanA (Figure 3). This revealed that the three designed
hydrogen-bonding contacts to E15 (E16 in VanA), R255
(R290 in VanA), and G276 (G311 in VanA) as well as binding
to the magnesium ion were possible for the inhibitor 1 bound
within the active site of VanA. However, VanA possesses a

Figure 1. a) The bonding interactions between the phosphonate-based
isostere and DdlB based on the crystal structure; b) view of the DdlB
active site.
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much narrower hydrophobic region between H244 and R317
than the equivalent region in DdlB (between L282 and Y216)
due to protrusion of the imidazole ring of VanAH244 into the
cavity (Figure 3). In fact, SPROUTanalysis of the inhibitor 1–
VanA complex indicated that this inhibitor should bind only
very poorly to VanA. Following synthesis, we therefore
planned to measure the affinity of inhibitor 1 with both
DdlB and VanA and test the selectivity of our inhibitor
predicted by these computational studies.
A short synthesis of cyclopropane 1 was developed and is

summarized below (Scheme 1). Ring opening of the readily
available racemic lactone 2[21] followed by halogen exchange
and oxidation afforded aldehyde 3. Olefination with phos-
phorane 4 followed by catalytic reduction of the double bond
with concomitant N-deprotection and final ester hydrolysis
yielded the desired inhibitor 1 as an inseparable 1:1 mixture of
diastereomers.[22]

Enzymological evaluation[23] of designed inhibitor 1 was
performed with recombinant E. coli DdlB and VanA
enzymes. In keeping with our modeling predictions, this
molecule (as a diastereomeric mixture) inhibits the activity of
DdlB with an apparent Ki value of 12.5(�0.1) mm, whereas it

had no inhibitory activity against VanA. The apparent Ki
value of cycloserine for DdlB, a known inhibitor of this
enzyme, was 1.4 mm. Clearly, the designed template is for a
single enantiomer of absolute stereochemistry shown in
Figure 2. In these proof-of-principal studies, however, we
chose to perform biological evaluation with a readily avail-
able diastereomeric mixture containing this designed tem-
plate along with equimolar amounts of three other stereiso-
meric versions of this inhibitor. Therefore, although the
measured binding affinity of this mixture to DdlB is very
encouraging, it is likely that the actual designed enantiomer 1
is an even more potent inhibitor of DdlB. It should be noted
that the production of inhibitors that are active at the low
micromolar concentration range after pure de novo design is
quite typical of the current state of this approach; of course,
inhibitors active at this level provide an excellent starting

Figure 2. a) The bonding interactions of SPROUT-designed inhibitor 1;
b) view of inhibitor 1 within DdlB active site.

Figure 3. SPROUT-designed DdlB inhibitor 1 in the active site of VanA
showing contacting residues. The corresponding residues in DdlB are
superimposed (VanA residues in darker shading, DdlB numbering
shown above VanA numbering).

Scheme 1. Synthesis of inhibitor 1: a) SOBr2, MeOH, 93%; b) NaI,
Me2CO, 98%; c) DMSO, iPr2NEt, 63%; d) 4, DBU, 87%; e) H2, Pd/C,
MeOH, 33%; f) LiOH, MeOH, 63%. DBU=1,8-diazabicyclo-
[5.4.0]undec-7-ene.
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point for further optimization. Development of more accu-
rate functions for the estimation of binding affinity remains a
key requirement for further progress in the de novo design of
even more potent inhibitors.
In summary, it appears that SPROUT-based de novo

design holds tremendous potential for the rapid discovery of
selective inhibitors of DdlB and related enzymes. We believe
that this approach is complementary to the use of high-
throughput screening and is particularly attractive for cases in
which such screening methodology is not available or in which
access to large collections of library compounds of sufficient
molecular diversity is limited.
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Nitric oxide (NO), nitroxyl (HNO), and hydroxylamine have
been invoked as key intermediates in the biological multi-
electron reduction of nitrite to ammonia, which is a funda-
mental process in the inorganic nitrogen cycle in nature. The
reaction is catalyzed by a certain type of nitrite reductase that
contains heme moieties at its active site.[1] Within this context,
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the electrochemical reduction of nitrite to ammonia by
coordination compounds of iron and its congeners ruthenium
and osmium has been studied extensively.[2] In these systems,
however, the exact formulation and coordination mode of the
intermediary nitroxyl and hydroxylamine complexes are not
known. Indeed, interconversion of these partially reduced
nitrogenous species, including their organic derivatives such
as nitrosoalkanes (RNO), on late transition-metal centers
remains unexplored[3–8] compared with that on the early
transition metals.[9,10] In an early example, Roper and co-
workers[3] reported the reversible protonation of the nitrosyl
complex [Ir(NO){P(C6H5)3}3] by HCl to afford the hydroxyl-
amine complex [IrCl3(NH2OH){P(C6H5)3}2]. Although the
nitroxyl complex [IrCl(HNO-kN){P(C6H5)3}3] has recently
been characterized as an initial protonation product in this
transformation,[4] the second protonation site of the nitroxyl
complex, for example, is still unclear. We now describe the
stepwise transformation of nitrosylruthenium complexes to
nitrosoalkane and N-alkylhydroxylamido(1�) complexes, as
well as the facile interconversion of the latter two species.

The thermolysis of the linear nitrosyl complexes
[Cp*Ru(NO)(CH3)(NC5H4Ar-2)](OTf) (1a, Ar=C6H5; 1b,
Ar= 4-CH3C6H4; Cp*=C5Me5)

[11] gave mixtures of the two
isomeric N-methylhydroxylamido(1�)-k2N,O complexes 2
and 3 (Scheme 1). Fortunately, all of these isomers, except

for the phenylpyridine derivative 3a, could be isolated by
adjusting the reaction conditions and subsequent workup
procedure. The solid-state structures of the tolylpyridine
derivatives 2b and 3b are depicted in Figure 1.[12] The two
isomers 2b and 3b have the same stereochemistry around the
Ru atom but are differentiated by the relative orientation of
the Cp* and methyl groups with respect to the three-
membered RuNO ring; these groups lie on the same side of
the RuNO plane in 2 and on the opposite side in 3. The N�O
distances (1.380(5) and 1.377(4) >) are unexceptional for
hydroxylamido(1�) complexes.[9,14,15] Although the hydrox-
ylamido(1�) H atom could not be located in the difference
Fourier map, close contacts (ca. 2.9 >) of the N atom and the

triflate O atom in both crystals clearly indicate the presence
of an amine proton hydrogen-bonded to the OTf� counterion.
The presence of the amine proton was also deduced from the
IR spectra, which display an NH stretching band around
3140 cm�1. In the 1H NMR spectra, the amine proton in 3 is
observed at around d= 8.6 ppm as a quartet split by the N-
methyl protons with a 3JH,H coupling constant of 4.4 Hz;

[16] the
corresponding signal of 2 is overlapped by the aryl resonances
around d= 7.8 ppm. These observations confirm the formu-
lation of the RuIV hydroxylamido(1�) complexes 2 and 3. To
the best of our knowledge, 2 and 3 are the first fully
characterized hydroxylamido(1�) complexes of a late tran-
sition metal.[5,7]

It should be noted that samples of isolated 2 and 3
undergo slow isomerization to give mixtures of 2 and 3. The
disappearance of the 1H NMR signal of the amine proton
upon treatment of 2 or 3 with D2O suggests that the
isomerization takes place by a deprotonation–protonation
sequence that involves the amine proton. Dissociation of the
M�N bond followed by inversion at the N atom[17] seems less
plausible because 2 and 3 were found to be inert towards
various two-electron donor ligands such as CO, phosphanes,
and alkynes at room temperature.

Scheme 1. Synthesis of 2 and 3.

Figure 1. Structures of a) 2b and b) 3b with 30% ellipsoids. Hydrogen
atoms except that for the hydroxylamido group are omitted for clarity.
Selected interatomic distances [B] for 2b : Ru(1)�O(1) 2.042(3),
Ru(1)�N(1) 2.057(3), Ru(1)�N(2) 2.081(3), Ru(1)�C(22) 2.075(4),
N(1)�O(1) 1.379(4), N(1)�O(2) 2.869(5). For 3b : Ru(1)�O(1)
2.040(2), Ru(1)�N(1) 2.042(2), Ru(1)�N(2) 2.087(3), Ru(1)�C(22)
2.073(3), N(1)�O(1) 1.370(3), N(1)�O(2) 2.982(4).
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In the formation of 2 and 3 from 1, the nitrosyl ligand
undergoes an intramolecular methylation and protonation
coupled with the cyclometalation of the coordinated arylpyr-
idine. Evidence for the stepwise transformation of the nitrosyl
ligand was obtained from separate experiments. Treatment of
the ruthenacyclic complexes [Cp*Ru(NO)(C6H3R-C5H4N-
k2N,C)](OTf) (4a, R=H; 4b, R=CH3)

[11] with an equimolar
amount of CH3Li afforded the RuII nitrosomethane-kN
complexes 5 as the main product, although the yields of
isolated product were unsatisfactory due to the difficulty in
separating them from small amounts of uncharacterized by-
products (Scheme 2). The X-ray crystal structure analysis of

the phenylpyridine derivative 5a revealed the N-coordination
of the nitrosomethane ligand (Figure 2).[12] The N�O distance
of 1.264(13) > is much shorter than those in the hydroxyl-
amido(1�) complexes 2b and 3b. The nitrosomethane ligand,
the Ru atom, and the centroid of the Cp* ligand are coplanar
to maximize the p back-donation to the nitrosomethane

ligand, as observed in the isoelectronic complex [Cp*Ru-
(C6H5)(C2H5NO-kN){P(CH3)2(C6H5)}].

[18]

As expected, subsequent protonation of the nitrosometh-
ane complexes 5 with a slight excess of triflic acid gave
isomeric mixtures of the hydroxylamido(1�) complexes 2 and
3. Despite the rich coordination chemistry of nitrosoalkane,[19]

protonation of well-defined nitrosoalkane (or nitroxyl)
ligands on late transition-metal centers is extremely rare.
The only precedent we are aware of is the O-protonation of
the nitrosobenzene complex [Os(NO)Cl(C6H5NO-k

2N,O)-
{P(C6H5)3}2], the product of which was characterized only
by IR spectroscopy.[7] Furthermore, the reverse reaction,
namely deprotonation of isomeric mixtures of 2 and 3,
regenerated the nitrosomethane-kN complexes 5. The for-
mation of the nitroxyl-kN derivatives 5 contrasts sharply with
the deprotonation of the hydroxylamido(1�)molybdenum
complex [Mo(NO)(terpy)(H2O)(H2NO-k

2N,O)]2+, which
forms a nitroxyl-k2N,O complex.[20]

The overall transformation shown in Scheme 2 has close
relevance to the biological reduction of nitrite (Scheme 3). In
the biological system, alternating proton and electron transfer

is thought to convert the nitrosyl intermediate into the heme-
bound nitroxyl and hydroxylamine.[1c] On the other hand, the
nitrosyl ligand on the ruthenium complexes 4 is reduced upon
methylation and subsequent protonation. The electrons for
this reduction are formally supplied by the methyl anion in
the first step, and by the RuII center in the nitrosomethane
complexes 5 in the second step, to give the hydroxyl-
amido(1�) ligand in the RuIV complexes 2 and 3. Similarly,
the reaction in Scheme 1 can be considered as the migratory
insertion of the nitrosyl ligand in 1 into the Ru�CH3 bond

[10,21]

followed by an aromatic C�Hbond activation and subsequent
proton migration to the resultant nitrosomethane ligand. It
should be emphasized that related electron–proton chemistry
of the nitrosyl ligand has been observed only in some early
transition-metal complexes.[14, 22]

In summary, we have demonstrated that organic deriva-
tives of the possible intermediates in the inorganic nitrogen
cycle, with various formal oxidation states of nitrogen ranging
from + 3 (NO+) and + 1 (RNO) to �1 (RNHO�), can be
stabilized, structurally characterized, and converted into each
other on an organometallic platform. Reversible N-protona-
tion of the nitrosoalkane ligand, which results in the
formation of the unprecedented hydroxylamido(1�)ruthe-
nium complexes 2 and 3, is particularly noteworthy because it

Scheme 2. Transformation of 4 into 2 and 3 via 5.

Figure 2. Structure of 5a with 30% ellipsoids. Hydrogen atoms are
omitted for clarity. Selected interatomic distances [B] and angles [8]:
Ru(1)�N(1) 1.914(7), Ru(1)�N(2) 2.067(7), Ru(1)�C(22) 2.068(7),
N(1)�O(1) 1.27(1), N(1)�C(11) 1.47(1); Ru(1)�N(1)�O(1) 125.2(6),
Ru(1)�N(1)�C(11) 124.0(6), O(1)�N(1)�C(11) 110.7(7).

Scheme 3. a) Consecutive proton and electron transfer to the nitrosyl
intermediate proposed for the mechanism of cytochrome c nitrite
reductase. b) Sequential reduction of the nitrosyl ligand at the
{Cp*Ru(C6H3R-C5H4N-k2N,C)} chromophore.
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sheds light on the detailed mechanism of the biological
nitrite–ammonia conversion at a late transition-metal center.
The reactions described herein also feature a facile aromatic
C�H bond activation in 1 to give the high-valent, yet stable,
RuIV center in 2 and 3, and the isomerism of the novel N-
methylhydroxylamido(1�) complexes of a late transition
metal.
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Regiospecific Side-Chain Functionalization of
Linear Low-Density Polyethylene with Polar
Groups**

Chulsung Bae, John F. Hartwig,* Hoyong Chung,
Nicole K. Harris, Karen A. Switek, and
Marc A. Hillmyer*

The incorporation of polar functional groups along the
backbone of polyolefins can significantly alter the physical
properties and increase the utility of these commodity
materials.[1,2] A polar functionality can improve the interac-
tion of these materials with other polymers and their adhesion
to metals or glass. Moreover, functional groups in a polymer
chain can serve as initiation sites for the formation of graft
copolymers.[2] Thus, polyolefins with polar groups have been a
target for polymer synthesis.[2–4]

We recently reported the synthesis of such materials by
conducting selective, catalytic functionalization of the pend-
ant methyl groups of a model atactic amorphous polybutene
of moderate molecular weight[5] and of commercial polypro-
pylenes of various tacticities.[6] Both polybutene and poly-
propylene contain an
abundance of accessible
methyl groups. In contrast,
commercially important
linear low-density polyeth-
ylenes (LLDPEs), gener-
ated from ethylene and an
alpha-olefin, such as
octene, contain a small
population of methyl
groups. Because the yields
of the borylation of ali-

phatic C�H bonds depend on the population of methyl
groups in the system,[7] the extension of the functionalization
of polybutene and polypropylene to the functionalization of
amorphous polybutene to LLDPE is challenging. Moreover,
these polyolefins have been converted into materials with
boronic esters and alcohols, but not into materials with groups
such as amines or carbonyls which would be useful for
generating ionic polymers or graft copolymers. We have
recently met these challenges. Herein, we report the regio-
specific functionalization of an ethylene–octene copolymer
using pinacolborane (HBpin) or bis(pinacolato)diboron
(B2pin2) as reagent in the presence of a rhodium catalyst,
and the conversion of the resulting borylated polymer into a
family of materials with hydroxy, amino, and formyl groups at
the termini of the hexyl side chains.
As with the borylation of small alkanes,[8] the rhodium-

catalyzed reactions of HBpin and B2pin2 at 150–200 8C with a
copolymer 1 of ethylene (87 mol%) and 1-octene (13 mol%)
which has a number-average molecular weight (Mn) of
112 kgmol�1 and a polydispersity index (PDI=Mw/Mn) of
1.9,[9] produced the corresponding polymer with boryl groups
at the termini of the side chains. The isolated 1-Bpin was then
oxidized with NaOH/hydrogen peroxide in a mixture of THF
and H2O to give the corresponding polymer 1-OH with
hydroxy groups at the termini of the side chains (Scheme 1).
Both 1-Bpin and 1-OH were characterized by NMR

spectroscopy. The borylated material 1-Bpin gave rise to a

broad peak in the 11B NMR spectrum at d= 34 ppm for the
alkyl–Bpin moiety and a resonance in the 1H NMR spectrum
at d= 0.75 ppm for the methylene groups adjacent to the Bpin
units. The 13C NMR spectrum contained two signals of low
intensity at d= 24.9 and 82.8 ppm from the Bpin groups.
DEPT 13C NMR spectroscopy confirmed that these signals
corresponded to methyl and quaternary carbon atoms.
After treatment of 1-Bpin with basic hydrogen peroxide,

no signals for an alkyl–Bpin moiety were observed in the 1H
and 13C NMR spectra, consistent with complete conversion of
1-Bpin into the hydroxylated material 1-OH. The 1H NMR
spectrum contained a triplet at d= 3.64 ppm, and the
13C NMR spectrum contained a singlet at d= 63.2 ppm for
the methylene group that lies alpha to the hydroxy group. An
attached proton test confirmed the assignment of the signal at
d= 63.2 ppm as a methylene resonance. The relative inten-
sities of the 1H NMR signals of the hydroxymethyl methylene
protons and of the unfunctionalized methyl groups of the side

Scheme 1. Regiospecific functionalization and subsequent oxidation of linear low-density polyethylene
(LLDPE).
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chains were used to calculate the fraction of side chains that
were functionalized with hydroxy groups (Table 1 and
Table 2).
Data on the molecular weight and degree of functional-

ization of polymers generated from 1 are summarized in
Table 1 (HBpin) and Table 2 (B2pin2). Size-exclusion chro-
matography (SEC) data show that the borylation and
hydroxylation processes do not lead to a significant change
in the molecular weight or polydispersity of the parent
polymer 1. Thus, the rhodium-catalyzed reaction and subse-
quent oxidation led to the addition of a polar functionality
without causing significant chain scission or coupling between
polymer chains as typically observed in the free-radical
modification of polyolefins.[10, 11]

We defined the efficiency of the functionalization reaction
as the ratio of hydroxy groups in the polymer to the boron
reagent added initially. As complete conversion of 1-Bpin into
1-OH is supported by the disappearance of resonances for
alkyl–Bpin in the NMR spectra, we assume that the reported
OH efficiency is also representative of the initial efficiency of
the addition of Bpin. Reactions of 1 with HBpin in the
presence of [Cp*Rh(h4-C6Me6)] and [Cp*Rh(C2H4)2] (Cp*=
pentamethylcyclopentadiene) occurred with similar efficien-
cies, whereas reactions with [Cp*RhCl2]2 led to incorporation
of less boron into the polymer (Table 1, entries 1–3). Reac-
tions of B2pin2 catalyzed by [Cp*Rh(h

4-C6Me6)] led to 1-Bpin

with a higher concentration of boryl groups in the polymer
than reactions catalyzed by [Cp*RhCl2]2 or [Cp*Rh(C2H4)2]
under otherwise identical conditions (Table 2, entries 1–3)
and showed more effective functionalization than those with
HBpin as the boron reagent. Therefore, the combination of
B2pin2 reagent and [Cp*Rh(h

4-C6Me6)] catalyst was chosen to
study the effects of solvent, temperature, and the ratio of
boron to hexyl side chains (Table 2, entries 3–11). Reactions
performed at 150 8C in cyclooctane generated a polymer with
the highest concentration of functionalized hexyl side chains,
which could be controlled by varying the ratio of B2pin2 to
side chain without adversely affecting the molecular param-
eters under the optimized conditions (Table 2, entries 3, 5, 7,
and 10). For example, the degree of functionalization
increased by a factor of two when the ratio of B2pin2 to
hexyl groups was increased from 0.3 to 0.7, but a further
increase in the ratio of diboron reagent to hexyl groups from
0.7 to 1.0 did not increase the percentage of functionalized
side chains. The maximum percentage of side chains that we
were able to functionalize with hydroxy groups was about
20% (Table 2, entries 7 and 10).
We also explored the conversion of the selectively

hydroxylated LLDPE into materials with other types of
polar functionality. At this time, no method to directly
convert an alkyl pinacolboronate into an alkylamine or
aldehyde is known. Thus, we developed conditions to convert

Table 1: Molecular weight and degree of functionalization of LLDPE after selective modification with pinacolborane (HBpin).[a]

Entry Ratio[b] Rh catalyst T [8C] 1-Bpin 1-OH OH [mol%][d] Efficiency [%][e]

Mn [kgmol�1][c] PDI[c] Mn [kgmol�1][c] PDI[c]

1 0.2 [Cp*RhCl2]2 165 109 2.1 110 1.8 0.8 4
2 0.2 [Cp*Rh(C2H4)2] 165 87.9 1.8 115 1.9 2.5 13
3 0.2 [Cp*Rh(h4-C6Me6)] 165 110 1.9 103 1.6 2.5 13
4 0.5 [Cp*Rh(h4-C6Me6)] 150 87.0 1.6 101 1.9 3.6 7
5 1.0 [Cp*Rh(C2H4)2] 150 – – 96.0 2.0 5.6 6
6 2.0 [Cp*Rh(h4-C6Me6)] 150 98.2 1.8 108 1.7 2.4 1

[a] Borylations were conducted on 150 mg of polymer with 5 mol% of Rh relative to HBpin in a sealed tube for 36 h. [b] Ratio of HBpin to hexyl side
chains. [c] Measured by size-exclusion chromatography relative to polystyrene standards (THF as eluent at 40 8C); values for unfunctionalized LLDPE
(1): Mn=112 kgmol�1; PDI=1.9.[9] [d] Ratio of -CH2OH to -CH3 groups in the functionalized polymer (J100). [e] Molar ratio of hydroxy groups in the
polymer to boron reagent added.

Table 2: Molecular weight and degree of functionalization of LLDPE after selective modification with bis(pinacolato)diboron (B2pin2).
[a]

Entry Ratio[b] Rh catalyst T [8C] 1-Bpin 1-OH OH [mol%][d] Efficiency [%][e]

Mn [kgmol�1][c] PDI[c] Mn [kgmol�1][c] PDI[c]

1 0.2 [Cp*RhCl2]2 165 98.2 2.0 102 2.4 3.6 18
2 0.2 [Cp*Rh(C2H4)2] 165 92.7 2.1 121 2.1 4.9 25
3 0.2 [Cp*Rh(h4-C6Me6)] 165 97.6 2.1 114 2.1 6.8 34
4[f ] 0.3 [Cp*Rh(h4-C6Me6)] 200 – – – – 5.4 18
5 0.3 [Cp*Rh(h4-C6Me6)] 150 101 2.1 102 2.1 10.0 33
6[f ] 0.3 [Cp*Rh(h4-C6Me6)] 150 – – – – 5.9 20
7 0.7 [Cp*Rh(h4-C6Me6)] 150 – – – – 19.0 27
8 1.0 [Cp*Rh(h4-C6Me6)] 200 95.6 1.9 101 1.9 14.4 14
9[f ] 1.0 [Cp*Rh(h4-C6Me6)] 200 83.1 1.7 85.2 1.9 12.0 12

10 1.0 [Cp*Rh(h4-C6Me6)] 150 96.5 2.0 94.1 2.1 19.2 19
11[f ] 1.0 [Cp*Rh(h4-C6Me6)] 150 107 1.8 102 1.9 15.5 16

[a] Borylations were conducted on 150 mg to 5 g of polymer with 5 mol% of Rh relative to B2pin2 in neat polymer or in cyclooctane under nitrogen for
36 h. [b] Ratio of B2pin2 to hexyl side chains. [c] Measured by size-exclusion chromatography relative to polystyrene standards (THFas eluent at 40 8C);
values for unfunctionalized LLDPE (1): Mn=112 kgmol�1; PDI=1.9.[9] [d] Ratio of CH2OH to CH3 groups in the functionalized polymer (J100).
[e] Molar ratio of hydroxy groups in the polymer to diboron reagent added. [f ] No solvent.
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the hydroxylated polymers into materials with formyl and
amino groups. Although several reactions of stoichiometric
reagents are available for the oxidation of alcohols to
aldehydes, we chose the catalytic route with water as the
only byproduct as shown in Scheme 2. The conversion of 1-

OH (Table 2, entry 5) into the aldehyde-containing polymer
1-CHO proceeded with molecular oxygen in the presence of
Pd(OAc)2 under the mild conditions reported for low-
molecular-weight alcohols by Nishimura et al.[12] and without
adversely affecting the molecular parameters (Table 3). As

with the hydroxy groups of 1-OH, the aldehyde groups in 1-
CHO were easily identified by NMR spectroscopy. Reso-
nances for a formyl hydrogen center and a methylene group
alpha to an aldehyde were observed as a singlet at d=

9.77 ppm and a triplet at d= 2.42 ppm in the 1H NMR
spectrum and as resonances at d= 202.4 and 44.0 ppm,
respectively, in the 13C NMR spectrum. The formyl group
was also detected by the C=O stretching band at ñ=

1711 cm�1 in the IR spectrum.
We converted the hydroxylated polymers into amino-

substituted polymers by an iridium-catalyzed amination of
alcohols.[13] The reaction of polymer 1-OH with benzylamine
(BnNH2) and p-methoxybenzylamine (PMBNH2) in toluene
at 140 8C for 48 h in the presence of 2.5 mol% of [Cp*IrCl2]2,

relative to the hydroxy groups, and K2CO3 as the base
(Scheme 2) formed a polymer with benzylamino and p-
methoxybenzylamino groups in place of hydroxy groups at
the termini of the functionalized side chains. The 1H and
13C NMR spectra of the product polymers 1-NHBn and 1-

NHPMB showed an absence of
resonances from a methylene
group alpha to the oxygen atom.
The 1H NMR spectrum of 1-NHBn
contained new singlet and triplet
methylene resonances at d= 3.79
and 2.62 ppm, and the 13C NMR
spectrum contained two new reso-
nances at d= 54.1 and 49.6 ppm for
the methylene units of the benzyl
group and the methylene unit of the
side chain alpha to the nitrogen
center. 1H and 13C NMR data for 1-
NHPMB were similar but displayed
a 1H NMR resonance at d=

3.77 ppm and a 13C NMR resonance
at d= 55.4 ppm for the methoxy
groups.
Molecular-weight data from

SEC of these amino-substituted
polymers are included in Table 3.
The PDI values and peak shapes of

1-NHBn and 1-NHPMB are similar to those of 1-OH,
suggesting that chain scission and chain coupling have not
occurred. However, the average molecular weights of the 1-
NHR polymers relative to polystyrene standards are signifi-
cantly lower than those of the starting hydroxylated polymer
1-OH. We presume that the Mn values of the amine-
functionalized polymers are lower owing to a combination
of changes in the solubility[14] and the hydrodynamic volume
of the polymer from the addition of the amino groups, and
that unfunctionalized polystyrene standards do not provide
an appropriate representation of the molecular weight of the
material with basic groups.
In summary, we have demonstrated that functionalization

of a commercial linear low-density polyethylene can be
accomplished through the rhodium-catalyzed borylation of
alkanes and subsequent oxidation without significantly alter-
ing the molecular weight of the starting polymer. Moreover,
the hydroxy groups can be further modified to generate
polymers with formyl and amino groups at the termini of the
side chains.
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Scheme 2. Conversion of 1-OH to formyl- (1-CHO) and amino-functionalized (1-NHBn, 1-NHPMB) LLDPEs.

Table 3: Molecular weight data for formyl- and amino-functionalized
LLDPEs.

Entry Mn [kgmol�1][a] PDI

1-OH 102 2.1
1-CHO 105 1.8
1-NHBn[b] 67.0 2.1
1-NHPMB[b] 49.9 2.1

[a] Measured by SEC relative to polystyrene standards (THF as eluent at
40 8C). [b] Mn and PDI measured from an initial solution of polymer in
toluene, eluted with THF at 40 8C.[13]
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The solid-state dye-sensitized solar cell is one of the most
promising organic-based device concepts which demonstrates
solar-power conversion efficiencies in excess of 4%.[1,2] The
basic strategy of this hybrid system is that light is absorbed in
a dye to form an excited electronic state, termed an exciton.
Electron transfer takes place from the excited dye molecule
to an inorganic semiconductor, where it is transported to and
collected at an electrode. Subsequent hole transfer from the

oxidized dye to a hole-transporting organic molecule or
polymer takes place, where the hole is transported to and
collected at the counter electrode.[3] The fundamental advant-
age of this system over two-component systems[4–7] is that the
electron- and hole-transporting components are spatially
separated by the dye molecules, which hugely suppresses
charge recombination and allows efficient charge collection
through microns-thick material.[8] Furthermore, the efficiency
of such devices has been found to dramatically improve with
the addition of various additives to the hole-transporting
material, with the most efficient devices incorporating specific
quantities of ionic salts and electrochemical dopants. This
“cocktail” of additives has been fine-tuned and optimized for
the current system.[2] However, the precise function of each
component is, as yet, not fully understood.[9] Herein, we
report a new charge-transfer sensitizer with an ion-complex-
ing moiety formed by oxyethylene side groups. Lithium
coordination to the backbone of this dye induces a striking
improvement in the photovoltage and performance, with
voltages of nearly 900 mV regularly achieved and efficiencies
improved from 3.2 to 3.8% (under 100 mWcm�2 simulated air
mass (AM) 1.5 solar conditions) for the lithium-coordinating
sensitizer as compared with a noncoordinating analogue. A
staggering record efficiency of 4.6% is achieved under
10 mWcm�2 simulated AM 1.5 illumination. Our supramolec-
ular approach to the self-assembly of functional compo-
nents[10, 11] opens new avenues to control charge separation
and recombination at the interface, and gives us a more
comprehensive understanding of the mechanisms occurring
within this class of solar cells.

The chemical structures of the dyes used for sensitization
are shown in Scheme 1. Z907 is an amphiphilic ruthenium

complex with one proton and one sodium ion,[12] and K51 is an
analogue of Z907, in which the hydrophobic alkyl chains have
been replaced with ion-coordinating triethyleneglycol methyl
ether (TEG) groups. A brief description of the synthetic
procedure for this novel sensitizer (K51) is provided in the
Supporting Information and will be published in detail
elsewhere.[13] The light absorption of the K51 and Z907 dyes
is almost identical, both in solution and when adsorbed on a
TiO2 nanoporous film.

Scheme 1. Structures of the sensitizing dyes used: a) K51 (tetraethy-
lene oxide side chains) and b) Z907 (nonyl side chains).
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Figure 1a shows the current density–voltage (JV) curves
in the dark for dye-sensitized solar cells. The dark current for
the K51 device at 1.5 V bias is over ten-times larger in the
presence of Li ions than in their absence. There is no color

change of the hole-transporting material 2,2’,7,7’-tetra-
kis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(Spiro) upon the addition of Li salt, which suggests that no
electronic doping takes place. The increased current density
could be a consequence of the formation of a dipole at the Au
electrode.[14] However, this would require the bulky triflate
anion (negatively charged) to migrate to the gold electrode to
improve the hole-injection characteristics, which is unlikely. A
more reasonable explanation is that the ions in the “electro-
lyte” can redistribute to balance the space charge, and higher
current densities are sustainable as hole transport will no
longer be under the “space-charge-limited” regime.[15] In
effect, the addition of the ionic salt dramatically improves the
hole mobility in the organic material. Significantly, the

current density through the Li-doped Z907 device is approx-
imately three times that of the Li-doped K51 device, although
the initial ionic concentration in both devices is identical. The
current density through Li-doped devices varies with the scan
rate, with slower scans giving higher currents (this is constant
for undoped devices). Notably, this is much more pronounced
for the K51 device. The inset to Figure 1a shows the current
density at 1.5 V versus scan time (from 0 to 1.5 V) for the K51
and Z907 Li-doped devices. The current for the Z907 device
reaches a plateau after approximately 300 ms, whereas the
K51 device does not plateau until after 3 s. The increase in
current density with time is likely to be a result of the finite
time taken for the ions to redistribute and balance the space
charge within the device.[15] The only difference between the
Z907 and K51 devices is the ion-coordinating side chains, so
this is direct evidence that a large proportion of the ions are
immobilized on the surface of the K51 dye molecules.

Figure 1b and c show the JV characteristics of the K51 and
Z907 devices over a range of temperatures under illumina-
tion. The short-circuit current increases with temperature up
to around 280 K. The increase in short-circuit current over the
lower temperature region is consistent with the temperature
dependence expected for the hole mobility in an organic hole
transporter,[16] with the holes being “frozen” in the device at
low temperatures. The fill factor increases with temperature
over the entire range studied, but increases most rapidly from
around 250 K. An increase in fill factor is consistent with
reduced series resistance within the cell;[17] this is likely to be
because the ions become more mobile at these higher
temperatures.[18] This finding demonstrates that the function
of the mobile ions in the hole-transporter material is to
facilitate a low series resistance, fast charge extraction, and
thus a large fill factor.

A striking difference between the two devices is that the
short-circuit current remains high over the higher range of
temperatures for the K51 device, whereas it drops for the
Z907 device with a peak at approximately 280 K. There are
two competing temperature-dependent factors which influ-
ence the short-circuit current. First, an increased charge
mobility will increase the short-circuit current by increasing
the charge-diffusion length[19] and increase the fill factor
through reducing the series resistance.[17] Second, the charge-
recombination rate increases with temperature.[20] An
increased charge-recombination rate will reduce the short-
circuit current through reducing the charge-diffusion length[19]

and reduce the open-circuit voltage as it reduces the chemical
potential gradient which is sustainable within the device.[21,22]

For the Z907 device, it appears that the increasing recombi-
nation rate becomes dominant at higher temperatures, which
results in a drop in short-circuit current at these temperatures.
However, for the K51 device the increased mobility appears
to be dominant over the temperature range studied. The
tethering of the Li ions to the interface is likely to “coulombi-
cally” retard recombination by screening the electrons in the
TiO2 from the holes in the Spiro, thus increasing the
activation energy for recombination and retaining a high
photocurrent at higher temperatures. This effect appears to be
a dominant factor over the increased charge mobility in the
Spiro, as the Z907 device, which incorporates the free Li ions,

Figure 1. a) Current density (J) measured in the dark versus applied
bias (V) for a dye-sensitized solar cell with K51 dye in the absence of
Li triflate (g, D10), K51 dye with Li triflate (c), and Z907 dye
with Li triflate (a). Inset: current density at 1.5-V applied bias
versus scan time from 0 to 1.5 V with the Z907 device (a, *) and
the K51 device (c, &). b, c) Current density–voltage characteristics
for K51 device (b) and Z907 device (c) under illumination from a halo-
gen lamp (20 mWcm�2) and at 200–300 K (see legends; the arrows
indicate increasing temperatures). These measurements were per-
formed in the Laboratory of Optoelectronics of Molecular Materials
(LOMM), EPFL.
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exhibits much higher charge-transport characteristics. This
finding has implications in the use of dual-conductive (ion and
hole) materials in these solar cells, as the immobilization of
ions at the surface seems beneficial.[23,24]

Figure 2a shows the transient decay of the open-circuit
voltage for various devices. An estimate of the overall charge

lifetime in these devices can be obtained by simply fitting a
monoexponential decay to the curves (see table inset to
Figure 2a). Charge lifetimes derived in this manner have been
shown to give very similar values to those obtained by
intensity-modulated photovoltage spectroscopy.[25,26] As we
might expect, the presence of the dye at the interface
increases the charge lifetime (from 10 to 30 ms) as compared
to that of a pristine TiO2 film coated with Spiro. Addition of
free Li ions (Z907 device) dramatically increases the charge
lifetime tenfold to 320 ms; this effect has been observed by
Kruger et al.[9] with transient absorption spectroscopy. Fur-
thermore, the charge lifetime is increased to 430 ms by
tethering the ions to the dye backbone (K51 device). This
result is consistent with the above analysis of the JV data.

Figure 2b shows the open-circuit voltage as a function of
temperature for the same devices. The open-circuit voltage

drops with increasing temperature over the range studied for
all devices. Koster et al. have derived the relationship
between open-circuit voltage (Voc) and absolute temperature
(T) for organic PPV:PCBM (PPV= poly(p-phenyleneviny-
lene); PCBM= [6,6]-phenyl-C61-butyric acid methyl ester)
bulk heterojunction photovoltaic devices.[27] We believe the
solid-state dye-sensitized solar cell to be a very similar system,
with the only important difference being that there is a dye
molecule at the interface between the two components where
all excitons are formed. Koster et al. studied the metal–
insulator–metal picture where the material composite is
considered to be one intrinsic semiconductor, with the
valance band corresponding to the highest occupied molec-
ular orbital (HOMO) of the hole-transporting polymer, and
the conduction band corresponding to the lowest unoccupied
molecular orbital (LUMO) of the electron-withdrawing
component (PCBM), with a corresponding energy gap
(Egap). The relationship is shown in [Eq (1)] where g is the

Voc ¼
Egap

q
�kT
q

ln
�

ð1�PÞ gN2
c

PG

�

ð1Þ

Langevin recombination constant, Nc is the effective density
of states, G is the generation rate of bound electron–hole
pairs, P is the dissociation probability of bound electron–hole
pairs, and k is BoltzmannFs constant. For the system studied
herein, we considerG to be the rate of generation of electrons
in the TiO2 by electron transfer from the photoexcited dye
molecule with the hole remaining on the dye, and P to be the
probability of hole transfer from the dye molecule to the
Spiro.

The linear fit to the data in Figure 2b is the relationship
we would expect from Equation (1), with the y axis intercept
at zero temperature giving Egap. It is clear that if the active
layer in the solid-state dye-sensitized solar cell can be
considered as a single semiconductor material, the exact
nature of the interface between the components is critical in
determining the electronic structure of such a material. For a
TiO2 and Spiro composite Egap should be approximately
0.6 eV.[1,28] This value is close to that obtained for the device
with no dye molecule (0.56 eV), which demonstrates that
Equation (1) correctly describes the temperature dependence
of the open-circuit voltage for this system. However, the
derived value of Egap rises to 1.0 eV when the TiO2 is
sensitized with dye molecules, and further to 1.1 eV when Li is
added to the Z907 device, and to 1.2 eV with surface-tethered
Li ions in the K51 device.

To understand this trend we must consider what the
definition of an “energy gap” is in this nanocomposite
material. There is no direct transition for an electron in the
conduction band of TiO2 to the HOMO level of Spiro, but
there is a spatial and energetic barrier in the form of the dye
molecule. For this material we should consider the energy gap
to be the energy required to move an electron from the
HOMO of the Spiro to the conduction band of TiO2, thus
overcoming the barrier presented by the dye molecule. If this
is so, the potential barrier is clearly susceptible to changes in
local conditions, with the addition of Li and, more impor-
tantly, the coordination of Li ions to the dye molecule

Figure 2. a) Transient open-circuit voltage measurements (normalized
values) of a Li-doped K51 device (*, c), a Li-doped Z907 device (&,
a), a K51 device in the absence of both Li and tbp (~, g), and a
device with only Sb-doped Spiro (no dye, Li, or tbp) (&, d). The
inserted table gives the charge lifetimes (trec) calculated from the Voc

decay measurements by fitting the decays as exp(�t/trec). b) Open-cir-
cuit voltage versus temperature for the same devices as in (a); the
symbols are the data points and the lines are linear fits to the data.
tbp=4-tert-butylpyridine, rec= recombination, oc=open circuit.
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increasing the barrier height. This results in a widening of the
quasi energy gap, with the most important implication being
that the fundamental limit of the open-circuit voltage
(qVoc,max=ELUMO(electron transporter)�EHOMO(hole trans-
porter)) is no longer true, asVoc has an additional contribution
(or at least the energy levels can be further offset) because of
the exact nature of the interface. This further “energy-level
offset” is likely to be influenced by the dipole moment which
will be present at the interface; the ion-coordinating dye
molecule will act as a dipole at the surface, and cause a
downward shift in the vacuum level of the Spiro with respect
to that of the TiO2.

[29–31] This shift will force the HOMO level
of the Spiro further from the conduction band of the TiO2,
thereby increasing the quasi energy gap and thus the open-
circuit voltage. The introduction of a surface dipole in “flat-
junction” TiO2 solar cells has previously been shown to
increase the open-circuit voltage in such devices.[31]

Figure 3 shows the current density–voltage characteristics
for the devices sensitized with the K51 and Z907 dyes,
measured under simulated AM 1.5 sunlight at 100 mWcm�2.

The current densities are similar for the two devices, but both
the fill factor and open-circuit voltage are improved for the
device sensitized with the K51 dye, which leads to an
improved efficiency of 3.8% as opposed to 3.2% for the
Z907 dye. Furthermore, at 10 mWcm�2 the efficiency of the
K51 device is as high as 4.6%, which demonstrates the
potential of this system.

In summary, the presence of mobile ions in the hole-
transporting material is important as it enables hole transport
to take place beyond the space-charge-limited current regime,
dramatically improving the material characteristics. Control
of the nature of the interface between the TiO2 and the Spiro,
by coordination of Li ions to the dye backbone, tailors the
electronic structure of the composite system to be more
favorable for photovoltaic operation. Our findings open new
avenues to control charge separation and recombination at
the interface of inexpensive bulk-junction solar cells, and this
work will pave the way for a whole new class of multifunc-
tional sensitizer molecules.

Experimental Section
The dye-sensitized solar cells were fabricated, and the standard
device measurements were performed, by identical methods to those
used by Schmidt-Mende et al.[2] The additives and concentrations
used in a full device were Li triflate (1 G 1020 cm�3 in the solid film), 4-
tert-butyl pyridine (tbp; 17 mLmL�1 in chlorobenzene), and antimony
salt as the electrochemical dopant (0.03m relative to Spiro). These
additives were predissolved in the Spiro solution prior to coating of
the sensitized TiO2 film. Tbp was used to help dissolve the Li triflate
in the Spiro solution. It has been shown to cause considerable changes
to the operation of the device;[9] however, here we always used tbp in
conjunction with Li triflate and consider it as one additive for the
purposes of analysis. Low-temperature current density–voltage
measurements were performed under high vacuum in the dark and
under illumination from an unfiltered halogen lamp with an optical
output of 20 mWcm�2. Transient photovoltage measurements were
performed by illuminating the devices with a Nd:YAG laser filtered
to give a low intensity (532 nm, 30 Hz, 6-ns pulse width), super-
imposed upon a large-bias, red-filtered (> 630 nm), white-light
illumination from a xenon lamp (� 500 mWcm�2), by a similar
method to that described by of OFRegan and Lenzmann.[32]

Received: June 10, 2005
Published online: September 14, 2005

.Keywords: charge transfer · dyes/pigments · sensitizers ·
solar cells · supramolecular chemistry

[1] U. Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissortel, J.
Salbeck, H. Spreitzer, M. GrLtzel, Nature 1998, 395, 583.

[2] L. Schmidt-Mende, S. M. Zakeeruddin, M. GrLtzel, Appl. Phys.
Lett. 2005, 86, 013504.

[3] B. OFRegan, M. GrLtzel, Nature 1991, 353, 737.
[4] C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, Adv. Funct. Mater.

2001, 11, 15.
[5] N. C. Greenham, X. G. Peng, A. P. Alivisatos, Phys. Rev. B 1996,

54, 17628.
[6] J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia,

R. H. Friend, S. C. Moratti, A. B. Holmes, Nature 1995, 376, 498.
[7] G. Yu, A. J. Heeger, J. Appl. Phys. 1995, 78, 4510.
[8] L. Schmidt-Mende, J. E. Kroeze, J. R. Durrant, M. K. Nazeer-

uddin, M. GrLtzel, Nano Lett. 2005, 5, 1315.
[9] J. Kruger, R. Plass, L. Cevey, M. Piccirelli, M. GrLtzel, U. Bach,

Appl. Phys. Lett. 2001, 79, 2085.
[10] J. M. Lehn, Proc. Natl. Acad. Sci. USA 2002, 99, 4763.
[11] J. M. Lehn, Science 2002, 295, 2400.
[12] P. Wang, B. Wenger, R. Humphry-Baker, J. E. Moser, J.

Teuscher, W. Kantlehner, J. Mezger, E. V. Stoyanov, S. M.
Zakeeruddin, M. GrLtzel, J. Am. Chem. Soc. 2005, 127, 6850.

[13] D. Kuang, C. Klein, H. J. Snaith, R. Humphry-Baker, J.-E.
Moser, S. M. Zakeeruddin, M. GrLtzel, 2005, unpublished
results.

[14] F. Nuesch, K. Kamaras, L. Zuppiroli, Chem. Phys. Lett. 1998,
283, 194.

[15] J. C. de Mello, N. Tessler, S. C. Graham, R. H. Friend, Phys. Rev.
B 1998, 57, 12951.

[16] P. W. M. Blom, M. J. M. de Jong, M. G. van Munster, Phys. Rev.
B 1997, 55, R656.

[17] J. Nelson, The Physics of Solar Cells, Imperial College Press,
London, 2003.

[18] J. Gao, G. Yu, A. J. Heeger, Appl. Phys. Lett. 1997, 71, 1293.
[19] T. Markvart, L. Castaner, Solar Cells: Materials, Manufacture

and Operation, Elsevier, Oxford, 2005.
[20] J. Nelson, S. A. Haque, D. R. Klug, J. R. Durrant, Phys. Rev. B

2001, 6320, 205321.

Figure 3. a) Current density–voltage characteristics under simulated
AM 1.5 solar conditions (100 mWcm�2) for a full device containing
K51 sensitizing dye (c) and Z907 sensitizing dye (d). Also shown
is the K51 device illuminated by 10 mWcm�2 simulated sunlight.
b) The standard device performance parameters calculated from the JV
data.

Communications

6416 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6413 –6417

http://www.angewandte.org


[21] B. A. Gregg, M. C. Hanna, J. Appl. Phys. 2003, 93, 3605.
[22] C. M. Ramsdale, J. A. Barker, A. C. Arias, J. D. MacKenzie,

R. H. Friend, N. C. Greenham, J. Appl. Phys. 2002, 92, 4266.
[23] S. A. Haque, Y. Tachibana, R. L. Willis, J. E. Moser, M. GrLtzel,

D. R. Klug, J. R. Durrant, J. Phys. Chem. B 2000, 104, 538.
[24] T. Park, S. A. Haque, R. J. Potter, A. B. Holmes, J. R. Durrant,

Chem. Commun. 2003, 2878.
[25] N. Kopidakis, K. D. Benkstein, J. van de Lagemaat, A. J. Frank,

J. Phys. Chem. B 2003, 107, 11307.
[26] G. Schlichthorl, S. Y. Huang, J. Sprague, A. J. Frank, J. Phys.

Chem. B 1997, 101, 8141.
[27] L. J. A. Koster, V. D. Mihailetchi, R. Ramaker, P. W. M. Blom,

Appl. Phys. Lett. 2005, 86, 123509.
[28] M. GrLtzel, Nature 2001, 414, 338.
[29] D. M. Alloway, M. Hofmann, D. L. Smith, N. E. Gruhn, A. L.

Graham, R. Colorado, V. H. Wysocki, T. R. Lee, P. A. Lee, N. R.
Armstrong, J. Phys. Chem. B 2003, 107, 11690.

[30] S. Kera, Y. Yabuuchi, H. Yamane, H. Setoyama, K. K. Okudaira,
A. Kahn, N. Ueno, Phys. Rev. B 2004, 70, 085304.

[31] J. Kruger, U. Bach, M. GrLtzel, Adv. Mater. 2000, 12, 447.
[32] B. C. OFRegan, F. Lenzmann, J. Phys. Chem. B 2004, 108, 4342.

Angewandte
Chemie

6417Angew. Chem. Int. Ed. 2005, 44, 6413 –6417 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Metalloporphyrinoids
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Synthesis and Characterization of a Cyclic
Bis-silver(i) Assembly of Four 2-Aza-21-
carbaporphyrinatosilver(iii) Subunits**

Piotr J. Chmielewski*

Porphyrins and metalloporphyrins constitute a class of build-
ing blocks for the construction of multicomponent 2D and 3D
molecular arrays that are being considered as possible
biomimetic models, catalysts, or materials for the transport
of charge, molecules, and ions. Covalent[1] as well as coordi-
nation linkages[2] have been exploited in the design of a
variety of discrete porphyrin assemblies. Recently, special
attention has been given to systems built up of directly linked
porphyrins with strongly interacting aromatic subunits,[3]

which represent some of the most promising candidates for
potential applications.

Porphyrin analogues[4] exhibit many distinct features that
can be exploited in the construction of novel molecular and
supramolecular systems. Among them, the N-confused por-

phyrin 1[5] is particularly attractive owing to its unique
structure, which allows multimodal coordination of the
confused pyrrole to metal ions,[6] and its reactivity. The
exposed position of the external nitrogen atom (N2) makes
this fragment of molecule susceptible to interactions with
metal ions.[7]

Recently, we reported the synthesis of the dimeric N-
confused porphyrin 2 (Ar= phenyl, p-tolyl (p-Tol)),[8] which is
a unique isomer that preserves the basic skeleton of a directly
b–b-linked bis(porphyrin).[9] The cyclic assemblies 3, whose
synthesis and characterization are presented herein, exem-
plify a new type of carbaporphyrinoid array that consists of
both covalent and coordinating links between the subunits.
Owing to the steric factors imposed bymeso-aryl substituents,
the bipyrrolic fragment adopts a cisoid conformation in 2 but
deviates strongly from planarity. Such an arrangement
determines the coordination mode of this fragment, which,
unlike the planar bipyrrole system present in corroles,[10] is
preorganized to coordinate two metal ions rather than to form
a chelate ring.

Reaction of bis(carbaporphyrinoid) 2 with AgX (X=

BF4
� or CF3SO3

�) was carried out at room temperature in
THF for 30 minutes. After evaporation of the solvent, the
residue was dissolved in CH2Cl2, and washed with water to
remove the excess of silver(i) ions and the acid liberated upon
insertion of the metal. The composition and molecular
structure of 3 was established on the basis of ESI-MS, NMR

[*] Prof. P. J. Chmielewski
Department of Chemistry
University of Wrocław
F. Joliot-Curie Street 14, 50 383 Wrocław (Poland)
Fax: (+48)713-282-348
E-mail: pjc@wchuwr.chem.uni.wroc.pl

[**] This work was supported by the Polish Ministry of Scientific
Research and Information Technology (Grant 3 T09A 16228).

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

Angewandte
Chemie

6417Angew. Chem. Int. Ed. 2005, 44, 6417 –6420 	 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



spectroscopy, and single-crystal X-ray analyses. Owing to the
dicationic character of the complex, the dominant peak in the
mass spectrum corresponds to the dication (m/z= 1657,
100%) with a characteristic half-unit isotopic pattern. The
fragmentation peak at m/z= 1549.5 (47%) reflects liberation
of the dimeric fragment 4.

The solid-state structure of 3a-(OTf)2 (OTf=CF3SO3
�)

presents an assembly of four 2-aza-21-carbapor-
phyrinatosilver(iii) subunits,[11] which are organized on the
perimeter of a ten-membered ring that contains two silver(i)
ions (Figure 1). The assembly of the axially chiral[8] dimeric
subunits 4 on the bis-silver(i) template may lead to the
formation of diastereomers. However, only S,S and R,R enan-
tiomers are observed in the crystal structure (see Supporting
Information). Although both monovalent silver centers are
two-coordinate, the N-Ag-N fragments are far from linear,
being bent outwards with an angle of 147.0(3)8. This is likely
due to the geometric constraints imposed on the ring by the

structure of the bipyrrolic moiety. The relatively short
distance between the bridging silver atoms Ag3–Ag3*
(3.107(2) ?) suggests that an “argentophilic” interaction[12]

stabilizes the assembly. Such interactions have been shown to
influence the outcome of several supramolecular assemblies,
and their importance has been crystallographically investi-
gated.[13] The distances within the macrocyclic core (Ag1-C21:
1.974(9); Ag1-N22: 2.030(9); Ag1-N23: 2.052(7); Ag1-N24:
2.027(8) ?) are slightly shorter than those observed in
monomeric neutral silver(iii) complexes of 1,[11] an O-con-
fused porphyrin derivative,[14] or the so-called “true” carba-
porphyrin.[15] The distances between the external nitrogen
atoms and the bridging silver ions (Ag3-N2: 2.175(8); Ag3-
N26: 2.169(8)) are typical for the monovalent silver complex-
es.[13g]

As a consequence of the crystal-packing forces, the
molecule displays only twofold symmetry in the solid state.
In contrast, the effective symmetry of the molecule in solution

is fourfold, as inferred from the 1H NMR spectra
which reveal only one set of signals (Figure 2a,b).
The spectra support the stereoselectivity of the
formation of the assembly, as diastereomers are
expected to exhibit different 1H NMR spectra.
Owing to the nonplanar character of the system
and freezing of rotation of themeso-aryl substituents,
each proton of the subunit in 3 is represented by a
unique signal and can be assigned on the basis of
2D NMR experiments (see Supporting Information).
Analysis of the chemical shifts and interprotonic
through-space interactions observed in NOESY or
ROESYexperiments allowed a model to be built that
has the same molecular topology as the solid-state
structure of 3a but which displays fourfold symmetry.

A neutral diamagnetic bis-silver(iii) complex 4
can be obtained by treating a solution of 3 in
chloroform with either an aqueous solution of
sodium halogenide or with a solution of tetraalky-
lammonium bromide in chloroform to remove bridg-
ing silver(i) ions.[16] Protonation of 3 with one
equivalent of trifluoroacetic acid or the addition of
pyridine (500-fold excess) breaks the assembly rever-
sibly. The process can be fully reversed upon addition
of water or by evaporation of the solvents. Thus,
reconstruction of 3 is possible as long as silver(i) ions
are present in the solution.

A slow exchange reaction can be observed upon
mixing of the solutions of 3a and 3b to result, after
20 h at room temperature, in an equilibrium of
starting complexes and a mixed-ligand species 3c
that can be identified by ESI-MS (observed: m/z=
1602.4; calcd: m/z= 1601.7) and 1H NMR spectros-
copy (Figure 2d). Formation of 3c, which exhibits
twofold symmetry, indicates the lability of the system
but also provides additional support for the preser-
vation of the tetrameric structure in solution.

The charge on the external nitrogen atom of the
confused pyrroles strongly influences redox proper-
ties of the metal ion that is coordinated in the
macrocyclic core.[7f,17] Thus, it can be expected that

Figure 1. Molecular structure of the assembly 3a. Top: ORTEP view with thermal ellipsoids
scaled at the 30% probability level (hydrogen atoms, triflate anions, and solvent molecules
are omitted); bottom: wire-frame representation of the structure with all aryl substituents
omitted for clarity.
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coordination of the AgI cation to the external nitrogen atom
destabilizes the trivalent silver center in each subunit to allow
the reduction of the metal. Such a reduction process has not
been observed to date for any of the carbaporphyrinoid
silver(iii) complexes. In cyclic voltammograms of 3a and 3b
(CH2Cl2 solutions; tetrabutylammonium perchlorate as the
supporting electrolyte; glassy carbon as a working electrode;
all data are referenced to ferrocene/ferrocenium internal
standard), a pair of two-electron couples (E1/2=�1100 mV,
DEac= 40 mV, E1/2=�1230 mV, DEac= 46 mV for 3a ; E1/2=

�1055 mV, DEac= 40 mV, E1/2=�1175 mV, DEac= 46 mV for
3b) is attributable to a stepwise reduction of silver(iii) centers
in the strongly interacting covalently linked subunits.[8,18]

Each reduction step takes place at the same potential in two
nondirectly connected, and thus non-interacting subunits,
which is accounted for by the two-electron character of the
processes. Two overlapping couples observed for 3a around
�1425 mVand those better-resolved for 3b (E1/2=�1330 mV,
DEac= 36 mV, E1/2=�1440 mV, DEac= 30 mV) reflect reduc-
tions of the ligand. For 4 only ligand reductions represented
by two couples at �1470 and �1600 mV are observed.

In conclusion, we have shown the very facile diastereo-
selective formation of a molecular assembly that consists of
four carbaporphyrinoids and which is effectively formed
despite steric overcrowding imposed by the substituents in the
vicinity of the donor sites. It seems that access to the bridging
silver–silver fragment is hindered which may stabilize the
cyclic structure. Experiments are underway to explore the
application of this novel coordination mode of the nonplanar
bipyrrolic moiety in the construction of larger redox-active
assemblies that consist of covalently linked N-confused
porphyrin derivatives.

Experimental Section
3a-(BF4)2: 3,3’-Bis(5,10,15,20-tetrakis(p-tolyl)-2-aza-21-carbapor-
phyrin) (2a ; 20 mg, 0.015 mmol) was dissolved in THF (20 mL) and
stirred with silver tetrafluoroborate (10 mg, 0.115 mmol) for 0.5 h.
The solvent was then removed by evaporation, and the solid residue
was dissolved in dichloromethane (10 mL). The solution was shaken
with three portions of water (10 mL each). After separation of the
organic phase, the solution was filtered and then the solvent was
removed. The solid residue was dissolved in dichloromethane, and the
solution was left to crystallize slowly after the addition of hexane to
yield the olive-colored product 3a-(BF4)2 (26 mg, 94%). A similar
procedure using AgOTf instead of AgBF4 or 2b instead of 2a yielded
3a-(OTf)2 or 3b-(BF4)2, respectively. Spectral data recorded in the
solution state were independent of the counteranion present in the
complex. See Supporting Information for NMR spectroscopic data
for 3a and 3b.

3a-(BF4)2: UV/Vis (CH2Cl2): lmax (loge)= 258 (5.23), 313 (5.00),
378 (5.08), 451 (sh), 472 (5.51), 533 (4.80), 596 (4.67), 636 (sh), 686 nm
(4.52); ESI-MS: m/z calcd for C192H136N16Ag6: 1657.7 ([M]2+); found:
1657.4; elemental analysis: calcd (%) for C192H136N16Ag6B2F8·2 -
(CH2Cl2): C 63.70, H 3.86, N 6.13; found: C 63.40, H 3.56, N 6.12.

3b-(BF4)2: UV/Vis (CH2Cl2): lmax (loge)= 256 (5.19), 323 (sh),
378 (5.08), 452 (sh), 471 (5.47), 531 (4.75), 594 (4.67), 641 (sh), 691 nm
(4.48); ESI-MS: m/z calcd for C176H104N16Ag6: 1545.7 ([M]2+); found:
1545.2; elemental analysis: calcd (%) for C176H104N16Ag6B2F8·2 -
(CH2Cl2): C 62.27, H 3.17, N 6.53; found: C 62.40, H 3.32, N 6.23.

Crystals of suitable quality for X-ray analysis were obtained by
slow diffusion of hexane into a solution of 3a-(OTf)2 in toluene.
Crystal data for 3a-(OTf)2: C231.5H172N16Ag6·2CF3SO3, MW= 4099.19,
T= 100 K, CuKa radiation, monoclinic, space group C2/c, a=
24.208(4), b= 34.279(4), c= 24.175(4) ?, b= 103.35(3), V=
19519(5) ?3, Z= 4, 1calcd= 1.395 mgm�3, l= 1.54178 ?, m=

5.485 mm�1, F(000)= 8356, Oxford Diffraction Xcalibur PX with
KM4CCD Sapphire detector, 3.19�q� 68.008, 15171 collected
reflections, 8504 independent reflections with I> 2s(I), 1104 param-
eters, R1(F)= 0.0827, wR2(F2)= 0.2102, S= 1.064, largest difference
peak and hole 1.861 and �1.06 e?�3. All non-hydrogen atoms were
refined with anisotropic displacement parameters except for those of
the disordered solvents, triflate anion, and one meso-tolyl ring.
Hydrogen atoms were excluded from the geometry of molecules and
refined isotropically. The asymmetric unit contains half of the
molecule of 3a, consisting of two subunits linked by a silver ion,
one disordered triflate anion, a half molecule of hexane, and one and
a half molecules of toluene displaced into six different sites.
CCDC 276104 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.

4 : Complex 3a (10 mg, 3 mmol) was dissolved in CH2Cl2 (20 mL),
and the solution was stirred vigorously for 0.5 h with a 1m aqueous
solution of NaBr (10 mL) until the originally olive-colored solution
turned red-brown. The layers were then separated, and the organic
phase was washed with two 10-mL portions of water. After drying
over a small amount of anhydrous K2CO3 and filtration, the volume of
the solution was reduced to 10 mL, and hexane (5 mL) was added
which caused precipitation of 4 as a brown powder (6.1 mg, 65%).
1H NMR: see Supporting Information; UV/Vis (CH2Cl2): lmax

(loge)= 254 (5.20), 285 (sh), 323 (5.02), 384(sh), 412(sh), 450 (sh),
468 (5.50), 533 (4.88), 621 (sh), 661 nm (4.45); ESI-MS: m/z calcd for
C96H68N8Ag2: 1549.4 ([M+1]+); found: 1549.5; elemental analysis:
calcd (%) for C96H68N8Ag2·CH2Cl2·C6H14: C 71.90, H 4.89, N 6.51;
found: C 71.94, H 4.78, N 6.22.
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Figure 2. Fragments of the 1H NMR spectra (CDCl3, 298 K) of the
assemblies a) 3a, b) 3b, c) 3a + 3b immediately after mixing, and
d) 3a + 3b 40 h after mixing (some of the new features, attributed to
the mixed-ligand species 3c, are indicated by &). Signal assignments
of the most upfield-shifted meso-aryl protons in 3a and 3b are pre-
sented in (a) and (b), with numbers indicating meso positions.
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Marco Affronte,* Ian Casson, Marco Evangelisti, Andrea Candini,
Stefano Carretta, Christopher A. Muryn, Simon J. Teat,
Grigore A. Timco,* Wolfgang Wernsdorfer, and
Richard E. P. Winpenny*

Linked paramagnetic cage complexes could potentially be used as quantum gates for
quantum information processing. The cover picture shows such a supramolecular
assembly, which consists of two heterometallic octagons (paramagnetic {Cr7Ni} cages)
linked through a metal dimer. The white arrow represents the light input that switches
the interaction between the two halves of the quantum gate. For more details see the
Communication by M. Affronte, G. A. Timco, R. E. P. Winpenny et al. on
page 6496 ff.

Heterogeneous catalysis
In their Review on page 6456 ff. J. M. Thomas et al. describe heterogeneous catalysts
with isolated catalytic centers (single-site catalysts). The main focus is on strategically
modified mesoporous and microporous structures.

Molecular Switches
A thermally induced, two-step spin crossover in a cyanide-bridged molecular square is
described in the Communication by H. Oshio and co-workers on page 6484 ff. Such
molecules are suitable building blocks for multistepped molecular switches.

Host–Guest Systems
The polarizable molecular system consisting of H2O and CH3OH in a porous crystal
of [Mn3(HCOO)6] is changed into a nonpolarized one by lowering the temperature, as
described by H. Kobayashi et al. in their Communication on page 6508 ff.
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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:

S. Klaus, H. Neumann, A. Zapf, D. Str�bing, S. H�bner, J. Almena,*
T. Riermeier, P. Groß, M. Sarich, W.-R. Krahnert, K. Rossen,
M. Beller*
A General and Efficient Method for the Formylation of Aryl and
Heteroaryl Bromides

N. Mart-n,* .. Mart-n-Domenech, S. Filippone, M. Altable,
L. Echegoyen,* C. M. Cardona
Retro-Cycloaddition Reactions of Pyrrolidinofullerenes

C. H2bartner, S. K. Silverman*
Modulation of RNA Tertiary Folding by Incorporation of Caged
Nucleotides

M. Nakamura,* A. Hajra, K. Endo, E. Nakamura*
Synthesis of Chiral a-Fluoroketones through Catalytic
Enantioselective Decarboxylation

J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, P. Schmuki*
Smooth Anodic TiO2 Nanotubes

Y. Yamaguchi,* S. Kobayashi, T. Wakamiya, Y. Matsubara,
Zen-ichi Yoshida*
Banana-Shaped Oligo(aryleneethynylenes): Synthesis and
Light-Emitting Characteristics

Not only aesthetically appealing: The
motif of the double-stranded helix (see
picture) is found in DNA, which is able to
store and process “information”. It
inspires scientists to search for ways to
mimic not only its fascinating structure

but also to develop helical systems with
different functionalities and properties,
with which one day, likewise, information
storage and processing could be
achieved.

The unusual suspects : By using a series of
ruthenium clusters of the type [{Ru3O(m-
CH3COO)6(CO)L’}(m-l){Ru3O(m-
CH3COO)6(CO)L’’}] (see picture) it has
been possible to identify the existence of
charge-transfer isomers and establish
them as identifiable chemical entities that
exist in dynamic equilibrium.
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Living in isolation : Single-site heteroge-
neous catalysts offer a widely applicable
strategic principle for the design of new
mono- and bifunctional catalysts. They
combine the merits of homogeneous and
heterogeneous processes and permit the
preparation of high activity regio-, shape-,
and enantioselective solid catalysts. The
picture shows a spatially constrained
organometallic, RhI-based enantioselec-
tive catalyst.

Spinning out : A cyanide-bridged molecu-
lar square (see picture) has been isolated
and found to undergo thermally induced,
two-step spin crossover. Molecules with
more than one spin-crossover site are
suitable building blocks for multistepped
molecular switches.

Unusual octahedral hexamers built up
from triangular, corner-linked cobalt
trimers (see figure), form the basis of a
novel three-dimensional cobalt iso-
phthalate obtained by a solvothermal
route. This structure provides a new
example of the concept of scale chemistry,
in which an {Na6Co6O26} “super octahe-
dron” is connected in a classical ReO3
architecture.
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and Ultrahigh Mechanical Properties of
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F. Galindo,* M. I. Burguete, L. Vigara,
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The unique structure of a highly ordered
pyrolytic-graphite (HOPG) surface is
employed as a template to fabricate large
random arrays of metal-nanoband elec-
trodes. This process is achieved through

selective blocking of the basal-plane
HOPG (A) with a polymer film (B),
followed by metal coating (C) and
cleavage of the metal layer from the
HOPG substrate (D; see picture).

Gates leading from cages : Linked para-
magnetic cage complexes could poten-
tially be used as quantum gates for
quantum information processing. Experi-
ments demonstrate that it is possible to
link octanuclear {Cr7Ni} rings through
both organic and metal–organic frag-
ments into supramolecular dimers (see
structure; Cr green, Ni light green, Cu
orange, F yellow, O red, N blue, C black).

Polymer clay for chemists : High strengths
and high fracture energies of polymeric
hydrogels have been demonstrated by
incorporating a substantial amount of
nanodispersed inorganic clay during the
in situ free-radical polymerization of N-
isopropylacrylamide. By varying the
amount of clay used, mechanical proper-
ties as well as the swelling and transpar-
ency of the nanocomposite (NC) could be
controlled (see picture; NC20 contains
more clay than NC5).

Acid test : Macrocyclic compounds that
comprise a 9,10-anthracene subunit
linked by a C2-symmetric peptidomimetic

chain (see formula) are useful as fluor-
escent probes in a pH range of biomedical
interest. Changes in the size of the
macrocycle (n=3,4,6,8) produce a shift in
the pKa values. Experiments with live
mouse macrophage cells show the selec-
tive localization of the probe in the acidic
organelles (see differential interference
contrast image).
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Simply lowering the temperature changes
a polarizable molecular system, which
consists of H2O and CH3OH inserted into
the porous crystal [Mn3(HCOO)6] (see
structure; Mn pink, C gray, O red), into a
nonpolarizable one. Although a large drop
in the dielectric constant was observed
around 120 K, reminiscent of a
liquid$solid phase transition of the guest
molecules, the anisotropy cannot be
explained by a simple liquid model of the
guest molecules.

The problem of miniaturizing the mixing
process is a barrier to the advance of
microfluidic technology. Fluorescence
lifetime imaging is a powerful technique
for the quantitative mapping of mixing in
microfluidic systems, providing informa-
tion essential to the design and evaluation
of next-generation devices. With the use of
a pulsed laser (B), mixing in a microfluidic
cell (A) can be measured with fluores-
cence (C); a sample image is shown
(right).

Keeping nature under control: The inter-
nal structure of helical porous protein
mimics self-assembled from hybrid den-
dritic dipeptides is programmed by the
stereochemistry of the dipeptide and
regulated allosterically. This is the first
example of a synthetic helical porous
supramolecular structure that is stable
both in solution and in the solid state, and
that is created by a sequence of events
related to those encountered in nature.

Just add CH3CN and stir! Four building
blocks taken in a multicomponent reac-
tion (MCR, see picture; Tf= trifluorome-
thanesulfonyl) afford a b-aminoacetal
adduct, which can be further diversified by
post-condensation reactions. The modu-
lar character of this approach, the simpli-
city of the building blocks used, and the
structural diversity attained render this
process attractive for combinatorial as
well as target- and diversity-oriented
synthesis.
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Artificial a helices prepared by the repla-
cement of a hydrogen bond between
residues i and i+4 with a carbon–carbon
bond can stabilize biologically relevant
peptides in helical conformations (1,
internal constraint shaded in gray). a He-
lices based on hydrogen-bond surrogates
that mimic Bak BH3 (2, yellow) can bind
their expected protein receptor, Bcl-xL
(2, green), with high affinity and resist
proteolytic degradation.

Au natural : A new class of synthesized
biomaterials (saccharide–peptide hybrid
copolymers shown) are biodegradable,
nontoxic, and nonimmunogenic. The cat-
ionic saccharide–peptide hybrid copoly-
mers were also shown to be effective in
compacting and transferring plasmid
DNA into cells.

An efficient and highly diastereoselective
intramolecular Diels–Alder reaction is the
basis of a concise asymmetric synthesis of
the potent antibacterial natural product
abyssomicin C (see formula). The com-
plexity of the target structure was reduced
to three fragments and required two
carbonyl addition reactions to achieve key
bond formations.

Illuminating quadruple bonds : The poly-
meric materials [M2(O2CC6H2-2,4,6-
Me3)2(O2C-(Thp)n-CO2)]n (M=Mo or W
(green); Thp= thiophene (S atoms
yellow); DMSO molecules also shown)
incorporate metal–metal quadruple
bonds and form thin films from THF
solutions. These films show electrolumi-
nescence when deposited on an indium–
tin oxide glass-coated plate followed by
vapor deposition of aluminum or calcium.

http://www.angewandte.org


Magnetic Clusters

R. T. W. Scott, S. Parsons, M. Murugesu,
W. Wernsdorfer, G. Christou,
E. K. Brechin* 6540 – 6543

Linking Centered Manganese Triangles
into Larger Clusters: A {Mn32} Truncated
Cube

Asymmetric Synthesis

X.-X. Yan, C.-G. Liang, Y. Zhang, W. Hong,
B.-X. Cao, L.-X. Dai,
X.-L. Hou* 6544 – 6546

Highly Enantioselective Pd-Catalyzed
Allylic Alkylations of Acyclic Ketones

Domino Pericyclic Processes

S. Giese, R. D. Mazzola, Jr. , C. M. Amann,
A. M. Arif, F. G. West* 6546 – 6549

Unexpected Participation of an
Unconjugated Olefin during Nazarov
Cyclization of Bridged Bicyclic Dienones

Electrode Materials

F. Jiao, K. M. Shaju,
P. G. Bruce* 6550 – 6553

Synthesis of Nanowire and Mesoporous
Low-Temperature LiCoO2 by a Post-
Templating Reaction

Contents

6436 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6430 – 6440

Cutting Corners : Elaborate triangular
arrays of Mn ions are stabilized by the
tripodal ligand 1,1,1-tris(hydroxymethyl)-
ethane. The self-assembled {Mn32} trun-
cated cube (see picture) is further stabi-
lized by end-on-bridging azide ligands and
acetate groups. Such stabilization could
prove to be useful in the preparation of
single-molecule magnets.

Pocket the difference : Highly enantiose-
lective allylic alkylation of simple acyclic
ketones is carried out by using a Pd
catalyst with a “chiral pocket” ligand 1
(see scheme). The addition of a Lewis acid

such as AgBr and the selection of one
enolate form over another dramatically
affect the enantioselectivity of the
reaction.

Surprising rearrangements in a rigid
system : A cyclopropyl ring is formed
unexpectedly when a trienone substrate is
subjected to the Nazarov cyclization (see
scheme). The participation of the uncon-
jugated alkene unit present in the sub-

strate might be a consequence of the
complete torquoselectivity of the initial
electrocyclic closure. A subsequent rear-
rangement by a homo-1,5-hydrogen shift
occurs cleanly to give the final product.

Giving in to templation : Lithium-contain-
ing nanostructured transition metal
oxides have been prepared by a templat-
ing route with preservation of the nano-
structure. Both one-dimensional nanowire
and three-dimensional mesoporous sam-
ples of low-temperature (LT)-LiCoO2 with
highly crystalline structures (see image)
have been obtained, and these perform
better than “normal” LT-LiCoO2 as inter-
calation electrodes in lithium batteries.
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Delocalization in heterocycles : Reaction
of hexaphenylstannole with excess lithium
gives the dilithium stannole as deep-red
crystals. The aromaticity of the dianion
was examined by NMR spectroscopy, X-
ray analysis (see picture), and calcula-
tions. The dianion has considerable aro-
matic character and is reported to be the
first tin-containing carbocyclic aromatic
compound.

Thrifty catalysis : Tungsten carbide micro-
spheres with high surface area and CO
chemisorption capacity were prepared by
heating mixtures of a resorcinol–formal-
dehyde polymer and ammonium meta-
tungstate. Platinum supported on these
microspheres (see electron micrograph)
shows higher activity than the commercial
catalyst with 20% Pt–Ru (1:1) on C for the
electrooxidation of methanol.

Take the rough with the smooth : Con-
ducting silica microspheres with different
morphologies—rough, dotted, and
smooth (see picture)—have been rapidly
synthesized in an ionic liquid under
various experimental conditions. The
conducting property of the silica particles
is attributed to the presence of entrapped
molecules of ionic liquid and water.

A phenalenyl-based Kekul> hydrocarbon
with singlet biradical character has been
isolated and characterized. Strong intra-
and intermolecular interactions between
the unpaired electrons lead to short p–

p contacts and formation of one-dimen-
sional chains (see picture). Thus, wide
valence and conduction bands are estab-
lished, and the compound shows semi-
conductive behavior.
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Body doubles : An isolectronic borane
analogue of a dinuclear ruthenium–pen-
talene (C8H6) p complex (see picture) has
been prepared and isolated. It is found to

be an intermediate in the growth of the
borane fragment of a diruthenaborane
framework.

Mother-of-pearl has a three-level nano-
scopic-to-macroscopic hierarchical archi-
tecture, which provides storage for
organic molecules at the nanoscale. A
material that mimics the hierarchical
architecture and nanostorage properties
of nacre emerges from the simple crys-
tallization of potassium sulfate and
poly(acrylic acid) (see picture).

A facile access to optically active 2-indolyl-
1-nitro derivatives, which can be easily
transformed into highly valuable com-
pounds such as tryptamines and 1,2,3,4-
tetrahydro-b-carbolines, is provided by the

first catalytic enantioselective Friedel–
Crafts alkylation of indoles with nitro-
alkenes (see scheme; e.g. R1=R2=H,
R3=Ph).

Remarkably stable 2-phosphabicyclo-
[1.1.0]butanes (see picture; O red, P violet,
W turquoise) were synthesized from the
complexed phosphinidene Ph�P=W(CO)5
and cyclopropenes. These compounds
undergo valence isomerization to form 3-
phosphacyclobutenes via 1-phosphabuta-
dienes at elevated temperatures.
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M. Gutowski* 6585 – 6588

Finding Adiabatically Bound Anions of
Guanine through a Combinatorial
Computational Approach

DNA Replication

P. Hagenbuch, E. Kervio, A. Hochgesand,
U. Plutowski, C. Richert* 6588 – 6592

Chemical Primer Extension: Efficiently
Determining Single Nucleotides in DNA

Service

Keywords 6594

Authors 6595

Preview 6597

Angewandte
Chemie

6439Angew. Chem. Int. Ed. 2005, 44, 6430 – 6440 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

A simple start: A tungsten carbene 3, 2-
trimethylsilyloxyfuran (4), and an enan-
tiopure aldehyde 5 provide easy access to
enantiopure butenolides 2. The metal

carbene increases the accepting character
of the C=C bond and allows further
transformations into butenolide struc-
tures such as 1.

Enamine–imine transformations of
guanine lead to tautomers that support
valence anionic states which are adiaba-
tically bound by as much as 8 kcalmol�1

(see scheme). The valence anions might
be formed by dissociative electron

attachment followed by attachment of a
hydrogen atom to a carbon atom. Such
tautomers might affect the structure and
properties of DNA and RNA exposed to
low-energy electrons.

Rapid replication : Non-enzymatic primer
extension has previously been studied in
the context of prebiotic chemistry, but not
for practical applications. Reactions with
primers featuring a 3’-amino-2’,3’-dideoxy-
nucleotide can be rapid and selective for

all four templating nucleobases (see
scheme). On a chip with immobilized
capture strands, 500 fmol of template
suffice for single-nucleotide determina-
tions within 2.7 h.
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*Corrigendum
ADHOC 2005 in Cologne: The Latest in
Dioxygen Activation and Homogeneous
Catalytic Oxidation

C. Limberg* 6102–6104

Angew. Chem. Int. Ed. 2005, 44

DOI 10.1002/anie.200502936

Some sentences in the meeting review of ADHOC 2005 in Cologne were incorrect at the
time of press.
Page 6102, column 1, line 11 should read: To gain better insights, model systems with
well-defined active sites are being developed; on the other hand problems are
approached with the aid of kinetic measurements, sophisticated isotope-labeling
experiments, molecular probes, and especially computational chemistry which allows
the discussion of structure–activity relationships and can either support or reject
proposed mechanisms.
Page 6102, column 3, line 6 should read: On the other hand, A. Griesbeck (University of
Cologne, Germany) described how 1O2 with the aid of tetraarylporphyrin-loaded
polystyrene can be used for ene reactions and [4þ2] cycloadditions, and how it can even
be “made chiral” through organocatalysts.
Page 6103, column 2, line 7 should read: these effect the oxidation of bromide to
bromonium ions, which in turn can be reacted under nonacidic conditions with olefins
and aromatic compounds.
Page 6103, column 3, line 5 should read: The latter, however, are apparently stabilized by
POM ligands; their use recently afforded the synthesis of a Pt=O complex as described by
C. L. Hill (Emory University, Atlanta, USA), and now he reported the isolation and
characterization of the first Pd=O complex, K9Na4[(O=PdIV-OH)WO(OH2)L2]
(L= [PW9O34]9�).
Page 6103, column 3, line 21 should read: Altogether, there is still great interest in the
oxidation of methane, the simplest yet most resistant C1 hydrocarbon source.
Page 6104, column 1, line 27 should read: … R. Hage (Unilever, The Netherlands)…
Page 6104, column 1, line 29 should read: The lecture given by G. Reinhardt (Clariant,
Germany) made it clear that there is not, and yet cannot be, a panacea for the bleaching
industry.
Page 6104, column 3, line 22 should read: The mechanistic understanding was
broadened, refined, and even renewed, and many novel systems have been developed.
Page 6104, column 3, last sentence: The pronounced relation to application was
underscored by the fact that this year’s meeting was, for the first time, organized jointly
by both the industrial and academic spheres as well as through the strong participation
and generous support of industry (especially BASF).
The Editorial Office apologizes for the oversight.
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A Feast of Supramolecular
Chemistry**

Daniel-Petru Funeriu*

Just before the distinctly French August
holidays, the meeting “Advances in
Supramolecular Chemistry” was held
in Strasbourg, France, to celebrate the
40th anniversary of Jean-Marie Lehn#s
laboratory. Eight plenary lectures, rich
poster sessions, and a string of cultural
and social events made attendance at
this meeting memorable and inspiring
for some 200 participants. With the con-
tribution of numerous sponsors, the
organizing team managed by Nicolas
Giuseppone and expertly comple-
mented by Jacline Claudon and Jean-
Louis Schmitt succeeded in attracting
an exceptional panel of speakers to the
esthetic and functional surroundings of
the newly built ISIS institute.

On the first day of the meeting, the
participants gathered on the top level
of the Museum of Modern Art—an
inspired choice—where they had the
pleasure to meet former colleagues and
the invited speakers while enjoying a
delightful view of Strasbourg.

The following day, Jean-Marie Lehn
opened the scientific session by review-
ing the results obtained in his laboratory
over the last 40 years (which represents
some 600 years worth of research in

total)! The first results from the group
of the then 25-year-old Lehn were also
among the first concerning ab initio
studies on organic molecules, with the
calculation of energetic barriers for
nitrogen and phosphorus inversions
and the study of stereoelectronic effects.
This topic was followed by studies on
14N nuclear quadrupole relaxation and
its use in molecular dynamics. Notably,
some of these pioneering results, such
as the finding of a second-order transi-
tion of quinolein in the liquid phase at
15 8C, were only confirmed and pub-
lished some 20 years later.

In 1967, Lehn#s earlier interests in
“how a chemist might contribute to the
study of […] highest biological func-
tions” led to the development of the
chemistry of cryptands and cryptates in
the Strasbourg laboratory. The physical
chemistry background of the laboratory
was pivotal in the study of the properties
of these compounds and, probably, in
the genesis of concepts that evolved
from these results. The idea that infor-
mation stored into a molecule can be
expressed through an interactional algo-
rithm which is supramolecular in nature
flowered into the notion that chemistry
can (and should) be seen not only as
the science of energy and matter but
also as information science. On the
basis of Emil Fischer#s lock-and-key
model, the construction of anion recep-

tors, receptors with multiple binding
sites, as well as receptors of organic mol-
ecules with transport and catalytic prop-
erties substantiated the ensuing, quite
natural, emergence of the founding con-
cepts of supramolecular chemistry. The
early results in metal-ion-directed self-
assembly further anchored this daring
conceptualization, which it was at the
time, and opened a field of supramolec-
ular chemistry, among which helicates,
cages, grids, and higher order assemblies
represent many landmarks. Some devi-
ces constructed along these principles
have had an important practical

impact, such as the europium
cryptates that are used in
screening technologies. The
inaugural lecture concluded
with a discussion of an area of
research that first started in
1994 and is now the main
focus of the laboratory: the
further exploration of constitu-
tionally dynamic chemical
space. The earliest examples
from Lehn#s laboratory in the
field of dynamic combinatorial
chemistry, in which the key to
Fischer#s lock was now self-
generated from a multitude of
possibilities under the influ-
ence of the lock itself, have
developed into the field of con-
stitutional dynamic chemistry
(CDC), in which reversible
bonds (covalent and noncova-
lent) are used to generate a
constitutional diversity that

responds in an adaptive process to the
pressure of internal or external factors.

On the occasion of such an anniver-
sary, one is usually tempted to look
with admiration and sometimes nostal-
gia to achievements of the past rather
than to those yet to emerge in the
coming years. In that respect, Lehn#s
inaugural talk is certainly better descri-
bed as a scientific appetizer than the
cherry on the cake!

In a typically inciting presentation,
Helmut Ringsdorf (Mainz) discussed
the role of scientists as exchange vectors
between science and society, as well as
the responsibilities, challenges, and
opportunities that they should address
in our world of rapid change. The meet-
ing in Strasbourg on supramolecular
chemistry, which has crossed the borders

Figure 1. Jean-Marie Lehn and his long-term administra-
tive assistant (background).

[*] Dr. D.-P. Funeriu
Research Institute for Cell Engineering
National Institute of Advanced Industrial
Science and Technology (AIST)
3-11-46 Nakouji, Amagasaki
Hyogo 661-0974 (Japan)
E-mail: danielpetru-funeriu@aist.go.jp

[**] Advances in Supramolecular Chemistry,
Strasbourg, July 27–-30, 2005. A full video
recording of the talks can be consulted at
http://canalc2.u-strasbg.fr/video.asp?id
Evenement=184
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of physics and biology to become supra-
molecular science, was an ideal setting
to discuss the theme of crossing borders
between science and society. It was,
therefore, only natural in the context
of such a meeting to raise the question
of “why is not the responsibility that we,
as scientists, feel towards the scientific
truth and fairness, transferred to �the
other side�, that is, society�s evolution?”
Poignant examples of the past, largely
illustrating the lack of attitude of
German scientists during the emergence
of the third Reich, and worrying signs of
the present could be considered the data
on which Ringsdorf built the case for
increased involvement of scientists in
the future of society, such as to prevent
a “socio-economic brutalization of
Europe and the world in the 21st cen-
tury”. In science, Ringsdorf advocated
the need for young researchers to exit
the gravity field of their mentors (or as
he put it, “to dig their own rivers rather
than continuously fishing in their men-
tor�s”) and take a more courageous
approach towards interdisciplinarity. A
difficult but also rewarding path, one
may add.

Next, David Leigh (Edinburgh) took
the spotlight with a presentation of his
laboratory#s work on rotaxanes and cat-
enanes. Since the first controlled synthe-
sis of these assemblies assisted by metal-
ion complexation, templation by ion-
pairing and hydrogen-bonding interac-
tions have expanded the repertoire of
interlocked molecules so much so that
time is ripe to address whether there is
more to the field of interlocked mole-
cules than their exotic structure. Leigh

demonstrated how his group has suc-
ceeded in relating the unusual molecu-
lar-level mechanical features of cate-
nanes and rotaxanes to the emergence
of function, particularly the control of
directional molecular motion induced
by various stimuli. The generally used
principle that Leigh#s group has brought
to the level of art involves the construc-
tion of a template unit (a strand in the
case of rotaxanes, or macrocycles in
the case of catenanes) that contains “sta-
tions” with orthogonally modulable
affinities for a threaded macrocycle.
Then, starting from an initial state in
which the threaded macrocycle is
bound to the first station, an input
signal (such as light or a change of sol-
vent) modifies the relative affinities of
the first and second stations which
results in a net movement of the
threaded macrocycle. By using this prin-
ciple, his group has succeeded, for exam-
ple, in moving macroscopic objects
against gravity on surfaces.

Henri Kagan (Paris) reviewed the
progress in the field of asymmetric
amplification, illustrated with recent
examples from his laboratory. Kagan

disclosed the first example (pre-
dicted by the kinetic treatment
of the reaction between two
enantioimpure reagents by Ugi
in 1977) of a kinetic resolution
in which a racemic reagent
enhances the enantiomeric
excess of a partially resolved
substrate. By reacting one equiv-
alent of an amine with 67% ee
with 0.6 equivalents of a racemic
acetylation reagent, Kagan#s
group obtained 0.4 equivalents
of the initial amine with 95%
ee together with 0.6 equivalents
of the acetylated compound
with 50% ee. Kagan concluded
a well-guided, in-depth journey

into the labyrinths of asymmetric ampli-
fication with examples of recent work
from his laboratory in combining dis-
tinct asymmetric amplification strat-
egies within a single process.

The third day of the meeting was
devoted to a visit of the city of Selestat
and its humanist library (established in
1452), possibly the most representative
humanist library to be preserved intact
during the Renaissance. Among the col-
lection of rare books is one of the few

copies of the “Cosmographiae Introduc-
tio”, produced in nearby Saint-Die,
which for the first time coined the term
“America”. This excursion into univer-
sal culture was complemented by a
tasty incursion into the local culture: a
visit and dinner in one of Alsace#s
most famous vineyards. The wine-tast-
ing session of the dinner was an enrich-
ing experience both for the participants
and the wine-producer alike.

In the speech on the morning after
the night before, Samuel Stupp (Evan-
ston) presented spectacular examples
of macromolecular self-assembled sys-
tems, in which an exquisite level of con-
trol can be achieved in the micron range
by taking advantage of classical molecu-
lar recognition codes as well as more
subtle ones, such as entropy-limited
finite crystallization and steric-crowd-
ing-imposed torque. Particularly strik-
ing by its implications in medicine was
the controlled formation of self-assem-
bled bioactive nanofibers from peptide
amphiphiles. The peptides, and thus the
external surface of the resulting self-
assembled nanofibers, can be engi-
neered to display bioactive epitopes
(such as the neurite-guiding epitope
IKVAV). Injection of a solution of the
IKVAV peptide amphiphile into mice
at the site of a spinal-cord injury
(where the axons typically cannot pene-
trate due to reasons of mechanical and
chemical signaling) results in spontane-
ous nanofiber formation. By signaling
through the conveniently exposed epito-
pes, the nanofibers lure the axons into
(and through) the site of the injury, con-
sequently re-establishing neuronal con-
tacts. This improves the prognosis in
mice that have suffered severe spinal-
cord injury.

Javier de Mendoza (Tarragona)
drew parallels between art and struc-
tural chemistry in describing the advan-
ces from his laboratory. Prominent
among those are the recent further
developments of guanidinium-based
receptors for oxo-anion recognition,
protein binding, as well as transport
into cells. In particular, the binding of
chiral bicyclic guanidinium oligomers
to p53 protein may be especially impor-
tant in the future. Other recent develop-
ments that Mendoza reported at this
meeting were self-assembled rosettes in
which ureido-pyrimidinones were used

Figure 2. Helmut Ringsdorf and Jean-Pierre Sauvage.
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as multiple-hydrogen-bonding connec-
tors.

Are there unused strings on a supra-
molecular chemist#s violin? Judging by
the presentation given by FranGois Die-
derich (ZIrich) about the structural fea-
tures of orthogonal multipolar interac-
tions and their importance in recogni-
tion events, it certainly appears so.
Indeed, these interactions (such as C�
X···C=O (X=F, Cl, Br, I, OH), C=
O···C=O, and CN···CO) appear to have
been somehow overlooked and less
exploited in the design of molecular
interacting partners than hydrogen
bonds and ion–ion, ion–dipole, and
hydrophobic interactions. Diederich#s
group, in collaboration with scientists
at Roche, undertook a statistical
approach and compiled a detailed reper-
toire of such interactions found through
data-mining of crystallographic data-
bases. The results revealed numerous
cases of C�X···CO contacts with X···C
distances smaller than the sum of their
C+X van der Waals radii and C�
X···C=O angles close to 908. Can we pre-
dict these “contextual interactions”?
Can we harness their proposed potential
in molecular design? The answers to
these important questions are likely to
rely on their difficult but important
quantification, for example, as per-
formed by Diederich et al. for the C�F-
(CF3)···CO(amide) interaction.

David Reinhoudt (Twente) pre-
sented his group#s latest results, which
make imaginative use of the supra-

molecular chemistry of cyclodextrins,
towards the construction of molecular
printboards. By further expanding the
knowledge gained in this endeavour, in
an approach that combines layer-by-
layer assembly with nanoimprint lithog-
raphy, nanometric islands of Au could
be efficiently patterned onto a flat sur-
face. In this approach, Au is sublimed
by laser deposition onto a poly(dime-
thylsiloxane) (PDMS) stamp and a mon-
olayer of thioether-functionalized cyclo-
dextrins is then formed on the Au sur-
face. The resulting Au–cyclodextrin
stamp is applied onto a flat surface func-
tionalized with a ferrocene dendrimer.
Through the multivalent cyclodextrin–
ferrocene dendrimer interactions, the
Au layer sandwiched between the
PDMS and the cyclodextrin is transfer-
red to the flat surface. Thus, the surface
now exposes the Au replica of the
stamp, and sandwiched between the sur-
face and the Au lies a monolayer of fer-
rocene molecules. High-density field-
effect transistors can now be fabricated
and characterized by using the Au
islands as electrical contacts and
through the electrical properties of the
ferrocenes.

Over the years, the concepts of
supramolecular chemistry have been
mainly used to build progressively
more complex structures. The molecular
toolbox that is now available makes it
tempting as well as increasingly facile
to continue this trend. However, and
very importantly so, one common

theme of the speakers in the Strasbourg
meeting was the emergence of function
through structure engineering, both in
the biological and the physical sciences.
The fact is that function is no longer at
the horizon of supramolecular chemistry
but has become (at least in the hands of
pioneers) it#s daily reality. As Reinhoudt
stated: “We are reaching in supramolec-
ular chemistry a phase where structure is
not enough: We have to show that we can
obtain, by self-assembly, a function as
well.” Indeed, most of the speakers did
exactly this and very convincingly so,
one should add. During this meeting,
the question that friends and foes alike
have asked — “What can we do with
supramolecular chemistry?” — received
a comprehensive and clear answer, pre-
figuring a function-focused trend in
supramolecular sciences.

With such an event, one could not
talk about the science without talking
about the people that made it happen.
By perfectly illustrating the history and
philosophy of the laboratory, and hint-
ing to one of its main sources of success
at both scientific and human level,
Lehn#s concluding remarks about
science, art, as well as his former collab-
orators reinforced the global impression
that science and the group, more than
the man himself, were the celebrated
ones.
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Artificial Molecular Double-Stranded Helices
Markus Albrecht*

Keywords:
coordination modes · helical structures · hydrogen
bonds · self-assembly

Helicity is a topological motif that is
highly attractive from an aesthetic point
of view. It can be observed in huge
objects like the spiral arms of galaxies
and it plays an important role in the
world of “string theory”.[1] Helical struc-
tures, such as those found in the plant
kingdom, have inspired architects and
artists. For a chemist, helicity is impor-
tant owing to the wide appearance of
helical structures in, for example,
quartz,[2] proteins,[3] collagens, and many
more natural or artificial fiber-type de-
rivatives.[4]

Since the discovery of the double-
stranded helical structure of DNA by
Watson and Crick,[5] chemists have been
searching for simple linear molecules
that are able to form artificial double
helices through noncovalent interac-
tions, such as p-stacking, electrostatic
interactions, hydrogen bonding, or met-
al coordination.[6] In naturally occurring
DNA the stability of the double helix is
attributed to hydrogen bonding between
complementary oligonucleotide strands.
As an additional stabilizing interaction,
the aromatic base pairs display p–p
interactions, which are optimized, if the
double-strand adopts a helical twist[7]

(Figure 1[8]).
In artificial analogues of DNA, the

hydrogen bonding interaction between
the two strands can be substituted by
metal coordination. Shionoya et al.
demonstrated this impressively by pre-
paring a heptanucleotide strand with the
GXXXXXC sequence (X=hydroxy-

pyridone). Upon addition of copper(ii)
ions, a double-stranded DNA-type
structure is formed, in which the two
strands are connected by five copper(ii)
ions, each possessing a square-planar
coordination geometry (Figure 1,
right).[9] Metal coordination is frequent-
ly used to prepare artificial double
helices. There are numerous reports on
coordination polymers that exhibit dou-
ble-helical motifs in the crystal.[10] A
special class of well-defined molecular
double-stranded helical metal com-
plexes was introduced in 1987 by J.-M.
Lehn and was termed double-stranded
helicates. In these complexes two linear
oligodonor ligands wrap around two or
more metal centers and thus form a
double helix (Scheme 1).[11]

In the first paper on helicates, Lehn
and co-workers point out that helicates
represent an “inorganic double helix,
reminiscent of the double-helical struc-
ture of nucleic acid”.[11] Although on
first sight this seems to be a provocative
statement, there is some analogy be-
tween helicates and DNAwith regard to
the cooperative self-assembly of the
double helix, the noncovalent connec-
tion by cations (protons of DNA versus
metal cations), and p–p interactions as
additional stabilizing effects. If nothing
else, at least the double-helical struc-
tures of DNA and of helicates are
aesthetically appealing.
A class of single-stranded com-

pounds with a helical structure are the
helicenes (A, Scheme 2).[12] Compound

Figure 1. Double-helical DNA (left: C: gray; H: white; N: blue; P: orange; O: red) and a CPK
model of the artificial pentanuclear metalla-DNA synthesized by Shionoya et al. (right: Cu:
green).[8]
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B (Scheme 2) represents an extended
helicene, which, owing to the alkyl
bridges, possesses some flexibility and
which additionally bears some internal
nitrogen-donor atoms. Compound B
forms a double-stranded helicate-type
complex upon addition of one or two
equivalents of sodium ions.[13] The oli-
go(pyridine amide) D (Scheme 2)

adopts a helical conformation owing to
intramolecular hydrogen bonding be-
tween the amide protons and the pyri-
dine-nitrogen atoms (C, Scheme 2). De-
pending on the concentration and on the
temperature, foldamer D forms double-
stranded compounds owing to attractive
p–p interactions between two single
strands.[14] In hydrogen-bonded systems

with additional electrostatic attraction,
the formation of double-stranded heli-
ces also can be achieved. As shown in
Figure 2 (E), the chiral sulfur-bridged
bisguanidinium strand assembles
around dianionic tetrahedral sulfate
ions and thus forms an “inverted” hel-
icate-type structure.[15]

The examples described to date of
artificial double helices lack one impor-
tant feature compared to the natural
model DNA. They are not able to store
information other than the stereochem-
istry in the double-strand—information

Scheme 1. A model of the first double-stranded helicate, which was formed by Lehn et al. from
three copper(i) ions and two ligands, which each contain three 2,2’-bipyridyl units. C: gray; H:
white; N: blue; O: red; Cu: green.

Figure 2. The “inverted” double-stranded heli-
cate E described by de Mendoza et al.[15] .

Scheme 2. Molecules that form helical structures: [6]helicene (A) adopts a single-stranded helical structure, whereas B yields a double-stranded
helicate in the presence of sodium ions. The foldamer D forms a helical structure owing to intramolecular hydrogen bonding interactions. Com-
pound C dimerizes in solution at high concentration and low temperatures.
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storage and processing is an important
feature of DNA and occurs by a sequen-
tial arrangement of complementary
base-pairs. The sequence in one strand
dictates the sequence of the comple-
mentary one. To store information in
artificial systems, we have to form the
double helices from two strands with
complementary binding sites. This can
be achieved, for example, by substitut-
ing the natural base-pairs guanine–cyto-
sine or adenine–thymine by simple ana-
logues (e.g. amidinium–carboxylate).
Recently, the synthesis of the hetero-

stranded double helix F was described,
in which different but complementary
binding sites were introduced in two
different strands (Figure 3). Hereby, a
bisamidinium strand and the comple-
mentary biscarboxylate strand were pre-
pared by modular approaches. Mixing of
the two strands led to the spontaneous
formation of an enantiomerically pure
double helix, which was characterized
by NMR and CD spectroscopy in solu-
tion. X-ray stucture analysis revealed
that the double-helical structure is main-
tained in the solid state (Figure 3).[16]

Compound F is a new type of double-
stranded helix, in which two different
strands interact by salt bridges between
complementary amidinium and carbox-

ylate units. Therefore, for the first time
the complementarity between two
strands, which is found in DNA, is an
important aspect of the noncovalent
formation of an artificial double-strand-
ed system. In related future studies this
might allow the preparation of sequen-
tial strands with complementary binding
sites that are either self-complementary
or that form hetero-duplexes (as shown
in F). In the future, an artificial system
might result, which contains not only
stereochemical[17] but also sequential
information. Duplex formation com-
bined with chemical ligation processes
might then be able to transfer this
information to a new strand. Comple-
mentary pairs such as amidinium and
carboxylate might take the place held by
guanine–cytosine or adenine–thymine
in nature. Therefore the preparation of
a self-complementary strand with one
carboxylate and one amidinium group
should be one of the next challenges.
As described herein, naturally oc-

curring double-stranded DNA acts as a
model for chemists and motivates us to
develop routes to artificial molecular
double-stranded helices. Possibilities
have to be found to assemble linear
molecules to form double-stranded sys-
tems with a helical twist. Ideally this

process should proceed stereoselective-
ly. The obtained systems—including
those described herein—are still rela-
tively simple compared to natureBs won-
derful example of DNA. Information
storage and processing in double-helical
compounds is still a monopoly of nature.
However, the introduction of sequential
strands in artificial double helices[18] and
the use of complementary base-pairs[16]

are first steps towards breaking this
monopoly in the future.
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The recent studies of Kubiak and co-
workers[1,2] in which they were able to
identify the existence of charge-transfer
isomers are important contributions to
the field of mixed-valence chemistry.
The work establishes charge-transfer
isomers as identifiable chemical entities
that exist in dynamic equilibrium deter-
mined by electron transfer on the pico-
second time scale.

Mixed-valence compounds are gen-
erally odd-electron systems and are
composed of two or more reduction/
oxidation (redox) centers. The odd elec-
tron is able to exchange between the two
redox centers either by photoinduced or
thermal electron transfer depending
upon the extent of electronic coupling
between the two redox centers. For
thermal electron transfer, three absolute
conditions arise: no coupling between
redox sites and no electron transfer
(Class I), weak coupling and electron
transfer between redox sites that is
dependent upon thermal activation
(Class II), and finally strong coupling
and activationless electron transfer be-
tween redox sites (Class III).[3] Class II
and Class III systems are also referred to
as valence-trapped and delocalized
mixed-valence states, respectively. For
mixed-valence systems at the boundary
between Class II and Class III behavior,

where electron transfer rates are on the
order of solvent relaxation times
(< 10�12 s), the classification Class II–
III has been proposed.[4] The charge-
transfer isomers studied by Kubiak and
co-workers are of Class II–III.

Of the many mixed-valence systems
that have been studied, the vast majority
of molecular systems are dinuclear
ruthenium complexes and that is be-
cause of the stability of the coordination
sphere in either RuII or RuIII oxidation
states and the enormous literature re-
source of ruthenium-complex synthesis.
Kubiak and co-workers have extended
this series to ruthenium clusters of the
type [{Ru3O(m-CH3COO)6(CO)L’}(m-
l){Ru3O(m-CH3COO)6(CO)L’’}] (Fig-
ure 1).

For the above complexes in the
neutral isolated state, each trinuclear
Ru3 moiety formally contains one Ru

II

and two RuIII centers (Ru3
III,III,II) and the

carbonyl ligand is coordinated to the
formally divalent center. The cyclic
voltammetry of these complexes shows
two reversible two-electron oxidation
waves at positive potentials and two
reversible one-electron waves at nega-
tive potentials. The one-electron waves
correspond formally to the Ru3

III,III,II–
Ru3

III,III,II/Ru3
III,II,II–Ru3

III,III,II and

Ru3
III,II,II–Ru3

III,III,II/Ru3
III,II,II–Ru3

III,II,II

one electron couples (i.e. the sequential
reduction of one RuIII center on each
cluster unit) and are separated from
each other in potential, DE, because of
the stability of the Ru3

III,II,II–Ru3
III,III,II

mixed-valence state that largely arises
for a symmetric complex from the
coupling between Ru3 moieties. The
Ru3 moieties are separated by a distance
that prevents direct orbital overlap and
because of this the electronic coupling
between Ru3 moieties can only occur by
mixing ruthenium orbitals with bridging
ligand (L) orbitals in a process referred
to as superexchange. As might be ex-
pected, the extent of orbital mixing and
hence coupling is sensitive to the rela-
tive symmetry and energy of the inter-
acting orbitals and this provides a means
by which these complexes can be made
extraordinarily useful probes of the
mixed-valence state. In previous stud-
ies,[5] Kubiak and co-workers changed
the nature of the bridging ligand L and
the monodentate ligands L’ and L’’ to
purposefully vary the extent of super-
exchange coupling. Most importantly,
the presence of a carbonyl ligand and
the infrared spectroscopy of its carbonyl
stretch n(CO) provided an independent
probe of the valence state of each Ru3
moiety in the mixed-valence state on the
infrared time scale of 10�13 s. If the
mixed-valence complex is Class III and
symmetric (L’=L’’ and L possesses a
center of symmetry), the two carbonyl
ligands will be in identical environments
and so only one n(CO) band will be
observed. For a Class II mixed-valence
ion, the rate of electron transfer be-
tween redox sites is far slower than
1013 s�1 and so two n(CO) bands will be

Figure 1. General diagram of the Ru3 dimers,
bridging ligand L, and monodentate ligands L’
and L’’.
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observed. With stronger coupling and
faster electron transfer, the two n(CO)
bands coalesce so that only one average
band is observed. Kubiak and co-work-
ers fitted the coalescence of the n(CO)
bands[5] according to an algorithm[6] in
which the electron-transfer rate con-
stant was a variable. The studies con-
vincingly showed that electron-transfer
rates ket approach the activationless
limit (ket� 1012 to 1013 s�1) in their most
strongly coupled systems.

Charge-transfer isomers are mixed-
valence complexes which differ only in
the location of the odd electron. These
isomers cannot be distinguished exper-
imentally in symmetric mixed-valence
systems but can be in asymmetric sys-
tems. However, the asymmetry in
mixed-valence complexes biases the sta-
bility of one charge-transfer isomer over
the other so that only the most stable
charge-transfer isomer is normally ob-
served. This bias in stability can be
estimated from the difference in redox
couples of isolated Ru3 moieties (no
coupling between moieties) and is re-
ferred to as the diabatic free-energy
change.[1] It can be accurately calculated
by determining the charge-transfer iso-
mer equilibrium constant and hence the
adiabatic free-energy change.[1] This lat-
ter value includes the effect of coupling
on the energy difference between Ru3
moieties. What Kubiak and co-workers
were able to accomplish was to synthe-
size asymmetric mixed-valence com-
plexes in which the difference in stabil-
ity between charge-transfer isomers (the
adiabatic free energy) was exceedingly
small (� 0.0248 eV) and the relative
populations of charge-transfer isomers
in equilibrium sufficiently large to be
experimentally measurable. By slightly
modifying the complexes in Figure 1,
the population of charge-transfer iso-
mers could be established by the asym-
metric binding of 13C18O and 12C16O
ligands. Energetic asymmetry was ach-
ieved by substituting different L’ and L’’
ligands or by binding an asymmetric
bridging ligand L. The latter resulted in
an elegant and unambiguous experi-
mental identification of charge transfer
isomers.

Figure 2 shows the structure and
infrared spectroelectrochemistry of two
complexes in which the asymmetric
ligand, L=methylpyrazine, bridges two

Ru3 moieties and L’=L’’=pyridine
(py).[2] These complexes would be iden-
tical were it not for the selective sub-
stitution of 13C18O. The IR spectrum of
neutral and doubly reduced complexes
shows only two n(CO) bands, the higher
frequency band is assigned to 12C16O
while the band at lower frequency is
assigned to 13C18O. A slight shifting to
lower frequencies of both bands is seen
upon reduction. However, the mixed-
valence complex shows four n(CO)
bands and this occurs because there
are two charge-transfer isomers in equi-
librium, each with n(12C16O) and
n(13C18O) bands. The bands do not have
equivalent intensity because the popu-
lation of isomers in equilibrium is not
the same. For the complex on the left in
Figure 2, the basicities of the nitrogen
atoms of the methypyrazine bridging
ligand suggest that the most stable
charge-transfer isomer (the major pop-
ulation) will be the one with most of the
electron density on the Ru3 cluster
bonded to 12C16O. Thus, for the two
n(12C16O) bands, the band at slightly
lower frequency has the greater inten-
sity while the higher frequency band,
which appears as a shoulder, is associ-
ated with the minor isomer in which
most of the electron density is on the
Ru3 cluster bonded to 13C18O. Similar
arguments can be used to rationalize the
two n(13C18O) bands. Further convincing

proof of the existence of the charge-
transfer equilibrium comes from the
spectroelectrochemistry of the complex
on the right in Figure 2. In this complex,
the orientation of the bridging methyl-
pyrazine has been switched so that now
the most stable charge-transfer isomer is
the one with most of the electron density
on the Ru3 cluster bonded to 13C18O.
This in turn switches charge-transfer
isomer populations and n(CO) band
intensities compared to that of the
complex on the left in Figure 2.

In another study[1] of mixed-valence
complexes of the type shown in Figure 1,
the charge-transfer equilibrium was per-
turbed by holding the bridging ligand
L= pyrazine fixed but varying L’ and
L’’. Three complexes were examined in
which L’= 4-dimethylaminopyridine
and L’’= pyridine (1), L’=pyridine
and L’’= 4-cyanopyridine (2), and L’=
4-dimethylaminopyridine and L’’= 4-cy-
anopyridine (3). Cyclic voltammetry of
the complexes gave values of DE which
varied from 310 mV to 410 mVand were
considerably larger than those predicted
from the differences in intrinsic reduc-
tion potentials. This result was appro-
priately taken as evidence of significant
electronic coupling. As discussed above,
the substitution of 13C18O permitted the
charge-transfer equilibrium to be char-
acterized. The adiabatic free-energy dif-
ferences of the charge-transfer equili-

Figure 2. Infrared spectroelectrochemistry (at �30 8C in a 0.1m nBu4NPF6 solution in CH2Cl2) of
the two complex isomers [{Ru3O(m-CH3COO)6(

12C16O)py}(m-methylpyrazine){Ru3O(m-CH3COO)6-
(13C18O)py}] which differ only in the position of the pyrazine methyl group relative to 13C18O.
Spectra for the neutral (top), mixed-valence (middle), and doubly reduced (bottom) states are
shown with a schematic of the exchanging populations. The CO groups and their corresponding
IR bands are shown in the same color. See text for details. Reprinted from ref. [2].
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bria varied from 9.3 @ 10�3 to 0.025 eV
and were considerably smaller although
they followed the same trend as the
diabatic free-energy differences which
varied from 0.1 to 0.23 eV. The relatively
small adiabatic free energy is a conse-
quence of the magnitude of electronic
coupling between Ru3 moieties. Apply-
ing the potential energy surfaces devel-
oped by Sutin[7] to the case of a diabatic
free energy of 0.1 eV and reorganiza-
tional energy of 1.43 eV, Kubiak and co-
workers estimated that the electronic
coupling required to achieve a delocal-
ized state is Had= 4260 cm

�1. For this
delocalized state the adiabatic free-en-
ergy difference was calculated to be
0.065 eV. This value is considerably
larger than that found for mixed-valence
complexes 1–3 which suggests that these
complexes should undergo activation-
less electron-transfer rates. However,
the experimental electron-transfer rates
range from 0.4 to 8.5 @ 1011 s�1 which is
significantly less than that required for
activationless electron-transfer. This re-
sult led to the suggestion that these
systems are coupled to the solvent or

molecular normal modes and that this is
an additional barrier to full delocaliza-
tion. While this may be true, the magni-
tude of the calculated electronic cou-
pling is also a concern. If Had=

4260 cm�1 or 530 mV, the difference in
Ru3 redox couples DE should be at least
as large as 530 mV but the largest
measured by cyclic voltammetry is only
410 mV. This disagreement may be due
to antiferromagnetic exchange within
the Ru3 moieties which would reduce
the stability of the mixed-valence state.
If this is found to be unimportant the
choice of parameters or the model itself
should be re-examined.

Kubiak and co-workers have made a
significant contribution to the field of
mixed-valence complexes. By experi-
mentally characterizing charge-transfer
equilibria which are established on the
picosecond time scale, these researchers
have unprecedented access to the
chemistry at the transition between
localized and delocalized mixed-valence
states. The elucidation of their proper-
ties has clear application to the purpose-

ful construction of electronic molecular
devices.
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1. Introduction

It is often explicitly stated, but far more frequently
implied, that solid catalysts functioning heterogeneously
possess a spectrum of active sites each with their own
energetics, activity, and selectivity. The plausibility of this
statement is reinforced if the topography of a metal surface
such as that depicted in Figure 1 is examined. In this case,
atoms located at surface steps or kinks are stereochemically
different from one another and less fully coordinated to
other atoms than those at terrace sites and flat exterior
surfaces.[1] But even at a flat exterior surface (typically the
(111) face of a face-centered cubic (fcc) metal such as
platinum), there are clearly three distinct adsorption sites—
atop, bridge, and hollow—for small molecules such as
carbon monoxide to be bound. It is not surprising, therefore,
that the enthalpy of adsorption as a function of surface
coverage falls, and that a temperature-programmed desorp-
tion has several peaks, as these reflect the variety of
energetic situations associated with the adsorbed species.[2]

This is a situation that is encountered with all metal and alloy
catalysts and with a very large number of other catalysts that
are continuous solids, including close-packed oxides, halides,
and chalcogenides.

Yet, the concept of the catalytically active site, intro-
duced[3] to the literature of catalysis by Taylor eighty years
ago, is as widely used as ever; and it has spawned other,
heuristically and practically, important notions such as

“active-site engineering” and “active-site modification”.
Demonstrably, it is easy to comprehend what is meant by
the structurally well-defined active site of a metalloenzyme
(or any other enzyme) and also by the active site of members
of the entire family of homogeneous (i.e. molecular) catalysts
in which discrete molecular entities (encompassing the active
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Intellectually, the advantages that flow from the availability of single-
site heterogeneous catalysts (SSHC) are many. They facilitate the
determination of the kinetics and mechanism of catalytic turnover—
both experimentally and computationally—and make accessible the
energetics of various intermediates (including short-lived transition
states). These facts in turn offer a rational strategic principle for the
design of new catalysts and the improvement of existing ones. It is
generally possible to prepare soluble molecular fragments that
circumscribe the single-site, thus enabling a direct comparison to be
made, experimentally, between the catalytic performance of the same
active site when functioning as a heterogeneous (continuous solid) as
well as a homogeneous (dispersed molecular) catalyst. This approach
also makes it possible to modify the immediate atomic environment as
well as the central atomic structure of the active site. From the practical
standpoint, SSHC exhibit very high selectivities leading to the
production of sharply defined molecular products, just as do their
homogeneous analogues. Given that mesoporous silicas with very
large internal surface areas are ideal supports for SSHC, and that more
than a quarter of the elements of the Periodic Table may be grafted as
active sites onto such silicas, there is abundant scope for creating new
catalytic opportunities.
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site) are dispersed in a fluid phase, usually water. No
intellectual or practical problems are encountered when
these catalysts are referred to as being of the “/single-site”
variety.

So far as heterogeneous catalysts made of metal or alloy
are concerned, the nature of the active sites is far less sharply
defined than was originally envisaged by Taylor. Taylor
advanced reasons for believing that preferential adsorption
on a catalyst surface would take place at those atoms situated
at peaks, fissures, and other crystalline discontinuities. (In
Taylor/s days the concepts of kinks, emergent dislocations,
and even point-defects had not yet been formulated). More-
over, he inferred that such atoms would also have the highest
catalytic activity. In the intervening years it has become clear
that preferential adsorption does indeed occur (see Figure 1)
at the step and kink sites of solid surfaces. But what is
required in a good, catalytically active site is not a high

binding energy; rather one of an intermediate value which
is such that it optimizes both the residence time of the
adsorbate and facilitates its conversion into desirable product
species.

With strictly stoichiometric processes (rather than cata-
lytic ones) such as adsorption in general or with surface
reactions in a noncatalytic sense, such as thermal oxidation,
decomposition, dissolution or gasification, crystalline discon-
tinuities do indeed exhibit enhanced reactivity, and in that
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Figure 1. a) A temperature-programmed spectrum showing three
peaks corresponding to progressively stronger bound states at terrace,
step, and kink sites of an adsorbate molecule (methylcyclohexanone)
at a roughened copper surface.[1] b) Even on a flat surface, such as the
(111) face of platinum, there are three distinct sites for a molecule
such as CO to be adsorbed. c) The decline in the heat of adsorption
with increasing coverage of a flat single-crystal surface arises because
of the heterogeneity of sites and mutual repulsion of species adsorbed
at neighboring sites (ML=monolayer).[2]
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context may legitimately be regarded as active centers.[4]

Somorjai/s and others[5] work have shown that surface steps
and kinks on many metals may indeed function as favored
sites for the activation of C�H, H�H, O=O, N�N, or C�O
bonds under certain circumstances. A major advance in the
notion of catalytically active centers in inorganic solids came
with the Cossee–Arlman interpretation of Ziegler–Natta
catalysts.[6] Working on the plausible assumption that the
prismatic faces of a-TiCl3, a vital constituent of such catalysts,
inevitably—for thermodynamic reasons—contain a minute
fraction of chloride-ion vacancies and hence coordinatively
unsaturated titanium ions, Cossee and Arlman showed that
these ions are the active centers for the stereoregular
polymerization of alkenes. But, for metals and alloys, it has
become abundantly clear, thanks to the investigations of Ertl
et al. ,[7, 8] and others, that a great deal of surface mobility
(even fluidity) exists under quite thermally mild catalytic
conditions. Standing-wave patterns and periodic kinetic
oscillations in the oxidation of CO on a Pt surface are
pronounced;[9] and chaotic phenomena involving spatio-
temporal changes on quite rapid time-scales are frequent
occurrences, as are pronounced surface morphological
changes brought about as the surface catalytic reactions
proceed.[10] It is therefore clear that, at such catalyst
surfaces—unlike the situations that prevail for solids in
categories A to D in Table 1 (see Section 2)—the concept of
a structurally fixed active site is of little value. For such
catalysts it is more fruitful to picture them as energetically
(and otherwise) multisite catalysts. But where, in other kinds
of solid catalysts, one, or a small number of, metal atom(s) is
firmly and uniformly anchored to a support (see category A in
Table 1) the concept of a single-site catalyst is certainly valid.

There appears, therefore, to be a dichotomy—an osten-
sible contradiction of facts. On the one hand, it is profitable,
for certain types of solid catalysts, to retain the notion of the
active site; on the other, the idea of a well-defined active site
at a metal surface (where they were conceived by Taylor)
seems to be progressively less valid.[11] One of the principal
purposes of this Review is to resolve this apparent contra-
diction. More importantly, it is to identify and classify
numerous examples of single-site heterogeneous catalysts—
henceforth referred to as SSHC—as they are already playing
a significant role in many industrially important chemical
processes and are ever-more present in a variety of academic
(laboratory-based) situations. Many new developments (and
Patents) are continuing to emerge in this hitherto inade-
quately recognized branch of heterogeneous catalysis. More-
over, single-site heterogeneous catalysts (SSHC) are impor-
tant for two other reasons which are of profound significance
so far as the understanding of the nature of catalysis as well as
the design of new catalysts is concerned. First, sophisticated
and reliable theoretical computations of the structures,
energetics, and kinetics of catalytic conversions may readily
be performed on transformations that take place at single-
sites, and these, in turn, enable quantitative comparisons to be
made between homogeneous and heterogeneous catalysts
involving essentially the same active centers. Second, equip-
ped with such quantitative information it becomes possible to
evolve strategic principles for the design of improved

catalysts. In other catalytic situations, notably catalysis by
metals and most continuous solids, because of the perceived
complexity of their mode of action, certain design possibilities
cannot even be framed, let alone be constructively imple-
mented.

To fix our ideas, it is prudent to elaborate briefly what we
mean by a “single site” in the general context of heteroge-
neous (solid) catalysts. The “single site” (catalytically active
center) may consist of one or more atoms—as will become
clear in the discussion and examples given below. Such single
sites are spatially isolated from one another, there is no
spectroscopic or other cross-talk between such sites. Each site
has the same energy of interaction between it and a reactant
as every other single site; and each such site is structurally
well-characterized, just as the single sites in homogeneous
molecular catalysts are.

Herein we give examples of 1) the high regioselectivities
of inorganic SSHC enzyme mimics which oxyfunctionalize
terminal methyl groups in linear alkanes under mild con-
ditions; 2) the marked shape-selectivity of SSHC in convert-
ing methanol (by Brønsted acid catalyzed dehydration)
preferentially into ethene and propene; 3) numerous selective
hydrogenations with high turnover frequencies (under sol-
vent-free conditions) of polyenes, and also of several enan-
tioselective hydrogenations characterized by high ee values;
and 4) bifunctional open-structure forms of SSHC in which
“isolated” acid centers and “isolated” redox centers cooper-
atively lead to the in situ production of hydroxylamine (from
NH3 and O2), cyclohexanone oxime (from cyclohexanone),
and e-caprolactam (the precursor to nylon-6).

By identifying the reality and usefulness of categorizing
certain kinds of solid catalysts as SSHC, a rational strategic
principle for the design of new catalysts clearly emerges.
Much progress has been made in the design of such catalysts
in the past few years. The so-called “uniform heterogeneous
catalysts” reviewed[12] by one of us in 1988—where active sites
are spatially distributed inside open-structure solids and are
freely accessible to reactants—will be seen below to be a
special case of the SSHC discussed herein.

2. Four Principal Categories of Single-Site
Heterogeneous Catalysts

Table 1 enumerates the four main categories into which
SSHC may be conveniently classified. There are subdivisions
within some of these categories. For example, in category A,
various kinds of supports, to which the catalytic entity
containing the single-site are attached, may confer extra
activity or selectivity to the SSHC. And both monofunctional
and bifunctional catalytic performance may be exhibited by
certain examples in category D.

In all four categories there exist structurally well-defined
active sites, the precise atomic nature of which may be
probed—increasingly nowadays under reaction condi-
tions,[13, 14]—by a range of experimental and computational
techniques. Such sites are amenable (by pre- or post-synthesis
interruption) to controllable, subtle changes in structure that
may have far-reaching catalytic repercussions.

Heterogeneous Catalysts
Angewandte

Chemie

6459Angew. Chem. Int. Ed. 2005, 44, 6456 – 6482 
 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


3. Individual Isolated Ions, Atoms, Molecular
Complexes, and Bimetallic Clusters as Single-Site
Heterogeneous Catalysts

In the four subcategories isolated ions, atoms, molecular
complexes, and bimetallic clusters, quite distinct features can
be distinguished. First, there are transition-metal-ions grafted
on to high-area supports, silica being the most suitable and
popular, thereby forming a kind of metal-oxo entity. Second,
single atoms of a metal such as palladium may be anchored to
a surface structural defect at an oxide support, typically
magnesia (MgO). Third, isolated organometallic complexes
anchored to silica or alumina surfaces also function as single-
site catalysts. Finally, small clusters (all of the same size) of
metal atoms or of bimetallic clusters or of their carbides may
be anchored securely to mesoporous silica also exhibiting
single-site but multinuclear behavior.

3.1. Single-Site Transition-Metal Ions Supported on Mesoporous
Silica

From the early days of heterogeneous catalysis, silica has
been widely used as a support. Its merits are numerous: it is
robust, readily prepared (with high surface area), it does not
swell in contact with organic solvents, it has considerable
thermal stability as well as structural flexibility and it bonds
rather readily to a large number of the elements of the
Periodic Table. Moreover, soluble analogues of silica, the so-
called silsesquioxanes[15,16] (see, for example, Figure 2) are
available, so that it becomes readily possible to characterize
new functionalities that are attached to silica surfaces. In
addition, the catalytic performance of a hetero ion (e.g. Ti, Fe,
Cr) introduced to a silica may be studied both as a
homogeneous and as a heterogeneous catalyst.[17]

Twenty-five years ago Basset et al. ,[18] extending the
earlier studies of others,[19] began a systematic study, which
has continued to blossom[20] in which they deliberately set out
to functionalize the surfaces of the so-called Aerosil silicas
which are nonporous. Their work, often described as surface
organometallic chemistry, produces SSHC by appropriately

functionalizing the residual pendant silanol groups (�SiOH)
on the Aerosil silica (surface area typically 200 m2g�1 and
silanol surface concentration of 0.7� 0.2 per nm2, which is
equivalent to 0.23 mol(OH)g�1). A specific example is the
tripodally grafted zirconium hydride, which activates alkanes
under mild conditions (Figure 3). Other transition-metal ions
have been grafted on to silica by Basset et al. ; and their work
on grafted organometallic complexes as SSHC, is returned to
again in Section 7.5.2.

Table 1: Four categories of single-site heterogeneous catalysts (SSHC).

A: Individual isolated 1) ions, 2) atoms, 3) molecular complexes, and
4) bimetallic clusters anchored to high-area supports (generally silica).

B: Immobilized asymmetric organometallic species at high-area meso-
porous solids, of pore diameters in the range 15 to 500 E).

C: “Ship-in-bottle” structures, in which isolated catalytic molecular
entities (or organometallic complexes) are entrapped within zeolitic
cages that are permeable to certain reactants and to some of the
potential products.

D: Open-structure, microporous solids (molecular sieves) with pore
diameters in the range 3.5 to approximately 10 E. The isolated active
sites, which are uniformly distributed spatially throughout the bulk, are
located at or adjacent to ions that have replaced framework ions of the
parent structure.

Figure 2. a) Silsesquioxanes (general formula (RSiO1.5)n) are structur-
ally similar to b-cristobalite and b-tridymite, (shown is the structure of
Cy8Si8O12 (Cy=cyclohexyl)). They are, effectively, soluble analogues of
silica; and a heteroatom (usually transition metal or Ge) attached to
the silsesquioxane simulates the behavior (in solution) of the same,
grafted atom attached to mesoporous silica forming the corresponding
heterogeneous catalyst. b) Fragment of the crystal structure (sche-
matic) of a TiIV-cyclopentadienyl complex bound to two silsesquioxane
moieties (after F. T. Edelmann et al. ref. [146], c) Actual structure
(shown in (b), indicating the isolated nature of the TiIV center (hydro-
gen atoms have been omitted for clarity). d) A soluble Brønsted acid
site formed from silsesquioxanes.[15b]
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Great scope for the preparation of a variety of single-ion
SSHC began once it became readily possible—thanks to
discoveries at the Mobil Oil Co.[21] and in Japan (Waseda
University and the Toyota Co.)[22]—to prepare mesoporous
silica with pore diameters that may controllably fall in the
range 20 to 100 I or more. Later workers produced meso-
porous silicas with pore diameters as large as 500 I. Such
silicas possess exceptionally high surface areas (typically 600
to 1000 m2g�1) and their inner and outer surfaces have a
profusion of pendant silanol groups (Figure 4), approximately
1–2 per nm2.

Corma,[23] Thomas,[24,25] and others[26] were quick to
appreciate the advantages that large-pore silicas would
confer in facilitating the preparation of single-site, ion-
centered heterogeneous catalysts. A significant advance was
made when TiIV active centers were grafted on to the inner
walls of mesoporous silica using an organometallic precursor,
in particular titanocene dichloride [Ti(Cp)2Cl2] (Cp=C5H5)
as was done by Maschmeyer et al.[27] The key steps in the
introduction of the isolated, single-site active centers on the
inner walls of the so-called MCM-41 silica are shown in
Figure 5. The detailed course of this “heterogenization” of a
TiIV active center was followed by in situ X-ray absorption
spectroscopy combined with in situ X-ray diffractometry.[28]

Density functional theory (DFT) calculations yield important
supplementary information: in particular they show that the
titanyl group (>Ti=O), once postulated[29] as the active site
for epoxidation of alkenes, is energetically unfavorable.

It is to be seen that a tripodally grafted Ti(OH) group
constitutes the isolated active site, very resistant to leaching,
in this instance. Note that the van der Waals envelopes of the

cyclopentadienyl groups attached to the surface bound (“half-
sandwich”) intermediate, shown in Figure 5, ensure that no
two TiIV active centers are closer than approximately 7 I (see
Figure 6), thereby ensuring the generation of a genuine,
isolated, single-site catalyst. (Other methods of introducing
TiIV active centers, involving salts of titanium or in-grown
titanium alkoxide additives to the siliceous precursor do not
guarantee production of isolated, tetrahedral TiIV centers and
a tendency to form Ti-O-Ti linkages exists with these
methods). This catalyst is an exceptionally good epoxidation
catalyst using alkyl hydroperoxides as we shall describe in
Section 7.2.3.

Other transition-metal ions may be grafted on to meso-
porous silicas using the metallocene route, and active centers
composed of isolated MoVI, CrVI, and VOIV have been
described.[30,31]

An altogether different, but equally effective approach
has been pioneered by Tilley et al.[32–35] in which a molecular
precursor is taken to yield a series of active catalysts on
mesoporous (and certain other) supports. The metal ions in
question are those of Ti, Cr, Fe, and VO; and the essence of
their preparation is that the desired atomic environment
aimed at in the final catalyst (e.g. Ti(OSi)4 or Ti(OSi)3) is

Figure 3. An isolated site, such as a tripodally bound zirconium hy-
dride at a silica surface, readily activates methane at modest tempera-
tures.[20]

Figure 4. a) A high-resolution electron micrograph of an ordered meso-
porous silica where the diameter of the pores is approximately 100 E
and the walls are only a few atoms thick. b) Each pore is lined with
pendant silanol (�Si-OH) groups; yellow Si, red O, white H.

Figure 5. Experimentally, by in situ measurements,[27a] the course of
conversion of a free titanocene dichloride molecule (top right) into a
tripodally bound isolated site of�TiOH (bottom right) may be fol-
lowed by X-ray absorption spectroscopy.[28] Note the pronounced “pre-
edge” peak signifying four-coordinate TiIV (bottom left) of the XANES
(Ti K-edge) spectra. Bond lengths are extracted from EXAFS spectra,
whilst the energetics are from DFT calculations.[27b]
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already present in the thermolytic precursor. Thus, by taking
the tris(tert-butoxy)siloxy titanium complex (iPrO)Ti-
[OSi(OtBu)3]3, the environment ultimately achieved in the
single-site catalyst is Ti(OSi)3, and from Ti[OSi(OtBu)3]4 it is
Ti(OSi)4. Typical supports used by Tilley were the high-area
mesoporous silicas MCM-41 and SBA-15, the latter being
distinctly more thermally stable than the former. The general
picture, depicting the production of this type of SSHC is
shown in Figure 7. The precursor is bonded to the hydroxy
groups of the surface of the silica by protonolysis reactions
(Figure 7). For the case of an alkoxy (siloxy) species of the
type M[OSi(OtBu)3]n (where M=Ti, Fe, Cr,…) this surface-
attachment chemistry occurs with loss of HOtBu or HOSi-
(OtBu)3, to result in bonding to the surface through M-O-
(surface) or Si-O-(surface) linkages, respectively. (Calcina-
tion results in the loss of all the carbon and hydrogen, leading
to the single-site catalyst of nominal composition MOx-
(n�1)SiO2. All the physical methods of analysis, such as
diffuse reflectance UV (DRUV) and EPR spectroscopy
carried out on the product suggest that the metal-ion sites
(such as FeIII sites) possess distorted tetrahedral geometry.
When attempts are made to prepare isolated FeIII sites using
FeCl3, FePO4, or Fe2(SO4)3 as precursors no success is
achieved and calcination almost invariably leads to clusters
of iron oxides). Isolated CuI species, which are good catalysts
for the production of dimethyl carbonate from methanol and
CO2,

[34b] may be formed on silica using [CuOSi(OtBu)3]4 as
precursor.

3.2. Supported Isolated Atoms as Single-Site Heterogeneous
Catalysts

Recent experimental work has established beyond doubt
that a single metal atom of palladium, supported on magnesia
(MgO) facilitates the cyclotrimerization of acetylene[36] and

the oxidation of CO by O2 to CO2.
[37] Heiz and co-work-

ers,[36,37] using mass-selected techniques, prepared single-site
active centers such as that shown in Figure 8, in which an F-

center (that is, an electron trapped at an oxygen anion
vacancy) in MgO localizes a single palladium atom, with
electronic charge being transferred to the palladium.

When this “single-atom” active site is first exposed to O2

and then to CO (at 90 K) and then subjected to a linear
temperature rise, conversion ensues, the adsorbed gases
combine to yield CO2, and the surplus oxygen is taken up
by the F-center, which thereby loses its ability to localize the

Figure 6. The “half-sandwich” surface intermediate (see middle right
of Figure 5), with the van der Waals envelope (light blue) surrounding
the cyclopentadienyl ligands which ensures that only spatially isolated,
tripodal TiIV sites are formed. EXAFS data show the absence of Ti-O-Ti
linkages. Inset: side view, purpleTi, gray C, white H, red O.

Figure 7. The Tilley method[32,33] of preparing single-site catalysts on
mesoporous silica through thermolytic molecular precursors such as
M[OSi(OtBu)3]n.

Figure 8. An isolated atom of palladium (black) when bound (by
charge-transfer) to an F-center at the surface of MgO forms[36] the
stable complex Pd(CO)2O2, Right: top view of F-center. Red O,
blue Mg, gray C.
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palladium. Ab initio computations reveal the optimized
structure of the MgO-Pd(CO)2O2 single-site active center
with its bound reactants (Figure 9). Heiz et al.[36] have also

completed a combined experimental and computational study
of this model, single-atom version of a SSHC for the
cyclotrimerization of acetylene to benzene. In each of these
examples of SSHC it is to be noted that, because of the
destruction of the F-center during reaction in the first case
and the clustering of the Pd atoms to form larger units (Pdn,
3< n< 30) in the second, there is no sustained catalytic
turnover. In a sense, therefore, this admirable model study,
like many in the literature, is concerned with a surface
stoichiometric rather than a catalytic reaction.

3.3. Anchored Organometallic Complexes as SSHC

Using the surface organometallic approach, Basset
et al.[20] have produced a number of single-site catalysts at
nonporous silica surfaces, the molecular complexes thereby
anchored being fully characterized by both spectroscopic and
chemical methods. Figure 10 shows the single-sites for three
powerful examples of metathesis reactions. Basset/s group,
and especially that of Marks[38–40] (see Section 7.5.2), have also
produced single-site, heterogeneous catalysts derived from
metallocenes for the polymerization of alkenes.

Microcrystalline a-TiCl3 Ziegler–Natta catalysts, because
they have several non-identical atomic environments around
the catalytically active centers—the chloride ion vacancy may
be a regular site or at a step or corner site—yield polymers

with broad molecular-weight distributions. Homogeneous
metallocene catalysts, on the other hand yield highly uniform
homopolymers and copolymers; this arises because of the
identical coordination environment of the active site in the
homogeneous metallocene catalyst. If the metallocene-type
polymerization catalysts could be so anchored as to have only
a single kind of active site, this would unite the best qualities
of the homogeneous and heterogeneous agents. Recent work,
which we now briefly describe, has achieved this desirable
goal.

Take first the work of Marks et al. ,[38–40] who have used a
variety of oxidic supports. Partially dehydroxylated alumina
has approximately four Brønsted acidic OH groups, approx-
imately 5.5 Lewis acidic AlIII centers, and around 5.5 Lewis
basic oxide centers per nm2 of surface area. The fully
dehydroxylated alumina has a much lower Brønsted acidic
surface concentration (approximately 0.12), though the con-
centrations of the other centers remain essentially the same.
An even more strongly acidic surface is that of the so-called
“superacidic sulfated zirconia.” (Recent evidence suggests
that this surface is not “superacidic”). When a zirconocene of
general formula LnZrR2 (L is a cyclopentadienyl ligand, and
R an alkyl group) approaches the “superacidic” surface, a
cationic-like-structure as schematized in Equation (1), forms.

LnZrR2 þHO-Support! LnZrRþ � � � �O-SupportþRH ð1Þ

This cationic-like-structure, is in effect, an ion pair
consisting of a cationic metallocene and a weak conjugate
base of a strong Brønsted acid site. The negative charge of the
conjugate base is so highly delocalized that coordination to
the single-site cationic Zr center is minimal, thereby facilitat-
ing access of the alkene to the active site.

Marks et al.[40] have elucidated other, related single-site
organometallic electrophiles on “superacidic” sulfated zirco-
nia, including [Cp*2Th(CH3)2] and [CpTi(CH3)2] (Cp*= h5-
C5Me5). And on sulfated alumina, they have shown that
protonolysis at the strong surface Brønsted (OH) acidic site
again yields a “cation-like” highly reactive (in polymeri-
zation) zirconocenium electrophile [Cp*2ZrCH3]

+. On a
dehydroxylated silica surface no such “cation-like” single-
site active center is formed.

Finally, a recent paper by McKittrick and Jones[41]

discloses a general method for preparing an isolated tita-
nium-centered polymerization catalyst on porous silica. The
essence of the preparation is shown in Scheme 1 and
Scheme 2.

Figure 9. a) Computationally optimized structure of the MgO(F-
center)-Pd-(CO)2O2 complex.[37] b),c) selected configurations, and
d) the potential energy versus time, recorded in an ab initio molecular
dynamics (MD) simulation where CO2 is formed from the complex
shown in (a). The simulation starts[37] from the transition state shown
in (b). The potential energy of the transition state is 0.84 eV above the
optimized configuration shown in (a). c) A snapshot at 210 fs, where
the formed CO2 is desorbing and the remaining O atom from O2 is
moving towards the F-center; black Pd, blue Mg and red O (in MgO),
adsorbed O2 is yellow, carbon atoms are gray and their respective
oxygen centers are purple and green.

Figure 10. Single-site active centers designed by Basset et al.[20] for het-
erogeneously catalyzed metathesis reactions.
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The catalytic performance of the final, site-isolated
heterogeneous Ti-centered polymerization catalyst (8 in
Scheme 2) exceeds that of even the homogeneous analogue.

3.3.1. Single-Site Organometallic Complexes Anchored by
Noncovalent Interaction

In addition to immobilizing single-site molecular catalysts
to solid surfaces by covalent bonding (as done by McKittrick
and Jones),[41] it is also feasible, and indeed more convenient,
to do so by noncovalent means. Bianchini et al.[42] and
we[31,43–45] have taken advantage of the strong hydrogen
bonding that secures tripodal attachment of an ionic (or
zwitterionic) complex to a silanol-rich silica surface through a
triflate[46] or a sulfonate tail (Figure 11, left).[42]

The grafted RhI catalyst, [(sulfos)Rh(cod)] (cod= cyclo-
octadiene), on silica is an example of SSHC for the hydro-
genation of alkenes (in either flow reactors or batch reactors)
in hydrocarbon solvents. It also hydroformylates alkenes such
as hex-1-ene under solid–liquid conditions. When, however
the hydroformylation takes place under solid–gas conditions,
the syngas (CO+H2) converts the active catalyst into an
inactive species (Figure 11, right), a dicarbonyl derivative is
formed {(sulfos)Rh(CO)2}.

[42] de Rege et al.[46] have also taken

advantage of the hydrogen bonding of a triflate group to
secure the active complex to a silica support.

3.4. Individual, Isolated, Bimetallic Clusters as Single-Site
Heterogeneous Catalysts

Along with our colleagues, Johnson et al.[47–50] we have
shown that monodisperse mixed-metal cluster carbonylates
may be uniformly incorporated inside mesoporous silica and
gently decarbonylated to yield the naked clusters, which are
anchored securely to the underlying silica (Figure 12). The
key point in this case is to recognize that the method of
preparation produces 1) clusters that are of the same stoi-

Scheme 1.

Scheme 2.

Figure 11. Left: noncovalently bound RhI based molecular complex for
hydroformylation immobilized at a silica surface. Right: catalytically
inactive species, it forms on prolonged exposure of the one on the left
to syngas.[42]

Figure 12. Top right: a mixed-metal cluster carbonylate [Ru12Cu4C2-
(CO)32Cl2]

2� is readily sequestered within the mesopores of silica in
the presence of the molecular cation PPN+ (bis(triphenylphosphine)i-
minium). The carbonyl groups are held by hydrogen bonds (bottom
right) to the silanol-rich inner surface. Upon gentle thermolysis, all the
organic components are eliminated (as judged by in situ FTIR) leaving
monodisperse mixed-metal Ru12Cu4C2 clusters within the mesopores.
Top left: individual mixed-metal clusters (shown in red) anchored
inside pores (average diameter approximately 35 E) of the silica sup-
port. Bottom left: high-resolution electron micrograph, where each
white spot denotes a single mixed-metal cluster.[51]
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chiometry and size (monodisperse) and 2) a spatially uniform
distribution of the clusters on the inner walls of the high-area
mesoporous supports. These statements are supported by
nondestructive electron tomographic studies of Thomas,
Midgley and co-workers—see Figure 13—where virtual

“slices” of the mesoporous silica support are depicted.[51,52]

Typically, the size of these clusters falls in the range of 0.5 to
0.8 nm, depending on their precise stoichiometry. They are so
small that essentially, all the atoms within each cluster are
effectively “surface” atoms. These nanoparticle bimetallic
catalysts display very high activities in hydrogenation proc-
esses (of many kinds), and are also highly selective.

In Section 7 a number of important, potentially commer-
cial examples, especially in the context of solvent-free
processes is given. Turnover frequencies associated with
{Pd6Ru6} nanoclusters in the hydrogenation of a typical
alkene exceed by an order of magnitude those for mono-
elemental palladium or ruthenium clusters.[48] The structures
of these nanoparticle bimetallic clusters are determined
(usually under in situ catalytic conditions) by X-ray absorp-
tion spectroscopy. Two examples are shown in Figure 14.

Insofar as the reasons for the synergy in catalytic effect
between two metals in a bimetallic, nanoparticle cluster is
concerned, it is not yet clear what the precise mechanism is. In
qualitative terms we know that ruthenium is effective in
activating molecular hydrogen and that palladium readily
activates an olefinic bond. Furthermore, the recent work of
Adams et al.[53, 54] sheds some light on this general question. In
their study of Pt–Ru carbonyl clusters, they found explicit
evidence that Pt–Ru bonds are directly implicated in catalytic

hydrogenation reactions (of alkynes such as substituted
acetylenes). Density functional (DFT) calculations, which
have already elucidated the detailed structure of mixed-metal
cluster carbides such as [Cu4C2Ru12] (see Figure 14), should in
future be able to estimate how many molecules of a particular
reactant may be simultaneously catalytically converted at a
single cluster. (It is relevant to note that in the work of Heiz
etal.[36,37] quoted in Section 3.2 on the cyclotrimerization of
acetylene on Pdn clusters, only one molecule of benzene is
liberated (in a temperature programmed reaction) from a
supported single-site entity consisting of 1, 2, or 3 atoms of
palladium, but two benzene molecules are liberated in
clusters of 4, 5, 6 ,or 7 atoms of palladium).

Although not all the atoms in the bimetallic cluster
nanoparticles are geometrically equivalent (see Figure 14),
nevertheless there is evidence (which needs to be tested
further) that the multinuclear bimetallic entities seem to
behave as a single-site catalyst in the sense defined in
Section 1. (This is reminiscent of some metalloenzymes in
which several metal ions are situated at the single-site,
catalytically active center).

4. Single-Site Heterogeneous Organometallic Chiral
Catalysts

In a comprehensive analysis of the feasibility of effecting
enantioselective hydrogenation of prochiral reactants, Brun-
ner[55] stated that “the limited success of heterogeneous
catalysts in enantioselective reactions is due to the fact that
on the surface of a heterogeneous catalyst there are many
different catalytically active centers. Each of these centers has
its own selectivity and the total selectivity is usually low.” This
statement, made in 1996, echoes our introductory remarks in
this article. But since 1996 great progress has been made
(recently partly reviewed in a special issue of Topics in
Catalysis)[56] in developing good, efficient, and highly effective
SSHC for enantioselective conversions.

Figure 13. An axial projection of a 30-nm-thick specimen and five suc-
cessive 3-nm-thick slices through a scanning electron tomogram[52] of
silica-supported Ru10Pt2C2. (Nanoparticles shown in red, mesoporous
silica in gray).

Figure 14. Left: structural information of the Ru12Cu4C2 nanoparticle
hydrogenation catalyst determined from EXAFS analysis.[49] Right:
structural information deduced from a combined EXAFS-DFT
approach, see ref. [147].

Heterogeneous Catalysts
Angewandte

Chemie

6465Angew. Chem. Int. Ed. 2005, 44, 6456 – 6482 
 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


First, we recall the relevant background work on non-
enantioselective conversions using immobilized organome-
tallic catalysts, see Marks,[38–40] Bianchini[42] and Jones et al.[57]

All these cases are based on single-site heterogeneous
reactions (polymerizations, hydrogenations, and hydroformy-
lations). We also note the work of Hutchings[58] who, by
modifying zeolite-Y with chiral molecules (such as 1,3-
dithiane-1-oxide) achieved an efficient chiral preference in
the catalytic dehydration of racemic butan-2-ol. We shall see,
in Section 7, how a single-site chiral CrIII(Salen) complex
anchored to a silica surface is an effective enantioselective
catalyst in the asymmetric ring opening of epoxides.[59]

It is therefore clearly established that single-site hetero-
geneous chiral catalysts, involving immobilized organometal-
lic (or enantiomeric organic) species are viable propositions.
We now show that, using mesoporous silica supports, high-
performance single-site heterogeneous chiral catalysts may be
conveniently prepared following methods that we have
described fully elsewhere,[43–45,57] but which are summarized
below. (The drive to prepare enantiomerically pure products
for the pharmaceutical, agrochemical, and related industries,
such as flavors and fragrances, is partly a response to
tightening legislation, but it also reflects an attempt to
develop efficient, recyclable catalysts such as SSHC).

We have shown repeatedly that, with mesoporous silica
either of the highly ordered but thermally fragile kind (for
example, MCM-41 and SBA-15) or non-ordered desiccant-
grade commercially available robust (Davison) type[44] each
of which have pendant silanol groups, a range of sizeable
chiral metal complexes and organometallic moieties may be
tethered to the inner walls of the silica. This incorporation is
carried out using alkylhalides, amines, carboxylates, or
phosphines. The procedure to arrive at single-site, well-
isolated asymmetric organometallic active centers on the
inner walls only of the mesoporous silica is outlined[49] in
Figure 15, where we render the exterior surfaces “neutral” in
the sense that the dichlorodiphenyl silane, which function-
alizes all the silanol groups at the exterior surfaces, is used
under conditions where it cannot diffuse to the interior.
Silanols at the interior surfaces are functionalized using
trichlorosilane propyl bromide, the ensuing reactions
(Figure 16) to tether the chiral organometallic entities being
effected through the bromine atom.

When certain kinds of organometallic, chiral catalysts are
tethered to the inner walls of the mesoporous silica, it follows
that the reactant/s (substrate) interaction with both the pore
walls and the chiral directing group will be distinct from the
interaction it would experience if the chiral catalysts were free
(as in the case of a homogeneous catalyst). The confinement of
the reactant within the mesopore will lead to a larger influence
of the chiral directing group on the orientation of the substrate
relative to the reactive catalytic center when compared with
the situation in solution. The validity of this strategic principle
has been multiply attested in our work[44,57]—see, for example,
our reports on allylic amination[60] (of cinnamyl acetate and
benzylamine) and on several instances of hydrogenation[44,61]—
specific examples are cited later.

The reality of how tethering an asymmetric catalyst at a
concave surface boosts the resulting enantioselectivity is

summarized in Figure 17 (see page 6468), where the results of
a particular hydrogenation (of (E)-a-phenylcinnamic acid)
are compared for the same catalyst (RhI-(S)-(�)-2-amino-
methyl-1-ethyl pyrrolidine) tethered in the one case on a
concave, and in another on a convex silica.

It is clear that the catalytic performance is enhanced using
a concave silica support. We have also shown[44] that non-
covalent attachment of the asymmetric catalyst as shown in
Figure 18 (i.e. using hydrogen bonding and not covalent
bonding; see page 6468) in the manner of Bianchini et al.[42]

and de Rege et al.[46] is an effective method of generating
well-defined, isolated, and readily accessible single-site active
centers for enantioselective conversions (Scheme 3 and
Figure 18).

The convenience of using noncovalently tethered chiral
organometallic catalysts in the production of fine chemicals
and pharmaceuticals has obvious practical merit.[62]

5. Single-Site, “Ship-in-Bottle” Catalysts

Zeolitic supports for so-called “ship-in-bottle” catalysts of
the types used by Herron,[63] Raja and Ratnasamy,[64,65]

Figure 15. Sequence of steps illustrating how the exterior surface of the
mesoporous silica support is rendered inactive and hydrophobic by
the attachment of covalently bound Si(Ph)2 groups.

[49] Only the silanol
groups at the inner surfaces are implicated in the support of the nano-
particles (compare Figure 12).
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Vasudevan,[66] BRckvall,[67] and Jacobs[68] and exemplified in
Figure 19 (see page 6469) have long been entertained as being
important in situations where it is necessary to prevent an
active site entity, such as a metalloporphyrin or metal-
molecular complex, from losing its intrinsic catalytic perfor-
mance because of dimerization or other complicating side-
reactions. Such encapsulated catalysts, which are single site,
also allow access of only those reactant molecules small
enough to diffuse through the windows of the zeolitic cage,
and prevent any of those products, which, if formed, are too
large, from leaving the reaction environment. In general,
however, it is preservation of the single-site (isolated state)
catalytic activity that is of paramount importance.

These catalysts, frequently termed zeozymes or enzyme
mimics, have yielded encouraging and patentable results in
oxyfunctionalizing methane to methanol[64] and propane to
isopropanol[65] using oxygen as the oxidant and copper
hexadecachlorophthalocyanine (CuCl16Pc) as the single-site
active center. Because the zeolitic cage distorts the flat
CuCl16Pc into a shallow bowl, the latter creates a hydrophobic
environment[66] around the central metal atom, thereby
boosting catalytic activity.

Jacobs et al.[69] encapsulated cis-[Mn(bpy)2]
2+ complexes

(bpy= bipyridine) within the micropores of zeolite Y and
used the resulting catalyst for the epoxidation of alkenes with
H2O2. These reactions proceeded without complications of
competing processes, such as the decomposition of the
peroxide. High yields of the epoxides of hex-1-ene, cyclo-
hexene, dodec-1-ene, and cyclododecene were obtained.

These catalysts are quite robust, and may be repeatedly re-
used without loss of activity. Electronic factors are thought to
play a key role in the performance of the encapsulated cis-
[Mn(bpy)2]

2+,[69] it being argued that the H2O2 activates the
Mn ions so as to produce a MnIV=O group, which releases its
oxygen in the critical act of addition across the double bond to
form the epoxide. Bein et al.[70] also used a “ship-in-bottle”
alkene epoxidation catalyst formed inside the cages of
zeolite Y when extraframework MnII cations were complexed
with a trimethyl triazocyclononane ligand (tmtacn), the role
of the methyl groups being chiefly to protect the amine
against oxidation by H2O2. In situ ESR measurements show
that the catalytically active site is a MnIII-MnIV dinuclear
complex.

The great practical advantages of “ship-in-bottle” SSHC
are well illustrated in the recent work of BRckvall et al.[67] on
ruthenium-catalyzed aerobic oxidation of alcohols (where
encapsulated cobalt Salophen was the active, single-site
catalyst: H2Salophen= 2,2’-[benzene-1,2-diil bis(nitrilome-
thylidyne)]diphenol. Apart from highlighting the usual
advantages of being able to remove and re-use the “ship-in-
bottle” catalyst by simple filtration, these workers showed
that this SSH catalyst had a higher specific rate than the
homogeneous analogue. Moreover the zeolite (bottle) serves
as a water acceptor, so that there is no necessity to introduce a
separate one, and the zeolite also exhibits shape-selectivity in
the oxidation of secondary alcohols.

Although not strictly an example of “ship-in-bottle”
catalysis in the sense described above, the recent ingenious

Figure 16. Two distinct approaches may be used to introduce an anchored chiral (asymmetric) organometallic inside the mesopores.[49]
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strategy adopted by Strukul et al. ,[70b] in which they “micro-
encapsulate” the enzyme chloroperoxidase within a micro-
porous cage of silica gel, conforms to the principle of site
isolation and single-site catalysis. Such catalysts are effective
in the enantioselective oxidation of sulfides to sulfoxides with
H2O2.

6. Single-Site, Open-Structure Solid Catalysts

Unlike bulk metal, alloy, and other binary continuous
solid catalysts, the open-structure aluminosilicates (embrac-

ing natural and synthetic zeolites) as well as open-structure
aluminophosphates (AlPOs), particularly framework-substi-
tuted variants (MAlPOs where M=Mg, Co, Mn, Zn,…) are
prime examples of uniform heterogeneous catalysts. Because
the active sites in these catalysts are distributed in a spatially
isolated and uniform manner[12] they conform to Langmuir/s
classic assumption in that the energy released upon the
uptake of adsorbate species is constant up to monolayer
coverage. This energetic uniformity is seen vividly in the
calorimetric work[71] shown in Figure 20 (see page 6470),
where there is essentially a constant enthalpy of adsorption of
pyridine on the Brønsted acid sites of the so-called pentasil
zeolite H-ZSM-5 up until all the sites are neutralized (i.e. up to
monolayer coverage of the catalytically active acid centers).

In zeolitic and MAlPO catalysts, the Brønsted active sites,
which may be represented as �Si�O(H)�Al� and �MII�
O(H)�P�, respectively, are so far apart spatially—and the
higher the Si/Al ratio in the acidic zeolite, HxSin�xAlxO2n, or
the higher the P/MII ratio in the acidic MAlPO the further
apart they are—that they are essentially isolated within the
molecular sieve structure, thereby behaving as SSHC as
defined in Section 1. An illustration of the nature of the
“isolated” Brønsted acid sites of the efficient methanol-
dehydration catalyst (to produce light olefins) CoIIAlPO-18 is
shown in Figure 21 (see page 6470).[72] Also shown in
Figure 21 is the isolated “redox” active site generated when
the CoII has been converted into the higher oxidation state,
CoIII. The respective Co�O bond lengths of the acid and redox
active centers were determined under in situ conditions by X-
ray absorption spectroscopy (XAFS).[28,72]

In the family of single-site acid catalysts MAlPO-18 (M=

CoII, MgII, ZnII, MnII, …), which shape-selectively convert
methanol into light olefins, ethene, propene and traces of
butene,[73] the active sites are the protons loosely attached to
the oxygen atoms adjacent to the doubly charged MII ions.
These metal ions occupy a controllable small percentage (up
to about 4 mol%) of the sites normally occupied by frame-
work AlIII ions. Likewise, when the transition-metal-ion is
raised to a higher oxidation state (e.g.CoII!CoIII), the
“redox” active centers, which are efficient[74, 75] in activating
C�H bonds in the presence of molecular oxygen, are again
essentially isolated (as borne out by the XAFS data) and

Figure 17. Illustration (to scale) of how a spatial constraint is imposed
on the asymmetric catalyst when it is anchored at a) a concave surface
in contrast to the situation when anchored at a b) convex one. c) The
catalytic performance (selectivity and ee value in the hydrogenation of
E-(a)-phenylcinnamic acid) of an asymmetric catalyst is greater in the
spatially constrained (a) than in the less constrained (b).[57]

Scheme 3.

Figure 18. A triflate counterion, which is strongly hydrogen bonded to
the silanol groups of the silica, holds securely (by ionic forces) the
chiral organometallic RhI-based cation.[44]
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therefore are, by definition, a clear-cut example of SSHC
(Figure 22).

The widely used selective oxidation catalyst TS-1,[76] in
which some of the silicon atoms that occupy the tetrahedral
sites in the siliceous analogue of ZSM-5 are isomorphously
replaced by TiIV ions, is another archetypal example of a
SSHC. So also is the (Fe)ZSM-5 catalyst that, in the hands of
Panov et al.,[77] has been developed for the selective oxidation
of aromatics such as benzene. (In Section 7, we discuss the
mechanistic features of TS-1 in the light of the performance of
a TiIV-centered catalyst belonging to category D of Table 1).

6.1. Bifunctional Single-Site Open-Structure Catalysts

Whereas homogeneous catalysts are seldom bifunc-
tional—a recent, unusual example involving allosteric regu-
lation has, however, been reported[78]—it is feasible to design
single-site, open-structure catalysts in which a Brønsted acidic
site is well-separated from a redox site in a shape-selective
nanoporous matrix. The case in question involves[13] another
aluminophosphate matrix, known as MAlPO-36, which Raja
et al. ,[79] were able to modify so as to create both strong
Brønsted acid sites (loosely attached protons) adjacent to MII

ions such as MgII or CoII as well as strong redox sites (where
AlIII is replaced by CoIII). Such a catalyst designated
MIIMIIIAlPO-36 performs well in converting cyclohexanone
into its oxime and then into e-caprolactam in the presence of
O2 and ammonia (Scheme 4).

This sequence of consecutive conversions occurs freely
because (see Figure 23, see page 6471): a) hydroxylamine
(NH2OH) is readily formed in situ inside the pores from NH3

and O2 at the MIII active sites; b) the NH2OH converts
cyclohexanone (9) into cyclohexanone oxime (10) both inside
and outside the pores of the catalyst; and c) likewise, at the
Brønsted acid sites 10 isomerizes to e-caprolactam (11) inside
the pores of the molecular sieve catalyst.

Recent work[80] in which a systematic variation of the
strength of the isolated Brønsted acid sites was introduced
(by, for example, keeping a fixed redox site (CoIII) and vice
versa (keeping a fixed acid site and changing the redox site)
has led to a viable industrial method of producing e-
caprolactam, see ref. [148].

6.2. Open-Structure Chiral SSHC

It has not yet proved possible to prepare an open-
structure, synthetic zeolite or open-structure MAlPO solid

Figure 19. Views of three examples of “ship-in-bottle” SSHC. a) Picto-
rial representation of the Co(Salen) adduct inside the supercage of
zeolite Y. The complex as its pyridine adduct shows affinity for dioxy-
gen; light blue Co, dark blue N, red O.[63] b) Cobalt phthalocyanine
housed within zeolite Y. Owing to spatial restrictions, the guest mole-
cule is distorted, thereby increasing its reactivity and hydrophobicity
(from ref. [66]). c) The dimer of copper acetate (in a compressed state
with the Cu–Cu distance significantly reduced from its normal value)
housed within zeolite Y.[64, 65]
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which possesses intrinsic chirality. It has, however, been
possible, as first demonstrated by Hutchings et al. ,[58,81] to
modify the supercage of an acidic zeolite catalyst (H-Y) so as
to create the chiral environment required to favor the
formation of one of a pair of diastereoisomeric transition
states, which is a necessary condition for enantioselective

conversion. Full details have been given by Hutchings in an
earlier review.[58] In essence, by adding a chiral agent (either R
or S) 1,3-dithiane-1-oxide to a zeolite H-Y that has been
mildly de-aluminated, a well-defined single-site (Figure 24,
left) active center is created which, kinetically enantioselec-
tively resolves (in a gas-phase, acid catalyzed dehydration)
racemic butan-2-ol. Hutchings et al. ,[82] have also succeeded
to effect enantioselective aziridination of alkenes (employing
[N-(p-tolylsulfonyl)imino) phenyliodinane {PhI=NTs}) as the

Figure 20. a) High-resolution electron micrograph of H+-ZSM-5 (Si:Al ratio
approximately 25:1) inset: computed image. b) Scalar model of the H+-ZSM-5
open-structure, showing the isolated Brønsted acid sites (loosely attached hydro-
gen atoms adjacent to AlIII sites). c) The heat of adsorption of pyridine remains
essentially constant until all the (single-site) acidic centers are neutralized.[71]

Figure 21. Left: in the open-structure aluminophosphate (AlPO-18)
some of the AlIII framework ions have been replaced by cobalt ions in
a spatially uniform fashion. In the resulting single-site catalyst,
CoIIAlPO-18, there is Brønsted activity. Right: in the oxidized state
CoIIIAlPO-18 there is redox activity. The bond lengths were determined
by in situ XAFS.[72]

Figure 22. a) The Brønsted acidic sites in the open-structure AlPO-18
solid are the loosely attached protons adjacent either to CoII ions that
have replaced AlIII framework ions or SiIV ions that have replaced PV

ions. CoAlPO-18 is a powerful shape-selective dehydration catalyst
which converts methanol (top left) into a mixture of ethene and prope-
ne (bottom right), just as DAF-4 does.[73b] b) MIIIAlPO-18 (MIII=MnIII,
CoIII) is a regioselective oxidation catalyst that, in air or O2, preferen-
tially oxyfunctionalizes the terminal methyl group, as shown for n-
dodecane.[74]
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nitrogen source, with a single-site CuII-exchanged zeolite H-Y
(see Figure 24, right).

7. A Selection of Examples Illustrating Practical
Applications of SSHC

In addition to the examples that have been cited earlier in
the description of various categories (summarized in Table 1)
of SSHC, we illustrate below further instances encompassing
both laboratory (research) scale and industrially used solid
catalysts where the single-site active centers are uniformly

distributed, in a spatial sense, over the two-dimensional or
three-dimensional surfaces in question. Many of the examples
highlighted are of particular value in the general quest for
clean technology and green chemistry, with several instances
in which the catalysts themselves are environmentally benign
and the reactions that they facilitate (involving, for example,
oxygen or air instead of nitric acid as an oxidant) even more
so.

We shall also illustrate how, 1) recent computational
chemical procedures, combined with in situ experimental
studies of single-site catalysts, enable us to establish the
mechanism of the TiIV-centered catalytic epoxidation of
alkenes and, 2) using functionalized silsesquioxane fragments,
direct measurements of catalytic performance may be made
of the same active site in both homogeneous and heteroge-
neous situations.

7.1. Enzyme Mimics

The analogy between the mode of action of enzymes on
the one hand, and molecular sieve (open-structure) as well as
“ship-in-bottle” catalysts on the other hand has frequently
been drawn.[83–87] In each case, cavities in the catalysts impose
shape-selectivity that governs the “choice” of reactant species
which is to be transformed, and the molecular complemen-
tarity and associated factors of the microenvironment at the
active site facilitates ensuing chemical conversion. In design-
ing inorganic enzyme mimics,[88–90] the key targets are high
activity coupled with high selectivity and an ability to function
at ambient temperatures and pressures. In general, inorganic
enzyme mimics are thermally and mechanically stable, robust,
and are usually readily capable of being regenerated when
(through “poisoning” of active sites, for example) their
performance diminishes. Moreover, because much is now
known about ways of designing the molecular dimen-
sions,[91, 92] degree of hydrophobicity,[66] and other features of
open-structure inorganic catalysts, genuine inorganic mimics
of certain enzymes may be prepared. In addition, a range of
highly refined techniques has been evolved to probe, under
operating conditions,[13,14,93,94] the behavior of reactant species
and the active sites inside the cavities of open-structure
inorganic solids.

7.1.1. A Tyrosinase Mimic

Copper-containing monooxygenase enzymes, such as
tyrosinase (EC 1.14.18.1) reversibly bind O2 and catalyze
two different reactions—the hydroxylation of monophenols
to ortho-diphenols (monophenolase activity) and the oxida-
tion of the ortho-diphenols to ortho-quinones (diphenolase
activity) using molecular oxygen as the oxidant. The active
site contains a pair of antiferromagnetically coupled copper
ions. Even though several homogeneous models of tyrosinase
have been proposed, none of them actually catalyzes the
conversion of l-tyrosine into l-DOPA (the reaction the
enzyme catalyzes), nor has a heterogeneous solid mimic of
tyrosinase been reported to date. Raja and Ratnasamy[95,96]

have shown that dimeric copper acetate complexes, encapsu-

Scheme 4.

Figure 23. Left: In MIIMIIIAlPO-36 (M=Co, Mn), the framework MIII

ions are the redox-active centers (A1), whereas the M
IIOH ions that

have ionizable O�H bonds are the Brønsted (B1) acid sites. MgII ions
in the framework also have neighboring ionizable OH ions (the
B2 sites). Right: In MIIIAlPO-18 all the framework MIII ions are again
redox active centers: there are no CoII (or MnII) framework sites. MgII

framework ions again have neighboring (B2) Brønsted sites.[79]

Figure 24. Left: Isolated active site for the enantioselective dehydration
of butan-2-ol catalyzed by zeolite Y that has been premodified with
bound dithiane oxide.[58] Right: Aziridination of alkenes using CuHY as
catalyst.[58]
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lated within the microcavities of porous solids (zeolites X, Y,
and MCM-22), were effective in converting l-tyrosine into l-
DOPA in air (Scheme 5). The catalysts (enzyme mimics) also
displayed high substrate specificity (only monophenols were

oxidized) and regioselectivity (hydroxylation always occurred
at the position ortho to the -OH group). A linear correlation
was obtained between the concentration of the encapsulated
copper acetate dimers (estimated from the integrated inten-
sity of the seven-line ESR spectra) and monophenol con-
version, suggesting that these copper acetate dimers are the
active sites in the activation of dioxygen.[95] The turnover
frequencies for the encapsulated catalysts are higher than
their free analogues, suggesting that these copper dimers are
well-isolated in the molecular sieve matrix.

7.1.2. Methane Monooxygenase Mimic

Methane monooxygenases are a group of enzymes
(molecular mass ca. 300 kD) extractable from methanotropic
bacteria. These enzymes are able to hydroxylate methane to
yield methanol, an extremely valuable commodity chemical
(produced mainly on an industrial scale by steam-reforming
of natural gas). Raja and Ratnasamy[64] have shown that
“ship-in-bottle” SSHC, consisting of encapsulated complexes
of iron and copper phthalocyanine (see Figure 19) in which all
or most of the hydrogen atoms have been replaced by
electron-withdrawing substituents (halogens or nitro groups)
may convert methane in air at 273 K to methanol and
formaldehyde as principal products (Scheme 6). The role of

the solvent (acetonitrile) is quite important in this conversion,
but detrimental to the commercial exploitation of this
technology.

7.1.3. Haloperoxidase Mimic

Haloperoxidases, which occur widely in marine organisms,
are enzymes which catalyze the oxidation of a halide (Cl� ,

Br� , or I�), by hydrogen peroxide, in such as manner as to
achieve concomitant halogenation of certain organic sub-
strates. However, in the absence of organic substrates these
enzymes convert the halide ions into the molecular halogen
(see Scheme 7).[97]

[CuCl16Pc] complexes, encapsulated within the supercages
of zeolites X and Y, are effective for the oxychlorination and
oxybromination of a wide range of aromatic compounds, at
ambient conditions, using molecular oxygen as the oxidant, in
the presence of a suitable alkali halide, such as KBr (Table 2).

The encapsulation of the [CuCl16Pc] complex results in ortho--
para substitution among the halogenated products with
virtually no attack at the meta-position. Further, the in situ
formation of Br2 from KBr (established by spectroscopic
methods), and, the pH dependence of the catalytic activity,
suggests that the halogenating agent is an electrophilic
species.[97, 98]

7.1.4. Hydroxylases

By virtue of their ability selectively to bind a linear alkane
and to so orient it with respect to the active oxidant at the
active site, the so-called w-hydroxylases can achieve the
remarkable regioselective hydroxylation of terminal methyl
groups. Herron and Tolman[99] made significant progress in
designing a completely inorganic mimic of the alkane w-
hydroxylases by using encapsulated Pd0 and FeII entities
inside zeolite A. This “ship-in-bottle” design succeeds in
producing hydrogen peroxide from an O2/H2 mixture, but
they were unable selectively to functionalize only the terminal
methyl group of n-octane with this catalyst. Open-structure
SSHC (such as MIIIAlPO-18 where M=Co or Mn) are,
however, very effective[74,75,100] in preferentially hydroxylating

Scheme 5.

Scheme 6.

Scheme 7.

Table 2: Oxyhalogenation of aromatic compounds in air using CuCl16Pc-
Na-X and KBr.[a]

Substrate T [K] Conv. [%] Halogenated products [wt.%]
Mono Di Tri Side-chain oxidation

Benzene 338 6.2 100 – – –
Toluene 338 16.8 69.5 5.5 – 25.0
Phenol 323 18.1 62.0 25.0 13.0 –
Aniline 338 10.3 63.0 15.5 21.5 –
Anisole 338 6.7 25.5 55.0 19.5 –
Resorcinol 323 18.2 100 – – –

[a] Reaction conditions: Catalyst 0.5 g, t=10 h, halide=KBr, air over
pressure=400 psi (1 psi	6.8R10�2 atm), solvent CH3CN:H2O
2:1 mol%, Initiator 2 mol% tert-butyl hydroperoxide.
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the terminal methyl groups of linear alkanes (CnH2n+2, n= 6–
12) in air or oxygen (see Figure 22b). Indeed it is also possible
with this category of SSHC, provided the degree of substitu-
tion of framework AlIII ions by MIII ions (Co or Mn) is large
enough (ca. 10 atom percent), to convert n-hexane into adipic
acid in air under mild conditions(Scheme 8).[101]

7.2. SSHC for Sustainable Development and Clean Technology

Selective hydrogenation as well as selective oxidation
catalysis nowadays loom progressively larger in the general
area of clean (green) chemistry and sustainable develop-
ment.[102,103]

7.2.1. Solvent-Free Selective Hydrogenation Reactions as Candidates
for the Production of Commodity Chemicals

The drive to minimize the use of volatile solvents or
replace them with environmentally more benign ones (such as
supercritical CO2) has, as its logical conclusion, the develop-
ment of catalysts that may effect conversions in a solvent-free

manner.[45,49] Table 3 enumerates many of the selective
hydrogenation processes, leading to much-used commodity
chemicals, that are catalyzed by single-site, multinuclear
bimetallic nanoparticles. (Note that the turnover frequencies
(TOFs) are exceptionally high under relatively mild con-
ditions of temperature and pressure). The selective hydro-
genation of benzene to cyclohexene is particularly note-
worthy as it opens up a new, environmentally benign route to
adipic acid that dispenses with the need to use concentrated
nitric acid as an oxidant (and the consequential production of
massive quantities the greenhouse gas, N2O). Cyclohexene,
with the “right” catalyst is converted into adipic acid using
H2O2 as oxidant.[104, 105]

7.2.2. Adipic Acid from Sustainable Sources by Using a Single-Site
Supported Ru10Pt2 Nanoparticle Catalyst

With the aid of biocatalysts, muconic acid may be readily
produced[106a] from corn, a renewable feedstock. We have
discovered[106b] that a single-site Ru10Pt2 multinuclear nano-
particle catalyst supported on mesoporous silica is superior to
a variety of comparable catalysts (e.g. Rh/Al2O3, Pt/SiO2,
Pd6Ru6/SiO2) in converting muconic acid, in a single-step into
adipic acid (see Scheme 9).[106b]

7.2.3. Commercially and Environmen-
tally Important Selective Oxida-
tion Processes that may be
Effected by SSHC

A selection of the important
selective oxidations that may be
effected by a range of isolated
(single-site) transition-metal ions
grafted into mesoporous silica is
shown in Figure 25.[31, 33,35,107] The
reagents used for the selective oxi-
dations vary according to the reac-
tion and the catalyst in question.
Sometimes H2O2 is the oxidant,[108]

sometimes alkyl hydroperoxides[109]

(such as tert-butyl hydroperoxide,
TBHP) and occasionally oxygen
itself (as in the case of the oxidative
dehydrogenation of methanol to
formaldehyde).

Scheme 8.

Table 3: Single-step, highly active and selective nanoparticle catalysts for the solvent-free hydrogenation
of polyenes.

Catalyst Reaction t [h] TOF [h�1] Commercial
significance

Pd6Ru6/SiO2 8 2012 Polymer intermediates,
ketones, and polyestersRu6Sn/SiO2 8 1980

Cu4Ru12/SiO2 8 690
Ag4Ru12/SiO2 8 465

Pd6Ru6/SiO2 8 5350 Laurolactam, copolyamides,
nylon intermediatesRu6Sn/SiO2 8 1940

Pd6Ru6/SiO2 8 11176 Coatings, lactones, polymers
Ru6Sn/SiO2 8 10210

Ru5Pt1/SiO2 6 2625 Starting material in
production of K-A oilRu10Pt2/SiO2 6 1790

Pd6Ru6/SiO2 6 3216

Scheme 9.
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Epoxidation of alkenes with Ti/SiO2 catalysts is of major
industrial importance in the production of fine chemicals and
several other commodities.[110] For example, the catalytic
conversion of propylene into propylene oxide over Ti/SiO2 in
the presence of alkyl hydroperoxides is an industrially
important epoxidation process that accounts for an annual
production of more than one million tons of propylene oxide
world wide. As a result of recent research work,[111,112] there
are now real prospects that (renewable) vegetable oils and
fats, which are good sources for two widely used unsaturated
fatty methyl esters—methyl-(Z)-9-octadecanoate (methyl
oleate (12)) and methyl-(E)-9-octadecanoate (methyl elai-
date (13))—may be benignly epoxidized with TBHP using a
silica (single-site) catalyst containing TiIV centers (Figure 26).

In the past, an environmentally unfriendly “peracid”
method was used to epoxidize the naturally occurring com-
pounds. Ravasio et al.[112] have also shown that the TiIV-center
single-site catalyst also effectively converts the doubly unsatu-
rated components of soya bean oil into useful epoxides—
another important step towards sustainable development.

Ravasio et al.[112] have also shown that the TiIV-ion SSHC
(on silica) is particularly good in epoxidizing terpenes such as

a-terpineol, carveol, and limonene under mild conditions
(Table 4).

7.2.4. Other Economically Important Examples of TiIV-Catalyzed
(Single-Site) Selective Oxidations

The open-structure microporous silica known as MFI (the
accepted international notation for the framework ZSM-
5),[113] when it contains isolated TiIV ions replacing some of the
SiIV tetrahedral sites is known as TS-1, and is an exceptionally
good single-site heterogeneous selective oxidation cata-
lyst.[114] Some key processes using H2O2 as oxidant are
indicated in Scheme 10.

7.2.5. Mechanism and Energetics of Epoxidation and Comparison
between the Heterogeneous and Homogeneous Processes.

Figure 27 shows the kinship that exists between the four-
coordinate TiIV active site for both the corresponding micro-
porous and mesoporous silica frameworks.[115] Using a joint
experimental (X-ray absorption) and computational study, in
the course of which we could directly probe the environment

Figure 25. Illustration of some of the selective oxidations that may be effected by SSHC formed by anchoring various Mn+ ions at the surfaces of
mesoporous silica.
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of the active TiIV center under steady-state conditions during
the actual epoxidation, we could arrive at the pathway and
associated energetics for the mechanism of the epoxidation.
These are shown in Figure 28.

Coordination of the oxygen atoms of the peroxide to the
TiIV center activates them by increasing their electrophilicity;
and the computations reveal that the oxygen atoms may be
readily abstracted by the nucleophilic alkenes to form the
epoxides. As shown in Figure 28, subsequent loss of the water
regenerates the original tripodal (four-coordinate) TiIV active
center. In line with this mechanism, which harmonizes with
the independent work of Roesky et al.[116] (on the formation
of titanium alkylhydroperoxide), it is not surprising that when

one of the three silicon atoms, to which, through oxygen, the
TiIV site is attached, is replaced by germanium, there is an
increase in the rate of epoxidation.[117]

Experiments with soluble, molecular (homogeneous)
analogues of the heterogeneous Ti/SiO2 epoxidation catalyst
using the silsesquioxanes: [(c-C5H9)7Si7O12TiOXPh3], where
X= Si, Ge, or Sn—in which XAFS and kinetic measurements
could be carried out in solution—not only confirm that
replacement of Si by Ge (or Sn) at the active site enhances the
rate of epoxidation, they also show that the turnover
frequencies for the “hetero” and “homo” active sites are
numerically similar.[117]

7.3. In Situ Generation of Hazardous Reagents by Using
Open-Structure SSHC

The in situ production and containment of aggressive and
hazardous reagents (as well as the avoidance of the use of
ecologically harmful ones) has been much assisted by the
design of appropriate open-structure SSHC, such as those
consisting of metal-ion-framework-substituted aluminophos-
phates, MAlPOs (see Section 6). A range of such nanoporous
catalysts designed by us has been described previ-
ously.[13,100,118] We give two specific examples here: 1) a
Baeyer–Villiger process (for the conversion of cyclic ketones
to lactones; and 2) the generation of hydroxylamine in the
intrapore cavities and channels of bifunctional SSHC
(Scheme 11).

In (1), the aggressive permonosulfuric acid (used by
Baeyer and Villiger) or methyl rhenium trioxide or any
added peroxide is avoided and O2 is used in the presence of (a
sacrificial) benzaldehyde (Scheme 11).[119] In (2), ammonia
and oxygen generate hydroxylamine at the redox active sites
of the bifunctional catalyst (Scheme 12).

The convenience of having a bifunctional open-structure
SSHC, such as that shown in Figure 23, commends itself
commercially, since this is an extremely direct way of

Figure 26. Both methyl oleate (12) and methyl elaidate (13) are com-
pletely epoxidized using single-site TiIV-mesoporous silica catalysts and
tert-butyl hydroperoxide (14) as oxidant.[111]

Table 4: Epoxidation of terpenes using TiIV SSHC on silica[112] under mild
conditions.[a]

Substrate TOF [h�1]
Ti! Ti›

a-terpineol 2 20
carveol 15 33
limonene 4 20

[a] T=85 8C; CH3CN (solvent); 30% wt catalyst; TBHP:terpene mol
ratio=1:1. Ti! indicates TiIV ions grafted in (and parallel to) the silica
surface and Ti› TiIV ions grafted perpendicular to the surface.

Scheme 10.

Figure 27. Left: TS-1, a single-site, open-structure selective oxidation
catalyst (see Scheme 11) that has the same framework structure as H-
ZSM-5 (see Figure 20), except that there are no AlIII ions in the frame-
work, only isolated TiIV sites substitutionally replacing the SiIV centers.
Right: The tripodally anchored TiIV redox sites in a Ti-SiO2 epoxidation
catalyst (see Section 7.2.3) in mesoporous silica (compare Figure 5)
are very similar to the TiIV active centers in TS-1.[115]
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generating cyclohexanone oxime, and its isomer, e-caprolac-
tam, which, on polymerization, yields nylon.[120]

Another example where SSHC has proved valuable is that
of the enzyme mimic for haloperoxidase, described in
Section 7.1.3. With such a catalyst, the need to add neat
halogen to the sphere of reaction is dispensed with.

7.4. Enantioselective Conversions with SSHC

There is an ever-growing need for high-performance,
heterogeneous, recyclable asymmetric catalysts, because, as
with other areas of catalytic conversion[121] they should
surpass their homogeneous analogues so far as the important
practical consideration of separation of products is con-

cerned. Of late, many new strategies have been
proposed to accelerate the arrival of reliable, robust
heterogeneous asymmetric catalysts, and a recent
monograph[56] along with other publications[62, 122,123]

outline various possible strategies for “imprinting” a
surface with chirality.

We have already alluded to the ingenious method
of Hutchings et al. ,[58] who, in turn, refer to the
elegant work of Bianchini[42,124] and others especially
that of Corma and Garcia[125] and Xiang et al.[126]

(who successfully immobilized the Sharpless titanium
diethyltartrate system). Herein, for illustrative pur-
poses, we focus on Jacobs/s work on the coordination
of {CrIII(Salen)} complexes on functionalized silica
for the asymmetric ring opening (ARO) of epox-
ides[127a] and on that of Maschmeyer and Sheldon[127b]

on the use of single-site, immobilized [Rh-
(MonoPhos)] (MonoPhos is a chiral monodentate
ligand). We also summarize the practical advantages
of our own approach[43–45,57] to designing constrained
(single-site) chiral catalysts.

The heterogeneous ARO of meso-epoxides with
trimethylsilylazide (TMSN3) catalyzed by a {CrIII-

(Salen)} moiety coordinated to an aminopropyl-functional-
ized (high-area) silica combines good enantioselectivity with
high conversions and no tendency for the catalyst to be
leached off its support. Thus, in the ring-opening of cyclo-
hexene oxide, under the conditions given in Table 5, con-
versions are always in excess of 99 % and ee values range (in
ten successive runs to test leachability) from a low of 65 to a
high of 77 %.

Feringa and his colleagues demonstrated[127c] that rhodium
complexes with chiral monodentate ligands such as phos-
phoramidites (MonoPhos) are very powerful tools for reduc-
tion, and that homogeneous catalysts based on these ligands
are highly enantioselective. Using the specially prepared
mesoporous silica known as TUD-1,[127b] into the framework
of which isolated AlIII ions have replaced some SiIV ions

Figure 28. Catalytic cycle, including calculated energies for the epoxidation of alkenes by catalysts with TiIV centers. At the right are the observed
and calculated radial distribution curve and X-ray absorption spectrum.[115b]

Scheme 11.
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(thereby producing a high-area solid designated AlTUD-1),
Maschmeyer, Simons, and co-workers showed that ionically
bound Rh-phosphoramidite exhibited excellent enantioselec-
tivity in the asymmetric hydrogenation of methyl-2-acetami-
doacrylate (Scheme 13).[127b] The ionic binding procedure of
Rege et al.,[46] also used by us,[44] is a rapid, convenient method
of generating highly efficient, robust, and recyclable SSHC
for enantioselective hydrogenations that may be carried out
using water as solvent.

So far as the use of our own approach to
constrained chiral catalysis is concerned, we empha-
size that highly efficient enantioselective hydrogena-
tions, of prochiral molecules that yield products of
considerable commercial significance, have been
achieved. The following advances have been
reported:
1. Two distinct metal centers (RhI and PdII).
2. Three distinct diamino ligands (see Table 6).
3. Two methods of producing the single-site (cova-

lent and ionic) immobilized organometallic cen-
ters.

4. Two specific examples of hydrogenation reac-
tions.

The relevant catalytic activities, selectivities, and
enantiomeric excesses (ee values) for the various
homogeneous and heterogeneous RhI catalysts are
summarized in Table 6 for the asymmetric hydro-
genation of methylbenzoylformate (MBF); and the

corresponding catalytic performance for the PdII-based asym-
metric catalysts for the hydrogenation of both E-(a)-phenyl-
cinnamic acid (PCA) and MBF are shown in Table 7. Several
patents,[128–130] based on these constrained, single-site, asym-
metric heterogeneous catalysts, have been recently filed by
German industry (on behalf of the Inventors).

7.5. Some Miscellaneous Examples

Already in this Review we have cited a number of
important examples where single-site, open-structure hetero-
geneous catalysts hold sway. The majority of zeolites (as well
as the growing number of metal-substituted aluminophos-
phates) used in industry have isolated, single-site active
centers. They catalyze a large number of commercially
important reactions and also offer ideal testing grounds for
fundamental studies. Both these facets are dealt with in
Section 7.5.1. In Sections 7.5.2, 7.5.3, and 7.5.4 potential large-
scale operations involving hydroformylation, metathesis, and
polymerization are outlined.

7.5.1. Solid Acid Catalysts

In all so-called pentasil[83] zeolites (e.g. ZSM-5 and ZSM-
11) where the Si:Al ratios are seldom less than 10:1 and often
much in excess of this, and in numerous other aluminosilicate
and aluminophosphate open-structure solids (such as fauja-
site (zeolite Y), ferrierite, erionite, and SAPO-34), a huge
variety of (Brønsted) acid-catalyzed reactions may be carried
out. Several Reviews[131–135] of this vital class of reactions, that
embrace both the petrochemical and fine-chemical world, are
already available. Table 8 lists some of these reactions.

7.5.1.1. Shape-Selective, Solid-Acid, Single-Site Zeolitic Catalysts and
Their Kinship with Enzymes

As mentioned in Section 7.1, the analogy between the
mode of action of an enzyme on the one hand and a “ship-in-

Table 5: Asymmetric ring opening of cyclohexene oxide in the presence
of supported catalytically active CrIII(Salen).

Run t [h] Conv. [%] ee [%] Leaching [%]

1 1 99.5 65.4 0.9
2 18 100 67.9 0.8
3 18 100 68.7 0.5
4 18 100 73.3 1.0
5 19 99.3 73.1 1.0

Scheme 13.

Scheme 12.
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bottle” SSHC on the other can be quite striking. It is also true
that certain acid-catalyzed reactions in zeolitic solids also
have a kinship with enzyme action. Thus, the Brønsted acid
catalyzed cyclodimerization of 3-hydroxy-3-methylbutan-2-

one (HMB)[89] over a H+ form of (synthetic)
ferrierite (Si:Al ratio of 40:1) yields only
one product, whereas HMB in acidic solu-
tion generates a wide variety of products
(Scheme 14a).

Likewise, acetaldehyde[90] is catalytically
transformed in acidic solution to a broad
distribution of products, whereas within the
space-restricting cages of H+ ferrierite cyclo-
trimerization occurs with 100% selectivity
at ambient temperature (Scheme 14b).

7.5.2. Hydroformylations, Metathesis, and Poly-
merization Reactions Using SSHC Assem-
bled from Anchored Organometallic Spe-
cies[134,136,139]

Bianchini et al.[42] have shown how to overcome the
disadvantages that homogeneous RhI complexes possess by
anchoring them, in a single-site fashion, on to a silica surface
(see Figure 11). Although hydroformylation (metal-complex)

catalysts have been successfully immobilized
at silica surfaces their activities and selectiv-
ities have not yet reached values high
enough to rival those registered by their
homogeneous counterparts, which they sur-
pass in ease of separation of products from
reactants. The dinuclear rhodium(ii) catalyst
studied by Maschmeyer et al.[139] is a case in
point. In this case, it was possible to pin
down the precise structure of the active
catalyst from a crystallographic study of the
soluble silsesquioxane derivative (Figure 29)

CoperUt et al. ,[20] using nonporous silica
supports were able to immobilize organo-
metallic metathesis catalysts, in which the
central atom was either Ta, Mo, W, or Re:

examples of such well-defined silica-supported metallocar-
benes and carbynes are shown in Figure 10. It is noteworthy
that, in contrast to the dirhodium catalyst for hydroformyla-
tion, the activities, selectivities, and lifetimes of these SSHC
are close to—and in some instances superior—to those of the
corresponding homogeneous catalysts.[140–141]

The so-called constrained geometry-inspired catalysts
(CGCs) of McKittrick and Jones,[41, 142] mentioned earlier—
see Section 3.3 and Scheme 1 and Scheme 2—in which a
titanium-based catalyst that is immobilized, site-isolated
fashion, at a silica surface exhibits exceptionally good
catalytic performance in the room-temperature polymeri-
zation of ethene (in the presence of an alkyl aluminum species
and a pentafluorophenyl activator). And a text book example
of polymerization at a SSHC of the Brønsted acid type is
contained in the work of Zecchina et al.[143] These workers
showed (using in situ FTIR) that acetylene, methylacetylene,
and ethylacetylene interact with the Brønsted acid sites of H-
ZSM-5 with the formation of hydrogen-bonded (precursor)
species characterized by well-defined IR properties
(Scheme 15). These species are then protonated (by the
catalyst) to give intensely colored carbocationic species.

Table 6: Activities, selectivity (for methyl mandelate), and enantiomeric excess (ee) for the various
homogeneous and heterogeneous RhI catalysts for the asymmetric hydrogenation of methyl benzoyl
formate.[a]

Ligand Phase Tethering Counterion Conv. [%] Sel. [%] ee [%]
approach

AMP Homo - BF4
� 79 63 0

AMP Het Covalent BF4
� 100 89 93

AMP Homo - CF3SO3
� 95 79 0

AMP Het Ionic CF3SO3
� 99 89 93

DED Homo - CF3SO3
� 70 84 0

DED Het Ionic CF3SO3
� 98 92 84

PMP Homo - CF3SO3
� 96 91 0

PMP Het Ionic CF3SO3
� 98 93 85

[a] Reaction conditions: substrate 0.5 g, solvent (methanol) 30 mL, homogeneous catalyst 10 mg,
heterogeneous catalyst 50 mg, 20 bar, 313 K, 2 h. AMP= (S)-(�)-2-aminomethyl-1-ethylpyrrolidine,
DED= (1R,2R)-(+ )-2-diphenylethylenediamine, PMP= (S)-(+ )-1-(2-pyrrolidinylmethyl)pyrrolidine.

Table 7: Asymmetric hydrogenation of E-(a)-phenylcinnamic acid (PCA) and methylbenzoylformate
(MBF) with the PdII catalysts.[a]

Ligand Phase Tethering Counterion Substrate Conv. [%] Sel. [%] ee [%]
approach

AMP Homo - BF4
� PCA 100 87 76

AMP Het Covalent BF4
� PCA 93 87 93

DED Homo - BF4
� PCA 95 82 79

DED Het Covalent BF4
� PCA 55 100 88

AMP Homo - BF4
� MBF 100 93 0

AMP Het Covalent BF4
� MBF 97 96 78

PMP Homo - CF3SO3
� MBF 99 89 0

PMP Het Ionic CF3SO3
� MBF 99 98 67

[a] The reactions were carried out for 24 h for PCA and 2 h for MBF (see Table 6 for reaction conditions).

Table 8: A summary of the economically significant catalytic conversions
effected by single-site, open-structure aluminosilicate and alumino-
phosphate (zeolitic) solids.[133]

Hydrocarbons produced (sometimes shape-selectively) from acid-catalyzed
reactions
Ethyl benzene from benzene and ethene
Xylenes from isomerizations and disproportionation of toluene
Methanol to olefins and methanol to gasoline
Cumene from benzene plus propene
Oligomerization of olefins
Detergent alkylate from benzene plus C6 to C14 olefins
Aromatics from acetylene
Isomerization of methyl naphthalenes
Vinylcyclohexene from butadiene by dimerization

Reactions involving functionalized hydrocarbons
Alkylation of phenol
Ester hydrolysis
Chlorination of chlorobenzene
Alkyl carboxylates from carboxylic acids and olefins
Primary amines from ammonia and olefin
Secondary amines by elimination of ammonia from primary amine
Glycol ethers by ethoxylation of lower aliphatic alcohols
Nitration of chlorobenzene[137,138]
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Insertion of the monomer into the first protonation product
lead first to oligomeric species with the carbocationic
character and then to the polymer (for example, polyacety-
lene).[144]

Other examples of heterogeneous, single-site catalysts
have been reported, but almost invariably none of these has
an open-structure of the kind highlighted herein (that is, with
three-dimensional surfaces over which the active sites are
distributed). A good example is contained in the work of
Kaneda et al.,[145] who created monomeric ruthenium species
as the active sites at the surface of hydroxyapatite. Such sites
are effective in the catalytic aerobic oxidation of alcohols.
But, as yet, no one has prepared mesoporous hydroxyapatites
possessing an architecture reminiscent of the mesoporous
silicas described herein.

8. Summary and Conclusions

The numerous practical and pedagogic advantages of
identifying the concept, and aspiring towards the preparation,
of single-site heterogeneous catalysts are summarized as
follows:
1. They combine the merits of homogeneous and heteroge-

neous processes, especially in regard to facilitating
separation of products from reactants and the recyclability
of the catalyst.

2. They yield sharply defined molecular products, and offer
great scope for effecting regioselective, shape-selective,
and enantioselective reactions.

3. They offer wide scope for the implementation of clean
technology and sustainable development in which solvent-
free processes, benign reagents (e.g. air as oxidant), and
environmentally compatible catalysts are employed, and
where hazardous reagents are catalytically formed in situ.

4. Molecular fragments that circumscribe the constituents of
the active site in the heterogeneous catalysts are often
readily preparable so that direct comparisons between
homogeneous and heterogeneous catalysts, with the same
active site, may be made (silsesquioxanes as molecular,
dispersed catalysts are particularly useful for comparisons
with heteroatom silica-based heterogeneous catalysts).

Scheme 14.

Figure 29. Structure of the silsesquioxane-bound dinuclear rhodium(ii)
complex [Rh2(m-P

_
C)2(m-O2CR)2], where m-P

_
C is a bridging ortho-meta-

lated aryl phosphine ligand. This complex, anchored to mesoporous
silica, is an efficient catalyst for the hydroformylation of styrene[139]

(hydrogen atoms have been omitted for clarity).

Scheme 15.
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5. They are generally amenable to sophisticated computa-
tional approaches (using DFT) so that direct comparisons
with experiment are possible (e.g. reaction kinetics).

6. Most importantly, they offer a proven and widely appli-
cable strategic principle for the design of new catalysts
and the improvement of existing ones. This principle,
applicable to almost all open-structure solids but espe-
cially metal-substituted mesoporous silicas and micro-
porous aluminophosphates, applies both to monofunc-
tional and bifunctional catalysts.

A multiplicity of examples, cited above and in earlier
articles (see refs. [13,31,45,148]), encompassing a variety of
selective oxidations (including the oxyfunctionalization of
alkanes and the benign epoxidation of replenishable terpenes
and the esters of naturally occurring unsaturated fatty acids),
selective hydrogenation of polyenes and unsaturated (pro-
chiral) ketoesters, dehydrations of alkanols, alkylations,
allylic aminations, ammoximations, oxyhalogenations, iso-
merizations, oligomerizations, and polymerization of alkenes
and aldehydes, as well as a proven “green” method fo
producing e-caprolactam /th eprecursor of nylon 6)[148] dem-
onstrate the veracity of the above advances. A large fraction
of these catalyzed conversions is achieved using open-
structure solids, especially metal-substituted mesoporous (15
to 250 I diameter) silica and microporous (3.8 to 7.5 I
diameter) aluminophosphates, into which, as isolated entities
more than a quarter of the elements of the Periodic Table may
be incorporated either as well-separated redox or acid–base
(or both) active centers. The resulting high-area open-
structure and molecularly accessible solids possess, in effect,
three-dimensional surfaces over which the active sites are
judiciously placed.
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Molecules with many spin-crossover sites
could be used as multistepped molecular switches. The CN-
bridged molecular square [FeII4(m-CN)4(bpy)4(tpa)4](PF6)4 (bpy=2,2’-
bipyridine; tpa= tris(2-pyridylmethyl)amine), a Prussian blue ana-
logue, undergoes thermally induced, two-step spin conversion. For
more information, see the Communication by H. Oshio and co-workers
on the following pages.
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Ferrous Square**
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An important route to the development of switches for
advanced molecular devices involves changes in magnetic
properties at the molecular level.[1] Spin crossover in tran-
sition-metal complexes, in which spin-state conversions occur
as a result of heat, pressure, or light irradiation, is a key
phenomenon for designing molecular switches.[2] Because
cyanide-bridged complexes are relatively easy to synthesize
and have rich magnetic properties, they have become the
focus of this area of research. Prussian blue, which is a
ferromagnet with a Curie temperature (TC) of 5.6 K,

[3] and
some heterometal analogues that are high-TC magnets with an
ordering temperature up to 372 K are examples of well-
known cyanide-bridged metal complexes.[4] Metal ions in
cyanometalates typically adopt a low-spin configuration.
However, introduction of ligands with weak ligand-field
strengths and combinations of heterometal ions afford
interesting magnetic properties such as spin crossover,[5]

photoinduced magnetism,[6] and superparamagnetism.[7] Fur-
thermore, molecules with more than one spin-crossover site
can be used as multistepped molecular switches. Recently,
some thermally induced, two-step spin-crossover complexes
were reported.[8] However, the number of such systems is still
small.[9] We have studied cyanide-bridged molecular squares,
[Fe2M2(m-CN)4(bpy)8]

n+ (M= late first-row transition-metal
ion; bpy= 2,2’-bipyridine), in which cyanide ions bridge four
metal ions to form the macrocyclic tetranuclear core.[10] We
found that by replacing bpy with tris(2-pyridylmethyl)amine
(tpa), the ligand-field strength on the FeII centers is weakened
and the resulting ferrous square, [FeII4(m-CN)4(bpy)4(tpa)2]-
(PF6)4 (1-(PF6)4), showed two-step spin conversion.

The reaction of [Fe(CN)2(bpy)2]·3H2O
[11] with

FeCl2·4H2O, tpa,
[12] and NH4PF6 in methanol afforded the

tetranuclear complex 1(PF6)4.
[13] X-ray crystal structure

analyses were performed at 100, 200, and 300 K, and the
molecular structure of 14+ at 200 K is shown in Figure 1.

The tetranuclear macrocycle 14+ is composed of four
cyanide-bridged FeII ions, and the overall geometry is almost
square. In the square, two {Fe(bpy)2}

2+ centers and two
{Fe(tpa)}2+ centers are alternately bridged by four CN�

groups with the carbon atoms coordinated to the FeII ions in
{Fe(bpy)2}

2+. The FeII ions have octahedral coordination
geometry, and four of the coordination sites are occupied by
nitrogen atoms from one tpa or two bpy ligands. The two
remaining cis positions are coordinated by either carbon or
nitrogen atoms from the cyanide groups. The carbon and
nitrogen atoms of the cyanide ligands act as p acceptors and
s donors, respectively, and because the cyanide carbon atom
has a stronger ligand-field strength,[14] the FeII�C(cyanide)
bond distances become shorter than the FeII�N(cyanide)
distances. The average Fe�C(cyanide) bond length in the
{Fe(bpy)2}

2+ units is 1.916 ?, and the average Fe�N(cyanide)
bond length in the {Fe(tpa)}2+ units is 1.950 ?. Because the
coordination bond lengths about FeII ions differ between the
low-spin (LS) and high-spin (HS) states (Dd= 0.2–0.3 ?), the
average bond lengths are related to the spin state of the FeII

ions. At 100 K, the average coordination bond lengths
involving the FeII ions are between 1.958 and 1.976 ? in
both {Fe(bpy)2}

2+ and {Fe(tpa)}2+, and these values are
characteristic of LS FeII ions. At 200 and 300 K, three of the
FeII centers (Fe1, Fe3, and Fe4) stay in the LS state with
average FeII bond lengths the same as the values at 100 K.
One of the FeII ions (Fe2) in the {Fe(tpa)}2+ moieties forms
longer bonds to the ligands (dFe2�N= 2.154–2.165 ?), charac-
teristic of a HS FeII ion.

Magnetic susceptibility measurements for 1-(PF6)4 were
carried out in the temperature range of 5–400 K, and a cmT

Figure 1. ORTEP diagram of 14+ at 200 K. Average coordination bond
lengths [%] about FeII ions at 100 K: Fe1 1.958, Fe2 1.976, Fe3 1.958,
Fe4 1.963; at 200 K: Fe1 1.954, Fe2 2.154, Fe3 1.955, Fe4 1.965; and at
300 K: Fe1 1.954, Fe2 2.165, Fe3 1.959, Fe4 1.968.
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versus temperature plot is shown in Figure 2. X-ray crystal
structure analyses suggest that four FeII ions in the square are
in a LS state below 100 K. The cmT values below 100 K were
constant (0.3 emumol�1 K), and the nonzero cmT values are

due to a paramagnetic impurity corresponding to 2.5% of the
HS FeII (S= 2) species. As the temperature was raised to
200 K, the cmT values increased and reached a plateau value
at 3.2 emumol�1 K, which is close to the value (3.0 emu-
mol�1 K) expected for a free HS FeII ion. The plateau has a
width of approximately 100 K and is centered at about 240 K.
Upon increasing the temperature, another spin conversion
occurred. However, the cmT values did not reach the plateau
value (6.0 emumol�1 K) expected for two uncorrelated HS
FeII ions, even at 400 K. The cmT value at 400 K is
4.9 emumol�1 K, which corresponds to 57% of the Fe4 ion
being in the HS state. The magnetic susceptibility measure-
ments clearly show the occurrence of a two-step spin
conversion in 1-(PF6)4. Notably, no hysteresis was observed
in temperature-dependence measurements of the cmT values.

Reflectance spectra for a single crystal of 1-(PF6)4 were
measured on the (001) plane at 100 and 300 K with
unpolarized light (Figure 3). The spectrum at 100 K consists
of one sharp (2.13 eV) and two broad (2.3 and 2.6 eV) bands,
and a new peak at 1.47 eV appeared with a decrease in the
broad bands at 300 K. Absorption data for component
molecules were used to assign the reflectance spectra. The
LS FeII ion in [Fe(CN)2(bpy)2] showed a d–d band at 570 nm
(= 2.17 eV),[15] whereas d–d bands for the LS and HS FeII ions
in [Fe(tpa)(L)2]

2+ (L=CH3CN, CH3OH) were observed at
516 (= 2.40 eV) and 914 nm (= 1.34 eV), respectively.[16]

MLCT bands for the LS FeII species appeared in the high-
energy region above 3.3 eV.[15, 16] The sharp (2.13 eV) and
broad (2.3 and 2.6 eV) bands in the reflectance spectrum at
100 K were, therefore, assigned to d–d transitions for the LS
iron(ii) ions in {Fe(bpy)2}

2+ and {Fe(tpa)}2+ moieties, respec-
tively, and the new band (1.47 eV= 838 nm) at 300 K is due to
d–d transitions for HS FeII species in the {Fe(tpa)}2+ moiety.
The observed changes in the reflectance spectra are in accord
with the magnetic and MEssbauer data.

Selected 57Fe MEssbauer spectra of 1-(PF6)4 are shown in
Figure 4. The MEssbauer spectrum at 50 K is dominated by
two LS doublets (four lines in blue), whose MEssbauer
parameters (LS1: d= 0.21 and DEQ= 0.66 mms

�1; LS2: d=
0.43 and DEQ= 0.43 mms

�1) are characteristic of LS FeII

Figure 2. cmT versus T plot for 1-(PF6)4.

Figure 3. Reflectance spectra of 1-(PF6)4 at 100 and 300 K. R= reflectiv-
ity, E=photon energy.

Figure 4. Selected 57Fe MEssbauer spectra of 1-(PF6)4. Velocity (V) is
relative to iron metal. Low-spin pairs in blue and high-spin pair in red.
Tr= relative transmission.
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species. An additional small doublet (two lines in red, d= 1.13
and DEQ= 2.26 mms

�1) corresponds to a HS Fe2+ species,
which is a paramagnetic impurity. The bpy ligand is a strong
p acid, and the cyanide carbon atoms act as p acceptors.
Furthermore, the LS FeII ions (Fe1 and Fe3) in the {Fe(CN)2-
(bpy)2} centers have smaller isomer shifts than the Fe2 and
Fe4 ions in {Fe(NC)2(tpa)} centers. Therefore, the LS1 and
LS2 doublets were assigned to the Fe1/Fe3 and Fe2/Fe4 pairs,
respectively. The peak-area ratio of the LS1, LS2, and HS
doublets is 0.52:0.44:0.04 at 50 K, even though X-ray crystal
structure analysis at 100 K showed that all FeII ions are in LS
states. The deviation of the area ratio for LS1 and LS2 is
caused by the different Lamb–MEssbauer factors for each LS
species.

As the temperature was increased, the LS2 doublet lost
intensity, and the HS doublet gained intensity. The ratios of
the peak areas for LS1, LS2, and HS doublets became
0.53:0.29:0.18 and 0.56:0.22:0.21 at 160 and 300 K, respec-
tively, meaning that either Fe2 or Fe4 is in a HS state at 300 K.
The MEssbauer measurements and X-ray crystallographic
analyses suggest the occurrence of a complete spin conversion
on the Fe2 ion at 300 K. In summary, 1-(PF6)4 exhibits a two-
step spin conversion with the first step occurring on the Fe2
ion at Tsc= 160 K (Tsc= spin-conversion temperature) and the
second step starting to occur on Fe4 at 300 K. Light-induced
excited-spin-state trapping (LIESST) experiments are cur-
rently underway to explore the possibility of two-step spin
conversion by irradiation.

Experimental Section
All procedures were carried out under a nitrogen atmosphere.
FeCl2·4H2O (36 mg, 0.18 mmol) in methanol (6.5 mL) was added to a
solution of [Fe(CN)2(bpy)2]·3H2O (86 mg, 0.18 mmol) in methanol
(13.5 mL), followed by the addition of tpa (52 mg, 0.18 mmol). A
methanolic solution (20 mL) of NH4PF6 (118 mg, 0.72 mmol) was
added to the dark red solution by diffusion in an H tube to afford
dark-red tablets of 1-(PF6)4. Elemental analysis (%) calcd for
C80H68N20F24Fe4P4: C 45.48, H 3.24, N 13.26; found: C 45.36, H 3.08,
N 13.20.
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Unit**
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Pierre Rabu, Marc Drillon, and G�rard F�rey

Among the numerous works devoted to porous hybrid solids,
those on structures built up from a chosen inorganic unit
reticulated with rigid organic linkers are very topical. The
major goal is to control the “design” of the architectures to
obtain materials with required properties.[1–5] Interesting
architectures have been obtained with tetrameric ZnO4

units,[6] cuboid zinc silicate cores,[7] and triangular oxo-
centered building units with vanadium,[8] zinc,[4] and iron.[9]

Recently, a crystalline metal–organic framework (MOF),
MIL-100, with a giant cell and a large sorption capacity
(3100 m2g�1) was constructed from this type of triangular unit
containing chromium and trimesate ions.[10]

Depending on their architecture, compounds based on
polynuclear metallic units offer potential for catalysis, gas
storage, or separation. In the search for inorganic “seeds” to
grow original 3D networks, we describe here a new hexa-
cobalt octahedral building block.[11,12] This type of metal cage
could also be useful for magnetic materials with potential
applications as molecular magnets.[13,14] The synthetic chal-
lenge in this area is to increase and control the degree of
nuclearity of the inorganic “clusters” that are responsible for
the physical properties. Oligomerization is induced by heating
either in solution or in the solid state.[15–17] The title
compound, Na3[Co6O(OH)(C8H4O4)6]·H2O (MIL-104), was
synthesized by a classical solvothermal reaction. The hexa-
mers are formed in situ by self-assembly and linked into an
original three-dimensional network by the isophthalate
dianions.

The structure of MIL-104 is generated by a cobalt atom
and a carboxylate on general positions and a sodium ion,
water molecule, and oxo-hydroxo oxygen on symmetry
elements (Table 1). The metal is octahedrally coordinated to
five oxygen atoms of four isophthalate ligands and a m3-O ion.

The geometry is highly distorted, with a narrowO-Co-O angle
(60.20(6)8) trans to a large one (105.32(7)8), and a short O�O
distance (2.188(2) =) opposite to a long one (3.165(2) =).
This peculiar geometry is always encountered when a
carboxylate group binds the metal center in a chelating
fashion (Figure 1).[18] The “bite” of the rigid group (ca. 2.1–
2.2 =) is too short for a regular octahedral symmetry. Six
octahedra are associated to form a polynuclear “cluster”. This

Table 1: Selected bond lengths [�] and angles [8] as well as the atom-
labeling scheme for Na3[Co6O(OH)(C8H4O4)6]·H2O (MIL-104) with
displacement ellipsoids drawn at the 50% probability level.[a]

Co1�O5 1.9465(6) Co1�O2 2.171(2)
Co1�O4 2.033(2) Co1�O1 2.192(2)
Co1�O3A 2.129(2) Co1�O2B 2.258(2)
Na1�O1 2.256(2) Na1�O4 2.523(2)
Na1�O3A 2.592(2)
O5-Co1-O4 105.32(7) O4-Co1-O1 95.79(6)
O5-Co1-O3A 100.81(7) O4-Co1-O3A 86.83(7)
O5-Co1-O2 98.41(8) O4-Co1-O2 155.28(7)
O5-Co1-O1 158.58(8) O3A-Co1-O2 95.51(7)
O5-Co1-O2B 91.17(6) O3A-Co1-O1 83.63(6)
O2-Co1-O1 60.20(6)

[a] Symmetry code: A: �x+ y�1, �x+1, z ; B: x�y+1, x+1, �z.

Figure 1. View of the octahedral triangular unit connected by nine iso-
phthalate ions showing the cobalt environment. The 1,3-
benzenedicarboxylate ligands adopt two modes of bonding, namely
bridging and chelating. The cobalt octahedron presents an important
distortion that is attributed to the chelating connection of the organic
molecule.
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hexameric core is located on an inver-
sion threefold axis and may be easily
viewed as the association of two trimers
(Figure 2). Each triangle, on a threefold
axis, is composed of octahedra sharing a
central m3-oxygen (Co-m3-O-Co
116.33(5)8). At variance to what is
usually observed for oxo-centered trim-
ers, the metal atoms are not coplanar
with the central oxygen.[8,9] The cobalt
“cluster” constructed by the connection
through the vertices (six m2-O) of two
trimers forms an unusual {Co6(m3-O)2-
(m2-O)6(m1-O)18} super-octahedron
(Figure 2).[19, 20] Bond valence calcula-
tions give a value of 1.5 for the m3-O
atom.[21] This value, as well as the
neutrality of the compound, leads to
the statistical half occupancy of the m3

site by oxo and hydroxo anions. To the
best of our knowledge, this unusual
hexanuclear unit has never been
observed either in the solid state or in
coordination chemistry. This structure
can be described as a classical MOF
organization, with each hexamer joined
by twelve bridging isophthalate ions to
six neighboring units, with each metal
unit serving as the octahedral node of a

cuboid net (Figure 3a). The connection between two “clus-
ters” is ensured by two nearly parallel bridging isophthalates
with weak p–p interactions. In this description, the sodium
ions occupy small cavities left free by the hexamersC packing.
The alkali-metal cation has a distorted octahedral geometry
formed by oxygen atoms of six carboxylate groups, with O-
Na-O angles ranging from 68.02(2)8 to 132.8(1)8 and bond
lengths ranging from 2.256(2) to 2.592(2) =. Taking into
account the sodium polyhedron, MIL-104 can also be
considered as a 3D inorganic framework with sodium
octahedra linking the hexameric units through face-sharing
in a pseudo-cubic net (Figure 3b). In fact, each cobalt
polyhedron is linked to a sodium ion to form a larger
“super octahedron” around the hexamer. The topology here
is the same as that found for ReO3, with {Na6Co6O26} units as
giant octahedra (Figure 3c). Thus MIL-104 provides a new
example of scale chemistry.[22]

The temperature variation of the magnetic susceptibility
measured in a 500 Oe field is shown in Figure 4.[23] Para-
magnetic behavior is observed down to 50 K. A “plateau” is
then observed in the c versus T curve at 0.12 cm3mol�1 in the
range 30–14 K, followed by an increase up to 1.98 cm3mol�1 at
1.8 K. The fit of the c�1 versus T curve in the high temperature
region gives a Weiss temperature, q, of �118.5 K and a Curie
constant of 2.92 Kcm3 per cobalt atom, which agrees well with
that expected for high-spin CoII in an octahedral site.[24] The
negative sign of q and the decrease of cT, which tends to zero
at 1.8 K, point to the existence of antiferromagnetic exchange
interactions. Spin–orbit coupling most certainly also contrib-

Figure 2. Schematic representation of the {Co6(m3-O)2(m2-O)6(m1-O)18}
unit showing its octahedral geometry.

Figure 3. a) Projection of the structure showing one hexameric unit connecting six crystallographically
equivalent “clusters” that lie at the corners of an octahedron. Each unit serves as a 6-connecting node of
an infinite 3D network. b) View of the inorganic pseudo-cubic network including the sodium cation octa-
hedra. c) Schematic representation of the {Na6Co6O26} “super octahedron” highlighting the relationship
between the inorganic network and the ReO3 structure.

Figure 4. Temperature dependence of the magnetic susceptibility of
compound MIL-104 recorded in a field of 550 Oe. The inset shows the
corresponding variation of the cT product.
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utes to this decay.[24–26] The hexamers are interconnected by
large isophthalate bridges and are quite well isolated. Thus,
the magnetic behavior is interpreted as being due to
antiferromagnetic intrahexamer coupling. Moreover, the
presence of a “plateau” in the susceptibility and of a Curie-
like tail at low temperature indicate the existence of a residual
moment, which might be due to the stabilization of an
uncompensated moment by a frustration effect in the
triangular cobalt motifs.[26]

In summary, a cobalt isophthalate constructed from a
unique {Co6O26} cage with octahedral geometry has been
prepared. The novelty of the hexanuclear unit illustrates the
influence of rigid organic partners upon metal oxide con-
densation. The great challenge in building-block chemistry is
to establish reliable synthetic routes to stabilize desired
inorganic motifs.[9,27] Complex inorganic units frequently
appear as isolated compounds, and the relationship between
“clusters” and synthetic conditions is often unpredictable.[28]

For the formation of the title hexamer the crucial point seems
to be the distortion of the trimer, which is characterized by an
asymmetric linkage of the carboxylate groups: three bridging
ones on one side and six nonbridging (intratrimer) ones on the
opposite side (Figure 1). Therefore, no steric obstruction
limits the condensation increment. On the contrary, with
symmetrical triangles (three bridging groups on both side),
the association of two trimers through vertices is topologically
impossible. However, although it is understandable that
chelating carboxylic groups help to induce the formation of
the hexamer, the link between synthetic conditions and this
type of coordination is far from being understood.[18]

Experimental Section
Preparation of Na3[Co6O(OH)(C8H4O4)6]·H2O (MIL-104):[29] The
reactions were carried out in a Teflon-lined autoclave at 180 8C for
three days under autogenous pressure. The reaction mixture con-
tained CoSO4·7H2O (1.16 H 10�3 mol), isophthalic acid (HO2C-
(C6H4)-CO2H; 1.73H 10�3 mol), NaOH (3.46H 10�3 mol), and H2O/
ethanol (25/75 v/v, 7.5 mL) in a ratio of 1:1.5:3:90. After the mixture
was cooled (pH 6), the resulting violet crystals were washed with
distilled water. IR (KBr pellet): ñ= 3580 (w) and 3445 cm�1 (s)
(oxygen–hydrogen stretch of the water molecules and hydroxy
group); 1613 (s), 1559 (s), 1539 (s), 1485 (s), 1457 (s), and 1395 cm�1

(s) (symmetric and asymmetric stretching bands of the deprotonated
carboxylic functions). Elemental analysis calcd (%) C 39.5, H 1.8, Co
24.3, Na 4.7; found: C 37.8, H 1.8, Co 22.5, Na 5.6. A single crystal was
selected for structure determination by X-ray diffraction. Calculated
density: 1.973 gcm�3; measured: 1.961(2) gcm�3. The thermal behav-
ior of Na3[Co6O(OH)(C8H4O4)6]·H2O was studied by thermogravi-
metric analysis under nitrogen. It decomposes through two major
processes, namely the loss of water molecules and the combustion of
the organic moiety. The first loss appears at around 80 8C with the loss
of the free water molecules (theoretical loss: 1.2%; observed loss:
1.6%). The structure of MIL-104 is preserved upon dehydration, as
proved by X-ray thermodiffraction in air, up to 250 8C, which shows
only tiny variations of the peak intensities. It reabsorbs water
molecules upon cooling. The second weight loss occurs between 450
and 550 8C and is characteristic of the combustion of the organic
moiety (theoretical weight loss: 59.0%; observed loss: 58.5%).

Aviolet crystal (1.08 H 0.34 H 0.30 mm3) was glued to a glass fiber.
Intensity data were collected at room temperature with a Siemens
SMART diffractometer equipped with a CCD two-dimensional

detector (l(MoKa1)= 0.71073 =).[30] The structure was solved and
refined by full-matrix least-squares techniques, based on F2, using the
SHELX-TL software package.[31] Cobalt, sodium, and oxygen atoms
were located by direct methods, and all remaining atoms, including
hydrogen atoms, were found by successive difference Fourier maps.
All atoms were refined anisotropically, except for hydrogen atoms.
The refinement converged to R1= 0.0339 and wR2= 0.0916 for 2177
unique reflections and 146 parameters.[32]

The Supporting Information contains the atomic coordinates, the
atom-labelling scheme, the TGA graph, the X-ray thermodiffraction
study, and the magnetization versus field cycle.
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Fabrication of Random Assemblies of Metal
Nanobands: A General Method**

Michael E. Hyde, Trevor J. Davies, and
Richard G. Compton*

Nanoscale electrodes have several advantages over their
macroscopic counterparts: they are well suited to applications
that require high sweep rates, low internal-resistance (iR)
drops, and low capacitance.[1] A significant disadvantage of
such electrodes is, however, that they generate extremely
small currents. One useful compromise is to use a band
electrode, in which the electrode is small enough in one
dimension to give rise to nonlinear diffusion, while its size in
the other dimension is increased to maximize the current
output. Band electrodes are particularly favored when
attempts are made to achieve very low analytical detection
limits: the part of the residual current associated with the
double-layer charging is lowered in proportion to the surface
area of the electrode, while the Faradaic current is not.[2]

Nanoband electrodes are usually fabricated by using one
of two general methods. The simpler of these approaches is to
generate an insulator-metal-insulator sandwich and then
expose one of the edges by polishing or cutting the material.
If vacuum-evaporated films are used, extremely narrow bands
(potentially down to approximately 1 nm) may be created.
However, the technique suffers from some difficulties: the
band width is defined by the thickness of the deposited film,
which may be difficult to determine accurately. In addition,
polishing of such small electrodes is likely to cause significant
variations in its final shape, surface area, and so forth. There
may be significant doubts about the real surface area of the
band even when no polishing step is used.[3] This method is
best suited to the creation of single bands.
The other commonly used method involves the use of

lithography. In this case, there are two possibilities: First, a
metal film may be evaporated on to a substrate, photoresist is
applied and patterned lithographically, the unprotected metal
is etched, and finally the remaining photoresist is removed.[4]

Second, a “lift-off” technique may be employed, in which the
photoresist is applied directly to the substrate and patterned.
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Themetal film is then applied on top, and when the remaining
photoresist is removed, the corresponding metal film is also
removed, thus leaving only the metal attached directly to the
substrate.[4] These methods are highly reproducible and allow
precise control of the electrode geometry. Recently, band
widths and gap widths down to 30 nm have been achieved by
using a lift-off procedure combined with high-resolution
electron-beam lithography.[5] Lithographic methods, however,
require specialized equipment and are relatively complex to
implement.
A related approach to the modification of surfaces with

conductive bands has been explored by Penner and co-
workers,[6–8] who have shown that metal nanowires may be
obtained by selective electrodeposition of conducting metal
oxides onto the step edges present at highly ordered pyrolytic-
graphite (HOPG) surfaces, followed by reduction with
hydrogen. (Although the direct deposition of metals onto
the step edges is possible and conceptually simpler, the
resulting wires are usually of poorer quality for various
reasons.[6]) This effect results from the specialized structure of
HOPG, which consists of atomically flat basal-plane graphite
terraces separated by defects that expose relatively thin
(335 pm or multiples thereof) bands of edge-plane graphite.
Given the correct deposition potential, these edges are
strongly favored because of their much greater electrochem-
ical activity.[9–11]

We have recently extended this methodology in a three-
step electrochemical process to generate nanotrenches by
using the following procedure:[9] MoO2 nanowires are depos-
ited on HOPG in a manner similar to that described by
Penner and co-workers. A reducing potential is then applied
to a solution of 4-nitrobenzenediazonium ions, thus leading to
the deposition of a polymeric film on the electrode which has
a thickness on the order of 10 nm. (Although the molyb-
denum oxide deposited under these conditions is in fact a
mixture of MoO2 and MoO3, it is usually described as
MoO2.

[6–9] Herein, we follow this convention to avoid
confusion.) Finally, the MoO2 is dissolved in hydrochloric
acid; as with the lithographic “lift-off” procedure, any
polymer above the MoO2 wires is removed at the same
time. The result is that the HOPG electrode is covered
entirely by an impermeable film except for the step edges,
which are uncovered. Herein, we extend this method further
through the presentation of a simple, general, and mostly
solution-phase method for the generation of assemblies of
metal nanobands by using the original MoO2 nanowires as a
template.
The process for the fabrication of these nanoband

assemblies is illustrated conceptually in Figure 1. MoO2
nanowires were electrodeposited onto the freshly cleaved
HOPG surface (Figure 1a) using a solution of 1.1 mm sodium
molybdate, 1m sodium chloride, and 1m ammonium hydrox-
ide adjusted to pH 8.5 with sodium hydroxide. The mean
thickness of the nanowires has been shown to be dependent
on the deposition time, thus allowing wires with controlled
diameters to be prepared (see below). In the present case,
deposition was performed at �1.0 V (versus the saturated
calomel electrode (SCE)) for 130 seconds (Figure 1b). An
atomic force microscopy (AFM) image of the resulting

nanowires is shown in Figure 2a. To test the homogeneity of
the nanowire coverage, AFM images were collected at several
separated points on the electrode; this image (and those
presented below) was found to be representative of the whole
electrode.
The second step was to cover the remaining exposed

carbon again with a layer of polymer. However, a solution of
50 mm divinylbenzene (DVB) and 0.1m tetrabutylammonium
perchlorate in acetonitrile was used instead of the solution of
4-nitrobenzenediazonium. DVB has been shown to readily
polymerize under oxidation conditions,[12] and we found that

Figure 1. Schematic diagram showing the six stages involved in metal-
nanoband fabrication: a) freshly cleaved HOPG; b) after deposition of
the MoO2 nanowires; c) after deposition of the DVB (divinylbenzene)
polymer film, d) after removal of the MoO2 nanowires; e) after evapo-
ration of a gold layer onto the surface; and f) after cleavage of the
gold layer from the HOPG substrate.

Figure 2. AFM images showing steps in nanoband fabrication:
a) MoO2 nanowires (corresponding to Figure 1b); b) nanotrenches
(corresponding to Figure 1d); and c) completed gold nanobands (cor-
responding to Figure 1 f).
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application of + 1.6 V for 30 s reproducibly generated an
even, relatively insulating film (see below), with a thickness of
approximately 5–10 nm (Figure 1c).
The nanowires were removed and nanotrenches created

by immersion of the HOPG electrode in a stirred solution of
1m hydrochloric acid for 300 s (Figure 1d). An AFM image of
these nanotrenches is shown in Figure 2b. The texture of the
DVB film is clearly visible when compared with the back-
ground HOPG in Figure 1a, and the nanotrenches have a
mean depth of approximately 6 nm. It should be noted that
the fact that the MoO2 deposits can be removed in this way
implies that the film is somewhat porous, thus allowing the
solution of HCl to penetrate. However, the surface is
effectively blocked in an electrochemical sense: cyclic vol-
tammetry (CV) in a solution of 1.0 mm [Ru(NH3)6]

3+/1m KCl
after DVB-film deposition shows a tiny signal (in proportion
to the results obtained from a bare HOPG electrode or metal
nanobands). This residual current presumably arises from the
slightly porous nature of the film, but is negligible relative to
the contribution from the completed nanoband array. The
effect of a polymer blocking HOPG electrodes has been
previously discussed in greater detail.[9]

The electrode was removed from the acid, rinsed, and
dried. A 200-nm-thick layer of gold was then evaporated on
top of the nanotrenches under the conditions described in the
Experimental Section, and a supporting stub was attached to
the gold layer using a cyanoacrylate adhesive (Figure 1e). The
HOPG was finally cleaved as close to the gold layer as
possible using a knife. The original HOPG block is regen-
erated, and any thin layer of HOPG that remains on top of the
gold layer may be removed with adhesive tape, thus leaving
what was originally the underside of the gold layer exposed.
We found that the DVB layer adheres preferentially to the
gold surface (rather than the HOPG block) and leaves the
structure illustrated in Figure 1 f, which has exposed gold
nanobands surrounded by an insulating layer of polymer.
(AFM analysis of the HOPG surface separated from the gold
layer showed no sign of nanotrenches, thus confirming that
the polymerized DVB deposit adheres to the gold surface.)
An AFM image of these bands is shown in Figure 2c. Note
that the decreasing height scale in Figure 2a–c shows that the
nanobands are somewhat difficult to resolve because of the
very small height difference between the DVB layer and the
exposed gold surface. This small height difference might be
predicted from Figure 1 f, as the edges of the bands should in
theory be flush with the top of the DVB layer.
To study the nanobands in more detail, a representative

band was chosen and examined at a scan range of approx-
imately 800 nm. An AFM image of this band is shown in
Figure 3a, along with a section analysis of a line perpendicular
to the nanoband axis in Figure 3c. Some important features
are apparent: the width of the nanoband is around 180 nm,
the maximum height of the nanoband above the polymer
layer is approximately 700 pm, and the band has a character-
istic “m” shape. The depth of the central “v” is approximately
300 pm, suggesting that this shape is related to that of the
original HOPG step edge. The shape of the band may in fact
be beneficial in terms of the electrochemical behavior of the
electrode, as most of the current flow at a nanoband electrode

occurs near the edges. Therefore, a partial reinforcement of
the metal thickness at the band edges may decrease the ohmic
drop of the nanoband precisely where this drop is required.
Next, the sample was analyzed by using scanning tunnel
microscopy (STM). Initially, the scan-feedback parameters
were increased as much as possible (“constant-current”
mode). On typical surfaces (in which the conductivity is
uniform), this procedure gives themost accurate reproduction
of the real surface. However, we found that in the current case
although the texture of the background and the band itself are
well resolved, the height of the band is significantly over-
reported (Figure 3c). In addition, the STM current appears as
in Figure 3d when the feedback parameters are minimized
(“constant-height” mode). Together these observations are
direct evidence of the presence and relatively much lower
conductivity of the DVB film. In constant-height mode, the
bias is set high enough for electrons to tunnel through the
DVB film. When the tip reaches a nanoband, the much higher
conductivity of the gold surface causes the tip to over-
compensate, thus moving a large distance away to maintain
the same current. For this reason, the absolute heights
recorded in the constant-current STM mode should be
considered unreliable and have been omitted from the
relevant figures. In constant-height mode, the tip remains at
a fixed height (irrespective of any surface features) and the
tunneling current is recorded. We would clearly expect the
gold areas to pass a much greater current at a given bias
potential, which is exactly as observed.
In principle, the method described above for the gener-

ation of nanobands should be effective for any material that
can be evaporated onto the nanotrenches. To test this
hypothesis, the procedure was repeated exactly as described
above except silver was used instead of gold in the evapo-
ration step. It was found that the resulting nanobands were

Figure 3. A single gold nanoband shown at a scan range of approximately
800 nm. a) AFM image (height). b) Constant-current STM image (height).
c) Section analyses perpendicular to the band axis from the AFM (a) and con-
stant-current STM (b) images; note that the actual height of the band is approxi-
mately 0.8 nm (estimated by using AFM). d) Constant-height STM image (cur-
rent).
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impossible to resolve by AFM because of the small height of
the bands relative to the roughness of the surface. Again,
however, the bands are clearly visible when constant-current
STM is used. STM images at two scan ranges are shown in
Figure 4. Again, the “m” shape is visible, and the bands shown

in Figure 4b have a width of approximately 150 nm, which is
consistent with the results for the gold nanobands (given that
some variation in nanowire/nanotrench width over the whole
electrode is always observed).
As stated above, it should also be possible to control the

mean nanoband width by adjusting the length of time for
which MoO2 is deposited, which was tested by repeating the
above procedure. However, this time MoO2 was deposited at
�1.0 V for 30 s (see Figure 5a). Finer nanowires were
produced with a mean diameter of approximately 80–90 nm,
nanotrenches were produced as usual from these wires, and
copper was evaporated onto the surface to a depth of 200 nm.
After cleavage, again no nanobands could be distinguished by
using AFM, but STM clearly revealed their presence (Figur-
e 5b,c). As expected, the bands are narrower than in the two
previous cases: the magnified image in Figure 5c shows a
typical band with a width of 100 nm.
The nanoband arrays produced by using this method were

analyzed voltammetrically. An important parameter for any

type of electrode array is the global coverage V as defined by
Equation (1):

V ¼ Ains

Aarray
ð1Þ

Ains is the area of insulating material and Aarray is the total
surface area of the array. It follows that the area of electrode
material is given by Aarray(1�V). Now consider the case in
which we perform cyclic voltammetry at an electrode of
material i in a simple one-electron redox couple given by
Equation (2):

Aþ eG
ko ,a

HB ð2Þ

A and B are the oxidized and reduced species, respec-
tively, ko is the electron-transfer rate constant, and a is the
symmetry coefficient for the heterogeneous reaction to give
B. The observed response is dependent on a number of system
parameters, such as the diffusion coefficientD, the area of the
electrode Aelec, and ko. For the purpose of this argument, we
label the whole response as [I�E(ko)]. Now consider the case
in which we have a nanoband array of material i and global
coverage V in the same redox couple and Aarray=Aelec.
Previous investigations have shown that if the spacing
between the individual bands is considerably smaller than
the diffusion-layer thickness d, the CV response will be given
by [I�E{ko(1�V)}].[10,13] That is, the I–E response of the array
will be equal to that of a naked electrode of the same area in
the same redox couple but with an electron-transfer rate
constant of ko(1�V).
Figure 6a illustrates a cyclic voltammogram recorded with

the gold nanoband array in Figure 2c immersed in a solution
of 1.0 mm [Ru(NH3)6]

3+/1m KCl, in which the scan rate was
1 Vs�1. Overlaid as a dashed curve is the corresponding
response for a gold electrode of the same surface area, that is,
Aelec=Aarray (in this case the gold electrode was prepared by
gold plating a metal slab and was used in the same electrode
housing as the array). It is necessary to estimate the
proportion of the array surface which is exposed gold to
compare these curves meaningfully. To this end, ten STM
images, each with a scan range of 5 mm, were collected from
randomly selected points on the electrode surface. A custom-
written Matlab program was then used to analyze the images
by using the following method: the bands appear significantly
higher on the surface than the DVB background so the band
surface and DVB surface can be differentiated simply by
setting an appropriate height threshold and counting the total
number of data points above and below this threshold for all
the images. In this way, the proportional area of exposed gold
was found to be approximately 10%. Although the polymer
coverage of the nanoband array was approximately 90%, an
I–E response almost equal in magnitude to that of the
“naked” gold electrode was observed.
In addition, the peak-to-peak separation for the array was

larger than that for the naked electrode. This observation is in
complete agreement with the theory discussed above. At
1 Vs�1, the diffusion-layer thickness at the peak potential of
the forward scan will be approximately 15 mm.[14] It can be
seen from Figure 2c that the spacing between the bands is less

Figure 4. Constant-current STM images of silver nanobands at various
scan ranges: a) 3H3 mm2 and b) 1H1 mm2.

Figure 5. a) AFM image of MoO2 nanowires after deposition for 30 s.
b), c) Constant-current STM images of copper nanobands prepared
using the nanowires in (a).
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than 1 mm; therefore, the observed response obtained in
Figure 6 is as expected. The fact that the nanoband array with
a coverage V of approximately 0.9 gives a response almost
equal in magnitude to that of the naked electrode indicates
that the mass transport to the nanobands must be consid-
erably faster than to the naked electrode. A potential
application of this response is illustrated in Figure 6b, c,
which shows cyclic voltammograms recorded at various scan
rates at the naked gold electrode and the gold nanoband array
in the same solution used for the cyclic voltammogram shown
in Figure 6a. The [Ru(NH3)6]

3+/[Ru(NH3)6]
2+ redox reaction

has an electron-transfer rate constant of approximately
0.5 cms�1 at the gold electrodes, thus making it electrochemi-
cally reversible at the scan rates employed in Figure 6b.[15,16]

Hence, the same peak-to-peak separation DEp (� 60 mV) in
Figure 6b was observed at all scan rates. In this situation, only
thermodynamic data for the redox reaction can be deduced
and much higher scan rates would be needed (or smaller
electrodes) to deduce reliable kinetic data.[15, 16] However, the
nanoband array effectively reduces ko to (1�V)ko, such that
the redox reaction now appears to be quasireversible at the
scan rates employed, as shown in Figure 6c, in which DEp
increases with scan rate. Thus, well-characterized nanoband
arrays could have fundamental applications (namely, alter-
native methods to investigate fast electron-transfer reactions)

in addition to their use in electroanalysis. Also, as well as
scanning probemicroscopy (SPM) image analysis, a nanoband
array could be characterized by using a redox couple of known
ko (for example, determined through a previous microdisk
experiment). Subsequent analysis of the nanoband cyclic
voltammograms would yield k

o

eff, in which (1�V)=k
o

eff/k
o.

In conclusion, we have demonstrated a method for the
generation of large assemblies of metal nanobands (the size of
which was only limited by the HOPG block employed). The
method has been shown to be effective for the generation of
gold, silver, and copper nanobands and may work with any
material that can be evaporated onto the electrode surface to
form a stable 200-nm-thick layer. Control of the mean
nanoband width has also been demonstrated: we have created
bands with widths between approximately 90 and 180 nm by
varying the deposition time of MoO2. In principle, the method
can be readily extended to produce narrower bands simply by
decreasing the deposition time further. However, in practice
we found this approach somewhat problematic as shorter
deposition times tended to produce “patchier” and less-
continuous nanowires. Conversely, wider nanobands can be
produced by increasing the deposition time. Although not
considered in the present study, it should also be possible to
vary the nanoband density. The band density is a function of
the density of the step edges on the HOPG surface; it could,
therefore, be decreased by employing a higher grade of
HOPG or increased by using a lower grade.[17] The method for
the preparation of a fresh HOPG surface can also effect the
edge-step density; for example, McDermott and McCreery
found that cleavage of an HOPG surface with a sharp blade
results in far less edge steps than the adhesive cleaving
technique employed herein.[18]

Experimental Section
All reagents were of the highest grade that was commercially
available and were used as received without any further purification.
These were sodiummolybdate (Aldrich; 98+%), potassium chloride
(Reidel-de-Haen; � 99.5%), sodium chloride (BDH; AnalaR),
ammonium chloride (BDH, GPR), sodium hydroxide (Acros; �
98%), hexaammineruthenium(iii) chloride (Aldrich; 98%), sulfuric
acid (BDH; AnalaR, sp. gr. 1.84), sodium sulfide (Aldrich; 98+%),
tetrabutylammonium perchlorate (Fluka; puriss electrochemical
grade), and DVB (Aldrich; 80%, mixture of isomers). All aqueous
solutions were prepared with deionized water with a resistivity of not
less than 18.2 mw cm (Vivendi water systems, UK). Solutions of DVB
were prepared with acetonitrile (Fischer Scientific; anhydrous syn-
thesis grade). The temperature was 294� 2 K for all experiments.

The metal layers were prepared on the HOPG surface by metal-
vapor deposition in a BOC Edwards Auto 306 vacuum coater with a
Cryo-pumping system (with a base pressure of 2J 10�7 mbar). The
metals were evaporated from an alumina-coated molybdenum boat
(R. D. Mathis, Long Beach, CA, USA) with a 3.2-V 300-A power
supply. The current was controlled so that the rate of deposition on
the sample was maintained at about 1 nms�1 and monitored with a
quartz-crystal microbalance (FTM5 thickness monitor, BOC
Edwards), which was mounted adjacent to the sample, both of
which were 120 mm from the evaporation source. During the
evaporation, the sample was rotated at about 5 rpm around a circle
radius of 50 mm centered directly above the source with the pressure
maintained below 1J10�6 mbar. The evaporation was stopped once
the film had reached the required thickness, and the system was

Figure 6. a) Cyclic voltammogram taken at 1 Vs�1 in a solution of
1.0 mm [Ru(NH3)6]

3+/1m KCl at the gold nanoband array in Figure 2c
(solid) and a gold electrode of the same surface area (dashed).
b), c) Cyclic voltammograms taken at varying scan rates in a solution
of 1.0 mm [Ru(NH3)6]

3+/1m KCl at the gold electrode (b) and the gold
nanoband array (c).
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allowed to cool to room temperature before venting and removing the
sample. Gold and silver were obtained from Alfa (99.99%), and
copper was obtained from Goodfellow (99.999%).

Voltammetric measurements were carried out with a m-Autolab
type II potentiostat (ECO-Chemie, The Netherlands). All electro-
chemical experiments were conducted by using a three-electrode
configuration, in which the substrate for the working electrode was
basal-plane HOPG. The HOPG was purchased in the form of a 10J
10J 2 mm3 block from SPI Supplies (PA, USA; type SPI-2). The
HOPG experiments were conducted by using the HOPG housing, as
previously described, which resulted in an exposed electrode area of
0.32 cm2.[19] The HOPG surfaces were prepared by cleavage with
adhesive tape before each experiment. At all times, the counter
electrode was a bright platinum wire with a surface area much larger
than that of the working electrode. A saturated calomel electrode
(Radiometer, Copenhagen, Denmark) was employed as the refer-
ence.

All the SPM experiments employed a Multimode SPM (Digital
Instruments, now a division of Veeco). A model “J” scanner was used,
with a lateral range of 125J 125 mm and a vertical range of 5 mm. All
the AFM experiments were performed in the tapping mode, with
standard silicon probes (Nascatec GMBH part NST-NCHF). STM
experiments used Pt/Ir tips (Veeco part PT) at a bias of + 200 mV in
all experiments. All SPM experiments were performed in air.
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Those of us interested in polymetallic complexes still strive to
control the structures formed, as this is vital if we are ever to
exploit their properties. One of the more interesting
approaches is to use “templates” to control either the size
of clusters[1] or even their shape.[2] Beyond that challenge lies
another: how do we assemble cage complexes into materials
in a controlled manner? Further motivation to answer this
latter question has arisen from theoretical studies,[3,4] which
propose that S= 1/2 clusters could be used as quantum bits
(qubits) in quantum information processing (QIP). Herein,
we describe our initial experiments in which we link S= 1/2
wheels to each other. Linking two molecules with S= 1/2 will
allow the study of conditioned dynamics of the magnetization
of each molecule and thus let us examine the possibility of
implementing quantum gates within molecular clusters.

Previously we reported the first heterometallic octanu-
clear rings, [{NH2R2}{Cr7MF8(O2CCMe3)16}] (R= alkyl side
chains; M=NiII, CoII, FeII, MnII, or CdII).[5] For QIP, single-
qubit operations require an S= 1/2 ground state. Among the
heterometallic {Cr7M} rings, this condition is met for M=NiII,
which therefore represents an appealing candidate.[6] How-
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ever, the efficient implementation of a quantum computer
requires the creation of a two-qubit quantum gate as pointed
out by Loss and co-workers[3,4] and Troiani et al.[7] For such a
purpose, it is necessary to have dimers of coupled {Cr7Ni}
rings. As the ring is templated about protonated amine
cations, a straightforward method is to use a diamine with a
carbon chain of sufficient length so that a {Cr7Ni} ring can be
attached at either end. In initial experiments we found that
1,8-diaminooctane (1,8-dao) and 1,9-diaminononane (1,9-
dan) are suitable, while slightly more complex diamines
such as 1,3-di(piperidine)propane (1,3-dpp) also produce a
pair of linked clusters. Longer diamines are also suitable, such
as 1,12-diaminododecane (1,12-dad), but the resulting crystal
structures are significantly disordered. The linked clusters,
[{1,8-daoH2}{Cr7NiF8(O2CCMe3)16}2] (1), [{1,9-danH2}{Cr7Ni-
F8(O2CCMe3)16}2] (2), and [{1,3-dppH2}{Cr7NiF8-
(O2CCMe3)16}2] (3) were structurally characterized
(Figure 1).[8] The NiII ions in these compounds may be
replaced with other metal dications.

The structure of the heterometal-
lic octanuclear {Cr7M} rings is a
regular octagon of metal ions with
each side bridged by one fluoride and
two carboxylate ions, as reported
previously.[5] . Although it is not pos-
sible to distinguish between NiII and
CrIII sites in a single ring, elemental
analysis confirmed the formulation
given. The protonated amine head
groups hydrogen bond to the fluoride
ions within the ring.

We wished to include switchable
links between the rings. To this end,
we synthesized [{EtNH2CH2py}{Cr7-
NiF8(O2CCMe3)16}] (4 ; py= pyri-
dine)[8] knowing that the ring will

encapsulate the secondary ammonium group to leave the
pyridine moiety free to bind to further metal sites. To
illustrate the potential of such an approach, we treated 4
with the dinuclear metal complexes, [Cu2(O2CCMe3)4-
(HO2CCMe3)2] and [M2(H2O)(O2CCMe3)4(HO2CCMe3)4]
(M=Ni or Co). This gave the structures [{M2-
(O2CCMe3)4}{[EtNH2CH2py][Cr7NiF8(O2CCMe3)16]}2] (5 :
M=Cu; 6 : M=Ni; 7: M=Co),[8] as depicted in Figure 2.

The pyridine group from 4 binds to the axial sites of the metal
dimer. The M···M distance is fairly similar, at 2.63 C in 5 and
2.61 C in 6. The Cu···Cu distance is similar to that reported for
a previously reported copper dimer bridged by pivalate.[10] In
related Ni dimers,[11] the Ni···Ni distance depends on the
terminal ligands: approximately 2.60 C for pyridine and
longer (ca. 2.72 C) for lutidines. Complex 4 therefore appears
to be similar to pyridine in its donating properties. While
these dimers are not switchable, we believe that we can
prepare equivalent supramolecules in which M is a 4d or
5d metal and where we could vary the interaction between the
[Cr7MF8(O2CCMe3)16] complexes by redox chemistry or
photoexcitation of the multiply bonded dimer.[12]

Magnetic and specific heat studies of 1–3 and 5–7 were
performed. The ac susceptibility was measured over the
temperature range 2–100 K (Figure 3a). Each linked ring

Figure 1. Crystal structure of 1 (hydrogen atoms and methyl groups of
pivalate groups on rings have been omitted for clarity; Cr green,
Ni light green, F yellow, O red, N blue, C black). Selected bond-length
ranges: M–F 1.891–1.964, M–O 1.872–2.016 J. Average estimated
standard deviation (av esd): 0.012 J.

Figure 2. Crystal structure of 5 (see Figure 1 legend for color scheme;
Cu orange). Selected bond-length ranges: M–F 1.909–1.967, M–O
1.914–1.997, Cu–O 1.953–1.960 J. Av esd: 0.008 J.

Figure 3. a) The cT product of {Cr7Ni} rings (black *) and the molecular dimers 1 (brown &), 2 (blue *), 3
(red ~), 5 (green M ), and 6 (yellow +); for 5 and 6, c was normalized to half a mole) over the temperature
range 2–100 K. Note that cT values saturate to the Curie value expected for an S=1/2 system for all of the
derivatives. b) Temperature dependence of the ac susceptibility c (the susceptibility of dimer 7 is reported in
the Supporting Information).
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shows essentially the same cT versus T behavior for this
temperature range, and after normalization to half a mole the
cT(T) curves overlap that of a single {Cr7Ni} ring. The
anomalies in the c versus T plot (Figure 3b) are related to the
pattern of the lowest lying states in a single {Cr7Ni} ring[5,6]

that comprises an S= 1/2 ground state and an S= 3/2 first
excited multiplet. The field dependencies of the magnet-
ization as collected at T= 0.4 K for each linked ring almost
overlap one another, and as only the ground state is
significantly populated at this temperature no deviation
from the Brillouin curve calculated for S= 1/2 is observed
(see Supporting Information).

The temperature dependencies of the specific heat c,
normalized to the gas constant R, were recorded over the
temperature range 0.4–10 K. Figure 4 shows that after nor-
malization to half a mole for the dimers the data overlap one

another and with those of {Cr7Ni}. The hump in the c(T)
curves at 3–5 K confirms the Schottky anomaly related to the
main energy gap, approximately 9 cm�1, between the ground
state S= 1/2 doublet and the S= 3/2 quartet. As a magnetic
field is applied, these multiplets are split and the Schottky
anomaly evolves for all derivatives similarly to that observed
for the {Cr7Ni} ring (Figure 5). This behavior is well-
accounted for by the spin Hamiltonian of a single wheel
[Eq. (1)].

H ¼
X

i

J Si � Siþ1 þ
X

i

di ½S2z,i�SiðSi þ 1Þ=3�

þ
X

i<j

Si �Dij � Sj þ mB

X

i

gi Si � B
ð1Þ

The first term corresponds to the dominant antiferromag-
netic Heisenberg exchange between nearest-neighboring

spins; the second and third anisotropic terms account for
the coupling due to the crystal field and for the intracluster
dipole–dipole interaction, respectively; the fourth term
accounts for the Zeeman coupling to the external field. The
microscopic parameters can be determined by fitting the
magnetic-field-dependent specific heat data, and within the
experimental accuracy for all derivatives the best set of
parameters was JCr-Cr= 1.46 meV, JCr-Ni= 1.69 meV, dCr=
�0.03 meV, dNi=�0.35 meV, gCr= 1.98, and gNi= 2.2	 0.2.
The addition of a coupling term between two wheels does not
improve the quality of the fit for T> 0.4 K.

These results show that for all these linked complexes, the
pattern of the lowest lying states of a single wheel is very close
to that of the isolated {Cr7Ni} ring. We estimate an upper limit
for a possible coupling interaction between two wheels to be
less than about 0.1 cm�1. To check this, we examined the
magnetization of microcrystallites of 5 between 40 mK and
400 mK by using a micro-SQUID array and found no
evidence for an interaction between the {Cr7Ni} rings even
at this temperature (see Supporting Information).

At one level, the lack of a sizeable magnetic coupling may
seem disappointing, however this work demonstrates that
[Cr7MF8(O2CCMe3)16] complexes are relatively stable and
that they can be attached to one another by different linkers.
At another level, implementation of quantum computing will
require one state where the single qubits in the gate do not
communicate. These results show that the rings can be
brought into close proximity without changing magnetic
behavior due to through-space exchange. In the future we
hope to switch on the interaction by using photo- or redox
chemistry.

Figure 4. Specific heat c, normalized to the gas constant R, of {Cr7Ni}
rings (*) and of the molecular dimers 1 (&), 2 (*), 3 (~), 5 (M ), 6
(+), and 7 (square with cross); for 5–7, c was normalized to half a
mole for comparison with {Cr7Ni} rings measured as a function of
temperature at zero field. Continuous (c) and dotted (a) lines
represent the estimated lattice and magnetic contribution, respectively.

Figure 5. Specific heat c, normalized to the gas constant R, of 7 mea-
sured as a function of temperature at different magnetic fields: zero
field (*); 1 T (~); 3 T (&); 5 T (M ); 7 T (+). It is evident that the evo-
lution of the Schottky anomaly is essentially due to the Zeeman effect
on the lowest lying levels with S=1/2 and S=3/2 of the single {Cr7Ni}
wheels. Lines are fitting curves obtained by diagonalizing the spin
Hamiltonian of single {Cr7Ni} wheels, as described in the text.
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Experimental Section
All reagents were used as received from Aldrich. [Cu2(O2CCMe3)4-
(HO2CCMe3)2]

[13] and [M2(H2O)(O2CCMe3)4(HO2CCMe3)4]
[14,15]

were prepared according to published methods.
1: Me3CCO2H (20.0 g, 195 mmol), H2N(CH2)8NH2 (0.16 g,

1.11 mmol), and CrF3·4H2O (3.0 g, 16 mmol) were heated at 140 8C
with stirring in a teflon flask for 0.5 h, then 2NiCO3·3Ni(OH)2·4H2O
(0.35 g, 0.6 mmol) was added. After 1 h the temperature of the
reaction was increased to 160 8C for 8 h. The flask was cooled to room
temperature, then acetone (35 mL) was added while stirring. The
green microcrystalline product was collected by filtration, washed
with a large quantity of acetone, dried in air, and then dissolved in
hexane (100 mL). The solution was filtered, and the filtrate was
evaporated to dryness. The product was recrystallized twice from
toluene. Yield: 1.9 g (35%; all yields based on Cr unless otherwise
stated). Elemental analysis (%) calcd for C168H310Cr14F16N2Ni2O64: Cr
16.06, Ni 2.59, C 44.53, H 6.90, N 0.62; found: Cr 16.62, Ni 2.51, C
45.48, H 7.06, N 0.50.

Compounds 2–4 were obtained by similar procedures to that for
1, except that 1,8-diaminooctane was replaced with the amines listed
below and the period of heating at 160 8C and the crystallization
solvents were also varied.

2 : 1,9-diaminononane; heated at 160 8C for 9 h; extracted and
crystallized from 1:2 hexane/ethyl acetate. Yield: 1.5 g (28%).
Elemental analysis (%) calcd for C169H312Cr14F16N2Ni2O64 : Cr 16.01,
Ni 2.58, C 44.65, H 6.92, N 0.62, F 6.69; found: Cr 15.81, Ni 2.64, C
44.37, H 6.96, N 0.54, F 6.68.

3 : 1,3-bis(4-piperidinyl)propane monohydrate; heated at 160 8C
for 11 h; extracted and crystallized from 5:1 pentane/acetone. Yield:
1.0 g (18%). Elemental analysis (%) calcd for
C173H316Cr14F16N2Ni2O64: Cr 15.83, Ni 2.55, C 45.19, H 6.93, N 0.61;
found: Cr 15.47, Ni 2.54, C 44.81, H 6.90, N 0.54.

4 : Me3CCO2H (20.0 g, 196 mmol), 4-(ethylaminomethyl)pyridine
(0.32 g, 2.4 mmol), CrF3·4H2O (3.0 g, 17 mmol), and 2NiCO3·3 -
Ni(OH)2·4H2O (0.3 g, 0.5 mmol) were heated while stirring at
140 8C for 2.0 h and then at 160 8C for 24 h. The teflon flask was
cooled to room temperature, then acetone (35 mL) was added, and
the mixture was stirred for 3 h. The precipitated product was collected
by filtration and washed with acetone (3 N 15 mL). The solid was
dissolved in pentane (40 mL), the solution was filtered, then the
filtrate was diluted with acetone (60 mL). Evaporation of this solution
at room temperature produced green crystals. Yield: 2.3 g (42%).
Elemental analysis (%) calcd for C88H157Cr7F8N2NiO32: Cr 15.62, Ni
2.52, C 45.37, H 6.79, N 1.20; found: Cr 15.58, Ni 2.65, C 45.33, H 6.84,
N 1.18. Crystals suitable for X-ray studies were obtained by
recrystallization from THF/MeCN.

5 : [Cu2(O2CCMe3)4(HO2CCMe3)2]
[12] (0.077 g,0.105 mmol) was

added to a solution of 4 (0.5 g, 0.2 mmol) in toluene (7 mL), and the
mixture was stirred until the copper complex dissolved. Green
microcrystalline product began to form during this time and was
collected after 2 days, washed with toluene and acetone, and dried in
air. Yield: 0.44 g (81.0% based on Cu). Elemental analysis (%) calcd
for C196H350Cr14F16N4Ni2Cu2O72: Cr 14.02, Ni 2.26, Cu 2.45, C 45.35, H
6.80, N 1.08; found: Cr 13.91, Ni 2.23, Cu 2.29, C 45.77, H 6.86, N 0.97.
Crystals suitable for X-ray studies were obtained by slow evaporation
of a solution of 5 in THF/toluene at room temperature.

6 : [Ni2(H2O)(O2CCMe3)4(HO2CCMe3)4]
[14] (0.1 g, 0.1 mmol) was

added to a solution of 4 (0.5 g, 0.2 mmol) in Et2O (7 mL) and briefly
stirred. The solution was filtered and diluted with toluene (ca. 5 mL).
Green crystals (including some that were suitable for X-ray studies)
were formed by slow concentration of this solution at room temper-
ature over 2 days. Crystals were washed with toluene and dried in air.
Yield: 0.4 g (71% based on Ni). Elemental analysis (%) calcd for
C196H350Cr14F16N4Ni4O72: Cr 14.05, Ni 4.53, C 45.43, H 6.81, N 1.08;
found: Cr 13.77, Ni 4.45, C 45.55, H 6.90, N 1.03.

7: All manipulations were carried out under a N2 atmosphere.
[Co2(H2O)(O2CCMe3)4(HO2CCMe3)4]

[14] (0.1 g, 0.1 mmol) was dis-

solved in Et2O (5 mL), and the solution was added to a solution of 4
(0.5 g, 0.2 mmol) in toluene (10 mL). Green crystals (including some
that were suitable for X-ray studies) were formed by slow concen-
tration of this solution at room temperature over 2 days. Crystals were
collected by filtration, washed with toluene, and dried under N2.
Yield: 0.31 g (57% based on Co). Elemental analysis (%) calcd for
C196H350Co2Cr14F16N4Ni2O72: Cr 14.05, Co 2.27, Ni 2.27, C 45.43, H
6.81, N 1.08; found: Cr 13.88, Co 2.29, Ni 2.21, C 45.09, H 6.71, N 0.99.

Magnetic and thermal measurements: The magnetic properties
and the heat capacity of polycrystalline samples of 1–3 and 5–7 were
investigated using a QuantumDesign PPMS-7T system provided with
an ac susceptometer and a microcalorimeter, respectively. Home-
made Hall magnetometer and micro-SQUIDs were used for magnet-
ization measurements below 1 K.
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The coil-to-globule transition of polymer chains caused by
external stimuli, such as temperature, pH, pressure, solute, or
solvent, is one of the most interesting properties in polymer
science, and a polymer that undergoes this transition is
referred to as a stimuli-responsive polymer. For example,
poly(N-isopropylacrylamide) (PNIPA) is the most typical
stimuli-responsive polymer and exhibits a well-defined coil-
to-globule transition in aqueous media at its lower critical
solution temperature (LCST� 32 8C).[1] To utilize the coil-to-
globule transition effectively, PNIPA is mainly used in the
form of polymeric hydrogels, which consist of three-dimen-
sional polymer networks highly swollen with large quantities
of water. As PNIPA hydrogels can exhibit many characteristic
changes in their properties owing to the coil-to-globule
transition, such as swelling/deswelling, absorption/desorption,
transparency (transparent/opaque), and surface hydrophilic-
ity (hydrophilic/hydrophobic),[2–5] they have increased impor-
tance as advanced soft materials, such as smart gels (e.g.
photoresponsive gels),[6] enzyme carriers,[7] colloid crystals,[8]

separation devices,[9] drug-delivery systems (e.g. glucose-
responsive insulin-releasing gels),[10] and biocompatible mate-
rials in tissue engineering (e.g. cell-cultivation substrates,
scaffolds).[11] So far, it has been desired to control the stimuli-
sensitivity of PNIPA hydrogels over a wide range. However,
substantial control of the coil-to-globule transition of PNIPA
has not been reported.

In previous studies, the inherent mechanical weakness of
polymeric, including PNIPA, hydrogels was an unavoidable
problem and there were constant efforts to overcome this.[12]

Recently, we proposed a new type of hydrogel, nanocompo-
site hydrogels (NC gels), which consist of poly(N-alkylacryl-
amides) and inorganic clay.[13] As a result of their unique
organic–inorganic network structure, which consists of exfo-
liated clay platelets uniformly dispersed in an aqueous
medium with a number of flexible polymer chains linking
them together, NC gels simultaneously solved all of the
problems concerning the optical, mechanical, and swelling/
deswelling properties associated with conventional, chemi-
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cally cross-linked PNIPA hydrogels (OR gels).[14–17] NC gels
are anticipated to be promising hydrogels with possibly the
most extensive control over both mechanical properties and
stimuli-sensitivity. By using NC gels, reversible force gener-
ation as a result of the coil-to-globule transition of PNIPA
chains was observed for the first time in response to
alternating the temperature across the LCST.[18] Additionally,
NC gels exhibit many interesting functions such as the
formation of unique porous morphologies with a three-
layered structure in the freeze-dried state,[19] characteristic
sliding frictional behavior with remarkable changes in the
coefficient of friction at the surface of the NC gel,[20] and
biocompatibility (including implantation, antithrombogenic-
ity, etc).[21] Herein, we report the first observation of total
control over the coil-to-globule transition of PNIPA chains by
inorganic (clay) nanoparticles and the achievement of strik-
ingly ultrahigh mechanical properties such as the strength,
elongation, and fracture energies of NC gels.

Synthetic hectorite ([Mg5.34Li0.66Si8O20(OH)4]Na0.66 ; layer
size� 30 nm1< 1 nm, cation-exchange capacity: 104 meq/
100 g) was used as the inorganic clay after washing and freeze-
drying. Sample codes for NC gels (NCc)are defined by the
concentration of clay (cclay) on a molar basis in their as-
prepared states: for example, NC5 gel indicates 5 < 10�2 moles
of clay (38.1 g) in 1 L of H2O. Here, cclay was varied over a
wide range from 1< 10�2 mole (NC1) to 20 < 10�2 mole
(NC20), while the concentration of the monomer, NIPA,
was fixed at 1 molL�1 in H2O. The synthetic procedure for
formation of the NC gels is almost the same as that reported
previously,[17] except for the mixing process used to prepare
the reaction solution. In the present study, mixing by
combined rotation and revolution was used to overcome
difficulties in forming uniform dispersions of clay, initiator,
and catalyst at high contents of clay. Thus, throughout the
range of cclay used, uniform dispersion was achieved by
controlling the mixing conditions, including the temperature
(1–35 8C). Next, free-radical polymerization in situ was
performed at 20 8C for 20 h. As yields for polymerization
were almost 100% for all NC gels, the composition of the NC
gel was virtually the same as that of the corresponding initial
solution.

The resulting NC gels were all uniform and mostly
transparent regardless of the concentration of clay (Fig-
ure 1a), although conventional OR gels became totally
opaque when the concentration of organic cross-linker
(N,N’-methylenebis(acrylamide); BIS) exceeded 5 mol% rel-
ative to NIPA (Figure 1b). All NC gels were mechanically
very tough, although they differed greatly in softness depend-
ing on the content of clay. Figure 1a shows a soft NC5
hydrogel which was readily deformed on compression, while
the NC20 gel could hardly be deformed by hand. Here, the
deformation of NC5 gel was almost totally reversible, and all
NC gels including NC5 and NC20 gels did not break during
the compression tests. Figure 2a shows tensile stress versus
strain curves for NC5, NC10, NC15, NC18, and NC20 gels. It
is seen that both the initial modulus of elasticity (Ei) and the
tensile strength (s) increase monotonically with increasing
values of cclay. NC20 gel exhibits a tensile strength of nearly
1000 kPa, an Ei value of 400 kPa, and approximately 1000%

elongation at break—these are the highest tensile properties
by far ever reported for polymeric hydrogels and are
comparable to those of pristine styrene–butadiene rubber.[22]

Figure 1. a) NC5 and NC20 gels with high transparencies exhibit differ-
ing degrees of softness. Both NC gels did not rupture under repeated
compressions by hand. b) OR gels with different transparencies, trans-
parent OR1 and opaque OR5, are both very brittle under compression.

Figure 2. a) Tensile stress versus strain curves for NC gels with differ-
ent contents of clay (NC5–NC20). The inset shows a magnified view of
the dotted box at the origin, with the curve for OR3 gel. b) Fracture
energies (Ef ) for the gels and ratios of Ef for NC/OR gels as functions
of the amount of cross-linker.
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If the high water content (ca. 80–90 wt%) of NC gels is taken
into account, this is quite a striking result. Also, in most solid
polymers, whether they are linear or cross-linked, it is a
common feature that the fracture strain ef decreases inversely
in proportion to Ei.

[23] However, in the case of NC gels, ef was
maintained at a high value (ca. 1000%) despite large
increases in the initial modulus of elasticity, Ei. Contrary to
this, as shown in Figure 1b (under compression) and Fig-
ure 2a (under elongation), OR gels show a very brittle
mechanical nature and the brittleness changes little with a
varying content of cross-linker. Note that OR gels have the
same composition (water and PNIPA) as NC gels except for
the difference in cross-linker. The fracture energy for each
NC and OR gel was calculated from the areas under the
stress–strain curves. The fracture energies (Ef) of NC gels and
their dependence on cclay are shown in Figure 2b relative to
those of OR gels. The fracture energies of OR gels are almost
the same, regardless of the content of BIS cross-linker (the
average value for OR1, OR3, and OR5 gels is used in
Figure 2b). It is also striking that the fracture energy of NC20
gel could be as much as 2650-times higher than that of the OR
gel. All these advantageous results may be ascribed to the
unique organic–inorganic network structure[13–15] of NC gels in
which the density of cross-links was controlled without
sacrificing the large extensional capability of its constituent
polymer chains.

We previously reported that NC gels show a distinct
change in transparency across the LCSTas a result of the coil-
to-globule transition.[13, 14] In the present study, we found that
decreases in transparency at the LCST varied dramatically
with the concentration of clay, as shown in Figure 3a; that is,
the loss in transparency gradually decreased as cclay increased
until, finally, at cclay values greater than 15 < 10�2molL�1, there
was no loss in transparency and gels remained transparent
regardless of the temperature. Figure 3b shows NC5 and
NC15 gels that exhibit different transparency behaviors at
ambient temperature (upper, 20 8C) and in hot water (lower,
50 8C). The NC15 gel did not change its transparency but
retained a high transmittance regardless of the surrounding
temperature. In contrast, NC5 gel showed an abrupt change,
as previously reported, between transparent and opaque by
alternating the temperature across the LCST. The results
shown in Figure 3a,b indicate that the thermal molecular
motion of PNIPA chains was completely restricted in NC gels
with cclay greater than 15< 10�2 molL�1, and, consequently, the
thermosensitivity was totally depressed in NC gels with such
high concentrations of clay. The molecular restriction of
PNIPA chains in NC gels was attributed to restriction by
exfoliated clay platelets incorporated in NC gels. As the clay
platelets (hectorite) are strongly hydrophilic, the conforma-
tional change from coil (hydrophilic) to globular (hydro-
phobic) form may be hindered in PNIPA chains attached to
clay surfaces or lying close to them. This is the first
observation of complete control over the coil-to-globule
transition of PNIPA chains by inorganic nanoparticles. Note
that through interactions with clay platelets, the thermal
molecular motions (associated with the transition between
random-coil and globular forms) of PNIPA chains towards
the globular form are hindered despite the increasing temper-

ature. At the same time, PNIPA chains adopt random
conformations amongst the clay platelets so that large
reversible deformations are possible on applying external
stresses as shown in Figure 2a.

Concerning the swelling in water, all NC gels swell to
equilibrium at 20 8C (<LCST) and their swelling markedly
decreases with increasing concentrations of clay. These results
clearly indicate that clay platelets act as an effective cross-
linking agent in NC gels over the whole range of cclay. At
temperatures above the LCST, we previously found that NC
gels exhibit very rapid deswelling (volume contraction)
compared with OR gels; for example, an NC1 gel took less
than 10 minutes to reach equilibrium, although an OR1 gel
took more than 1 month.[14] This result was attributed to the
rapid dehydration of flexible PNIPA chains, including grafts,
in organic–inorganic networks of NC gels. For NC gels with
high concentrations of clay, as the conformational change of
PNIPA chains was substantially restricted as described above,
it is expected that the deswelling behavior may also be
depressed. As shown in Figure 4a, deswelling was decreased
markedly with increasing cclay values, and for NC gels with cclay
values greater than that for NC12 no contraction of volume

Figure 3. a) Temperature dependence of the optical transmittance for a
linear polymer (LR) and NC gels with different cclay. b) Transparency of
NC5 and NC15 gels below (in air: upper) and above the LCST (in
water: lower). The observed change in transparency for NC5 gel was
not observed for NC15 gel (its transparency was maintained upon
heating).
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was observed. Instead, NC gels simply swelled, even at 50 8C
(>LCST). Here, PNIPA behaves like a hydrophilic polymer
without exhibiting a thermosensitive transition. Thus, the
volume changes (due to either swelling or deswelling) of NC
gels can be controlled greatly by altering cclay over a wide
range. From the variations in both swelling and deswelling, it
is expected that certain NC gels with high concentrations of
clay will maintain a stable volume in water regardless of the
temperature.

All the results herein, particularly the superior mechanical
properties and good transparencies, indicate that the unique
organic–inorganic network structure is retained even for NC
gels with high concentrations of clay. However, from the
results of suppressed thermosensitivities of transparency and
swelling/deswelling it was concluded that PNIPA chains are
subject to steric hindrance by clay platelets and that finally
the coil-to-globule transition is prohibited at sufficiently high
cclay values. This conclusion was confirmed by differential
scanning calorimetric (DSC) measurements for NC gels with
various concentrations of clay (Figure 4b). The heat change
associated with the coil-to-globule transition in the gel state
decreased with increasing cclay and disappeared at cclay values
greater than that for NC15. Also, from measurements on
dried NC gels it was found that the change in heat capacity at
the glass transition temperature (� 142 8C) decreased with

increasing cclay values, and by analogy with the coil-to-globule
transition in the gel state the glass transition in the dried state
due to the micro Brownian motion of PNIPA disappeared at
cclay values greater than that for NC15. These phenomena are
specific to NC gels and are totally different from those of OR
gels, which become opaque at high contents of BIS as a result
of the formation of inhomogeneous networks.

In conclusion, we have presented the extraordinarily high
strength and high fracture energy of polymeric hydrogels (NC
gels) as well as complete control over the coil-to-globule
transition in PNIPA chains, in terms of transparency and
swelling/deswelling, by inorganic clay nanoparticles. In com-
parison with conventional rubbers (e.g. styrene–butadiene
rubber) that consist of 100% organic polymers, NC gels
comprise mostly water (80—90 wt%) and are also essentially
nonflammable without the need for any harmful halogen or
phosphorus additives. Thus, NC gels can be referred to as
truly environmentally friendly soft materials, from both
production and disposal viewpoints. By recognizing the
control over mechanical and functional properties as reported
here, NC gels may lead to new horizons in the fields of
advanced research and technologies.

Experimental Section
Synthesis of NC gels with high clay contents: The inorganic clay
“Laponite XLG” (Rockwood Ltd., UK) and NIPA monomer were
used after purification. The synthetic procedure for NC gels with low
concentrations of clay (cclay� 5 < 10�2 molL�1) is the same as that
reported previously.[17] For NC gels with high concentrations of clay
(cclay� 10< 10�2 molL�1), the experimental procedure differed in the
preparation of the initial reaction solution: For example, for NC20 gel
only a part of the clay was used at first and a transparent aqueous
solution consisting of water (19 mL), NIPA (2.26 g), and inorganic
clay (0.76 g) was prepared by normal magnetic stirring. Next, the
remainder of clay (2.29 g) was added to the aqueous solution while
stirring at 1 8C and subsequently heating to 35 8C and then cooling
again to 1 8C, to avoid flocculation and to accelerate dispersion. Then,
to achieve the exfoliation of clay and the good dispersion of all
components, the solution was further mixed at 1–58C for 30 minutes
by utilizing two combinations of rotation and revolution (800/
2000 rpm and 60/2200 rpm). The mixtures were subsequently mixed
for further periods of 1 minute each after the addition of initiator and
catalyst. The amount of clay was varied from 0.152 g to 3.05 g. The
concentration of monomer (NIPA) was fixed at 1 molL�1 in H2O, and
the molar ratios of monomer, initiator (potassium persulfate), and
catalyst (N,N,N’,N’-tetramethylethylenediamine) were fixed at
100:0.426:0.735, respectively. Then, free-radical polymerization in
situ was allowed to proceed in a water bath at 20 8C for 20 h.
Throughout all experiments, oxygen was excluded from the system.
Meanwhile, OR1 and OR5 gels were prepared using NIPA (2.26 g,
1 molL�1 in H2O) and the organic cross-linker N,N’-methylenebis-
(acrylamide) (BIS; 0.028 g, 1 mol%, or 0.140 g, 5 mol%, respec-
tively) instead of clay.

Measurements: Swelling and deswelling experiments were per-
formed by immersing as-prepared gels (initial size: 5.5 mm diameter<
30 mm long) in a large excess of water for approximately 200 h at 20
and 50 8C, respectively, and changing the water several times. Swelling
and deswelling ratios are represented as the ratios of weights of the
swollen hydrogel (Wgel) to the corresponding dried gel (Wdry). Tensile
mechanical measurements were performed on as-prepared NC and
OR gels of the same size (5.5 mm diameter< 70 mm long) using a
Shimadzu Autograph AGS-H under the following conditions: 25 8C;
gauge length: 30 mm; cross-head speed: 100 mmmin�1. The initial

Figure 4. a) Deswelling kinetics (at 50 8C) for NC gels with different
cclay values. Wo is the weight of each initial (as-prepared) gel; Wgel is
the weight of the swollen hydrogel. b) Heats for the coil-to-globule
transition measured by DSC for NC gels with different contents of clay.
The transition peak disappeared for NC gels with a concentration of
clay greater than that for NC15.
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cross section (23.75 mm2) and loads detected between elongations of
10% and 50% were used to calculate the tensile strengths (s) and the
initial modulus of elasticity (Ei). Thermogravimetric analyses were
conducted using a TG/DTA 220 (Seiko Denshi Ind. Inc.) instrument,
by heating samples from 30 8C to 1000 8C at a heating rate of
10 8Cmin�1 in an air flow. DSC measurements were performed using a
Perkin–Elmer DSC-7 apparatus in a nitrogen atmosphere for NC gels
and milled dried gels, with heating from �50 to 60 8C and from 30 to
250 8C, respectively, at a heating rate of 10 8Cmin�1.
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Synthetic Macrocyclic Peptidomimetics as
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of Acidic Organelles in Live Cells**
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Synthetic fluorescent probes have found widespread applica-
tions in cell biology for the intracellular measurement of
several species, from the zinc(ii) cation[1] and citrate anion[2] to
singlet oxygen[3] and nitric oxide.[4] In recent years, several
reviews have appeared that deal with synthetic fluorescent
chemosensors.[5,6] Protons are one of the most important
targets among the intracellular species of interest, as it is well-
known that pH plays a central role in many cellular events.[7]

In general terms, two broad ranges of pH values are found in
cells. Consequently, two types of synthetic probes have been
developed,[8] namely, probes for cytosol that work at a pH of
about 6.8–7.4, and probes for the so-called acidic organelles
(for example, lysosomes) that function over the pH range of
about 4.5–6.0. It is possible to find a large array of commercial
probes for the former pH range; however, this is not the case
for acidic organelles. Many reports have appeared that
connect some cellular dysfunction with abnormal pH values
in acidic organelles. For instance, defective pH regulation of
acidic compartments has been observed in human breast
cancer cells.[9] Another illustrative example is the finding of
elevated lysosomal pH in neural ceroid lipofuscinoses, a
common inherited neurodegenerative disorder that affects
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children.[10] It would, therefore, be extremely desirable to
have access to a broad variety of “acidic” probes to study
these and other conditions. Unfortunately, as a consequence
of the current unavailability of probes for the acidic pH range,
there is a research bottleneck as regards progress in some
areas of cell biology or medicine. Additionally, in the light of
the above discussion, a further fundamental criterion emerges
for the design of new probes. This criterion is the possibility of
chemical control of the pH reporter probe under extracellular
conditions, that is, the potential for precise control (and
prediction) of the pKa value of the probe by adjusting the
appropriate elements in the molecular architecture.

Herein, we present a new family of fluorescent macro-
cyclic probes (FG-H series)[11] that consist of a 9,10-anthra-
cene subunit linked by a C2-symmetric peptidomimetic chain
(Scheme 1). The probes differ only in the size of the chain

(n= 3,4,6,8), but this structural variation produces a smooth
shift in the pKa values, which is an essential feature that
enables a range of pH “windows”. The synthesis of the FG-H
family members is facile, and the compounds exhibit good
photostability and present excellent cellular uptake without
the need for derivatization to improve crossing of the cellular
membrane. Moreover, the series extends the range of pH
utility by about 0.5 pH units (toward a lower pH) over that of
currently available probes.

Compounds FG-H503, FG-H504, FG-H506, and FG-
H508 were synthesized according to a procedure developed
for the preparation of peptidomimetic macrocycles in high
yields.[12,13] It has been previously demonstrated that the b-
turn conformation adopted by the synthetic intermediates
(arising from the presence of two a-amino acids as building
blocks) allows the synthesis of the peptidomimetic macro-

cycles in moderate to high yields without the need for high-
dilution conditions. In the case of the FG-H series shown in
Scheme 1, two units of l-valine were selected because of their
reported ability to induce the formation of b sheets.[14]

However, it should be possible to introduce virtually any a-
amino acid with an appropriate protecting group into the
general synthetic procedure (Scheme 2) to obtain a new

family of peptidomimetics with different properties as pH
probes. The 9,10-dimethylanthracene moiety was chosen as a
fluorophore as it is known to be photostable and also to allow
comparison with the widely used pH probe for acidic
organelles, LysoSensor Blue DND-167 (Scheme 1). DND-
167, which was originally studied by de Silva et al. ,[15] is also
an anthracene derivative that shares with the compounds in
the FG-H series the presence of two amine groups decoupled
electronically from the fluorophore by both methylene
spacers. However, in the case of DND-167, there is the
possibility that more flexible configurations could be adopted.
For comparison a second commercial probe, LysoSensor
Green DND-189, which has a different photochemical nature,
was also selected. LysoTracker Green DND-26 (see
Scheme 1)[16] was also used for fluorescence imaging experi-
ments in vivo. This latter compound was employed to certify
the acidic nature of the organelles, as it is known to
accumulate in lysosomes. (Note, however, that LysoTracker
Green DND-26 is not a pH “reporter”, as its fluorescence
emission does not vary with changing pH.[8a])

Standard fluorescence pH titrations were performed for
all the compounds in Scheme 1 in buffered aqueous media
(containing 0.2% DMSO from the initial stock solution) at a
probe concentration of 2 mm, with measurement at pH
intervals narrow enough to allow a precise determination of
the apparent pKa value. Figure 1 shows the absorption
spectrum of FG-H503 (Figure 1a) along with the fluorescence
emission spectra at different pH values (Figure 1b–g). The
fluorescence changes in systems composed of fluorophore–
CH2–amine moieties, such as the FG-H series, can be
rationalized according to the photoinduced electron-transfer
(PET) scheme developed by the research groups of de Silva
and Czarnik:[6] Under basic conditions the amino groups are
not protonated, and hence the PET process takes place (if
thermodynamically allowed by the Rehm–Weller formal-
ism[17]) which leads to fluorescence quenching. In acidic media
the electron pair in each amine is protonated, thus preventing

Scheme 1. Structures of the fluorescent probes studied.

Scheme 2. a) Acid activation; b) coupling with 1,n-diaminoalkane;
c) deprotection; d) ring-closing with 9,10-bis(bromomethyl)anthracene.
Cbz= carbobenzyloxy.
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PET from occurring, and hence emission from the fluoro-
phore takes place.

In the case of the FG-H series, a minimal variation in the
chemical structure of the probe causes an appreciable change
in the titration curve (see Figure 2 for some of the titration

curves; complete spectra and titration results can be found in
the Supporting Information).[18,19] The pKa values are derived
from the nonlinear curve-fitting of the data and are shown in
Table 1 along with the excitation and emission wavelengths.

It can be seen in Figure 2 that the DND-189 probe
exhibits a fluorescence intensity versus pH profile that is not
the same as the other profiles, which reflects its different
chemical nature with respect to the anthracene framework.
Additionally, a sharp decrease in the fluorescence intensity is
measured with DND-189 at acidic pH values.

To examine the useful pH range for each probe, the pH
interval for which the tested compound changes from 20 to
80% of its maximum fluorescence was determined (Figure 3;
the maximum is measured at pH 2 for the FG-H series and

DND-167, and at pH 4 for DND-189). Thus, it can be seen
that the peptidomimetic macrocycles are complementary to
the DND probes, as they extend the pH range of measure-
ment toward the acidic side.

On account of the complexity of the intracellular environ-
ment, an additional examination of the probes was performed
to determine whether other ions were potential interferents.
For example, it is well-known that amines can bind many
metal cations in solution.[6] In fact, many chemosensors for
metal ions use the ability of amines to coordinate the vacant
orbitals of such analytes. Among them, zinc(ii) and copper(ii)
are the types of species likely to be targeted by free amines in
solution. Consequently, control experiments with FG-H503,
DND-167, and DND-189 in the presence of an excess of ZnII

and CuII ions were performed to assess such possible
coordination. As can be seen in Table 1, the effect of such
metals on the peptidomimetic macrocycle is negligible,
particularly when considering that the concentrations used
for the experiment were significantly higher than those
present in the intracellular environment.

FG-H503 was investigated as a fluorescent probe in
cultured cells and was compared to DND-189. The probe

Figure 1. FG-H503 (2 mm) in aqueous solution (0.2% DMSO). a) Nor-
malized absorption spectrum at pH 1.02, and fluorescence spectra
(lex=377 nm) at b) pH 2.55, c) 4.70, d) 5.10, e) 5.41, f) 5.83, and
g) 6.90.

Figure 2. Fluorescence versus pH titration curves for the probes under
study. Data are normalized at the maximum emission (Irel). Probe con-
centration: 2 mm in aqueous solution (0.2% DMSO); excitation wave-
lengths as indicated in Table 1. FG-H503 (~), FG-H504 (~), FG-H508
(*), DND-167 (&), DND-189 (&).

Table 1: Spectral characteristics and pKa values of the studied systems.

Entry Compound[a] lex [nm] lem [nm] pKa

1 FG-H503 377 430 5.06�0.02
2 FG-H504 377 430 5.24�0.02
3 FG-H506 377 430 5.41�0.01
4 FG-H508 377 430 5.43�0.01
5 DND-167 374 427 5.61�0.01
6 DND-189 443 505 6.06�0.06
7 FG-H503+CuII 377 430 5.02�0.02
8 DND-167+CuII 374 427 5.57�0.01
9 DND-189+CuII 443 505 6.01�0.03
10 FG-H503+ZnII 377 430 4.95�0.03
11 DND-167+ZnII 374 427 5.52�0.01
12 DND-189+ZnII 443 505 5.70�0.03

[a] Probe concentration: 2 mm in aqueous solution (0.2% DMSO); metal
concentration: 200 mm.

Figure 3. Schematic representation of the pH intervals where the fluo-
rescence emission of each probe experiences a change between 20
and 80% of its maximum intensity. Probe concentration: 2 mm in aque-
ous solution (0.2% DMSO); excitation and emission wavelengths as
indicated in Table 1.
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DND-167 did not produce images with sufficient resolution;
therefore, the additional probe LysoTracker Green DND-
26[16] was also used which is known to be retained specifically
in acidic organelles. Two series of experiments were per-
formed: Raw 264.7, a mouse macrophage cell line, was loaded
with FG-H503 and with either DND-189 or DND-26. As
shown in Figure 4b,g, FG-H503 exhibited a vesicular distri-

bution. The probe predominantly co-localized with both
DND-189 and DND-26, which indicates that the probe is
taken up by the cells and that it localizes within acidic
organelles. Note that the different excitation and emission
wavelengths of FG-H503, as compared to those of the
commercial probes, allow simultaneous visualization of both
probes (FG-H503 and either DND-189 or DND-26) from the
same intracellular compartment. Interestingly, the fluores-
cence intensity of FG-H503 appears to match that of DND-
189: areas of low and high fluorescence (light and dark blue
arrows, respectively, in Figure 4b–d) of the probe match those
of DND-189, which indicates that the FG-H probe can
distinguish between different pH values in the cell in a
manner similar to the commercial probe. Analogous results
are obtained from the joint use of FG-H503 and DND-26.
Composite images of the fluorescence and differential
interference contrast (Figure 4e, j) confirm that FG-H503 is
located within acidic compartments of this macrophage cell
line.

In summary, a new family of fluorescent macrocyclic
peptidomimetic compounds has been synthesized, and their
abilities as pH probes have been tested both in solution and in
live cells with positive results. The synthetic modular scheme
is an excellent approach for the development of new tailor-
made probes with targeted pH “windows” ideal for measure-
ment of the changing acidic environment of intracellular
organelles. Current efforts involve the expansion of the FG-H
family with other a-amino acids, spacers, and fluorophores,
and determination of the extent by which the peptidomimetic
nature of the new probes favors their performance in
biological media.

Experimental Section
Synthesis of the peptidomimetic macrocycles: The appropriate 1,n-
diaminoalkane was reacted with N-protected (Cbz) l-valine through
the formation of an N-hydroxysuccinimide ester.[12] Yields of these
intermediate peptidomimetic compounds were about 70%. The
cyclization step was performed by treating 9,10-bis-bromomethylan-
thracene with the diamine formed by N-deprotection of the

intermediates with HBr/
AcOH (deprotection yields
over 90%). The products of
the cyclization step (at reflux in
acetonitrile as the solvent, and
anhydrous K2CO3 as the base)
were purified by column chro-
matography to afford the final
products in about 30% yield
(see Supporting Information
for chemical characterization).

Fluorescence measure-
ments: The probes were dis-
solved in dimethyl sulfoxide
(DMSO) to obtain 1 mm stock
solutions, and then aliquots
were diluted to 2 mm with
water containing a mixture of
several buffers to facilitate
titrations between pH 9 and 2
(40 mm of each sodium salt:
acetate, phosphate, borate, and
carbonate). All the measure-
ments were performed in the
presence of 100 mm NaCl to

maintain a constant ionic strength. Slight variations in the pH of the
solutions were achieved by adding the minimum volumes (typically
10 mL added to 10 mL) of 0.1–1.0m NaOH or 0.1–1.0m HCl, in such a
way that dilution effects were negligible. Fluorescence spectra were
recorded (Spex Fluorolog Max-2) with excitation at the wavelengths
indicated in Table 1. Plots of the fluorescence intensity versus pH
were fitted by using a nonlinear curve-fitting technique (Microcal
Origin 6.0). All the measurements were carried out at ambient
temperature and in air-equilibrated solutions. Copper(ii) and zinc(ii)
were added as the chloride and nitrate salts, respectively (200 mm).

Confocal fluorescence imaging: Raw 264.7, a mouse macrophage
cell line, was cultured on 42-mm-diameter round glass coverslips in
DulbeccoIs modified EagleIs medium (MEM) containing fetal bovine
serum (10%), l-glutamine (2 mgmL�1), and antibiotics (penicillin/
streptomycin). The cells were stimulated with interferon-g (IFN-g)
and lipopolysaccharide (LPS) for 16 h, loaded with the dyes for
15 min in serum-free media, and then mounted on a stage at 37 8C
after changing to phenol-red-free L15 medium containing the above
supplements. The cells were observed with a confocal laser scanning
microscope (Carl Zeiss, LSM 510 meta) with 350- and 488-nm laser
excitation for the 4,6-diamidino-2-phenylindole (DAPI) and fluores-
cein isothiocyanate (FITC) channels, respectively. An appropriate
emission band was selected for the two fluorescent channels. A 63J ,
1.4-NA objective was used to ensure high-resolution images. DIC
images were collected simultaneously with transmitted light by
excitation at 488 nm. Sequential rather than simultaneous acquisition
was used to avoid bleed-through between the two fluorescent
channels. Images were processed, and double- and composite-
merged images were made with Adobe Photoshop.

Received: June 2, 2005
Published online: September 15, 2005

Figure 4. Distribution and co-localization of FG-H503 with lysosomal probes DND-189 (a–e) and DND-26
(f–j) in Raw 264.7 cells. Differential interference contrast (DIC; a, f) and fluorescence images of FG-
H503 (b,g) and DND-189 (c) or DND-26 (h) were collected with a confocal laser scanning microscope in the
DIC, DAPI, and FITC modes. d), i) Merged images of red and green channels; e), j) composite images of red,
green, and DIC channels. DND-189 (a–e) and DND-26 (f–j) are from a different set of experiments.
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Molecular materials with porous coordination frameworks
have recently drawn considerable interest because of attrac-
tive properties arising from the synergy of the host lattice and
the guest molecules. These properties include guest-switched
spin-crossover transitions,[1] gas sorption,[2] molecular stor-
age,[3] and magnetic solvent sensoring.[4] However, to our
knowledge, reports on the dielectric properties of porous
molecular materials are rare, although the ferroelectric
properties of molecular materials have been studied.[5] As
large charges can be induced in the highly polarizable
materials upon application of a relatively low electric field,
it may be useful to construct novel electronic devices such as
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ferroelectric field-effect transistors.[6] Except for ferroelectric
(or antiferroelectric) materials, heavy-metal compounds such
as PbCl2 (er= 33.5 at 20 8C), PbO (er= 25.9 at 20 8C), and TlBr
(er= 30.3 at 25 8C) are typical materials with large dielectric
constants, er. It would be desirable to develop highly polar-
izable materials without pernicious heavy metal atoms, in
particular, molecular materials with dielectric properties that
switch between high and low dielectric states.

As most molecules do not have positional freedom in the
crystalline state, the dielectric constants of molecular crystals
are usually very small and almost independent of temper-
ature. On the other hand, there exist polar molecules with
fairly large polarizabilities in the liquid state. Considering that
the guest molecules in the porous materials will have a large
degree of positional freedom, molecular solids with large
dielectric constants could be designed by the suitable
combination of porous molecular materials and polar guest
molecules. If the positions of the guest molecules are fixed at
low temperature, the material will transform into a low
dielectric system, thus allowing the desired variability
between high and low dielectric states.

Water and methanol are typical solvents with high polar-
izabilities. The dielectric constants er of H2O, CH3OH, and
C6H6 measured down to 4.2 K are shown in Figure 1. In

contrast to nonpolar benzene, which displays a very small and
constant dielectric constant, the er value of liquid H2O was as
high as 102 just above the freezing point and then dropped
very sharply. At low temperature, H2O became a nonpolar-
izable material like benzene (er� 2 at 5 K). Similar behavior
was observed for CH3OH.

We then measured the dielectric constants for [Mn3-
(HCOO)6] and [Mn3(HCOO)6](H2O)(CH3OH) in the tem-
perature range 4.2–300 K. As reported before, [Mn3-
(HCOO)6](guest) (guest= vacant; H2O and CH3OH;, acetic
acid; N,N-dimethylformamide, furan; or benzene and iodine)
is a porous ferrimagnet (Tc= 5–10 K).[7] Most guest molecules
were removed below 100 8C and the open framework was
thermally stable up to about 260 8C. The number of guest
molecules was determined by elemental and thermogravi-
metric (TGA) analyses.[8] We reexamined the TGA results
and confirmed a 10% weight loss around 100 8C, which

exactly corresponds to the weight percent of guest molecules
in [Mn3(HCOO)6](H2O)(CH3OH). The dielectric constants
of [Mn3(HCOO)6] and [Mn3(HCOO)6](H2O)(CH3OH) were
measured for electric fields applied approximately parallel to
the a, b, and c directions (E= 1 V, 10 kHz; Figure 2).

The porous crystal [Mn3(HCOO)6] without guest mole-
cules showed a small dielectric constant that was basically
independent of temperature. The difference between the
maximum and minimum er values in the temperature range
4.2–300 K was less than one for E//a, and about two for E//b
and E//c. Although relatively large changes were observed for
E//b and E//c, accurate measurements were difficult for these
directions due to problems in cutting suitable rectangular
parallelepipeds from small single crystals. The er values of the
guest-containing system [Mn3(HCOO)6](H2O)(CH3OH)
increased with lowering temperature to a maximum of er
� 20 around 150 K for E//a, and then decreased sharply to
er= 7. This sharp decrease resembles the large drop of er
associated with liquid$solid phase transitions of H2O and
CH3OH shown in Figure 1. Thus, the guest molecules seem to
be free to some extent at high temperature and then almost
fixed at low temperature, as indicated by the large decrease in
er ; the movement of guest molecules is frozen fairly collec-
tively around 120 K.

As expected, by insertion of polar molecules the porous
molecular crystal could be changed into a novel system with
high-temperature polarizable and low-temperature nonpolar-
izable states. Unlike the temperature dependencies of er for
H2O and CH3OH, no distinct hysteresis was observed.
However, if it is considered that the guest molecules in the
one-dimensional channel can contact with only a few other

Figure 1. a) Plot of the dielectric constants er of H2O and CH3OH as a
function of temperature. The closed and open circles correspond to er
values of the cooling and heating processes, respectively. The dielectric
constant of C6H6 is also presented for comparison.

Figure 2. Plot of the dielectric constants er of [Mn3(HCOO)6](H2O)-
(CH3OH) as a function of temperature (red) upon application of an
electric field approximately parallel to the a (E//a), b (E//b), and c
directions (E//c). The dielectric constants of [Mn3(HCOO)6] without
guest molecules are also presented (black).
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guest molecules arranged along the channel (parallel to the
b direction; see Figure 3), the sharp drop in er is surprising.

The temperature dependence of er for E//b showed two
characteristic peaks around 200 K and 150 K followed by a
sharp drop around 120 K; the latter peak seems to correspond
to that observed for E//a (Figure 2). For E//c, er exhibited only
small changes. The difference between the maximum and
minimum values of er was only about three. If we take into
account the difficulty associated with accurate shaping of the
crystal, the small changes in er for E//c around 120 K is
insignificant. For E//c, there seems to be only a negligible
contribution from the guest molecules. As the dielectric

properties of a liquid cannot be anisotropic, the anisotropic
behavior of the dielectric properties of [Mn3(HCOO)6](H2O)-
(CH3OH) cannot be explained by a simple liquid model of the
guest molecules.

Similar measurements were made for [Mn3(HCOO)6]-
(CH3OH) and [Mn3(HCOO)6](C2H5OH) (Figure 4).[9] As
CH3OH (Figure 1) and [Mn3(HCOO)6](CH3OH) display a

prominent peak around 150 K, the peak at 150 K for [Mn3-
(HCOO)6](H2O)(CH3OH) (Figure 2) might be related to a
change in the polarizability of the CH3OHmolecules. It seems
surprising that CH3OH molecules in very different environ-
ments exhibit dielectric anomalies around the temperature of
the bulk liquid$solid transition. As H2O shows a peak
around 250 K (Figure 1), this solvent may be responsible for
the peak observed at 200 K for E//b (Figure 2). As shown in
Figures 2 and 4, the polarizabilities of [Mn3(HCOO)6](H2O)-
(CH3OH), [Mn3(HCOO)6](CH3OH), and [Mn3(HCOO)6]-
(C2H5OH) display a characteristic peak for E//a. Thus, guest
molecules in [Mn3(HCOO)6] seem to have a considerable
amount of freedom along the a direction at high temperature.
However, for E//b, only [Mn3(HCOO)6](H2O)(CH3OH) gave
the characteristic temperature dependence of er. [Mn3-
(HCOO)6](CH3OH) and [Mn3(HCOO)6](C2H5OH) showed
small and featureless behaviors upon application of an
electric field parallel to this direction. For E//c, every system
demonstrated characterless dielectric behavior similar to that
of [Mn3(HCOO)6].

To obtain information on the thermal motion of guest
molecules in the low and high polarizability states, we
reexamined the crystal structures at 90, 155, and 230 K,[10]

and calculated the channel spaces of [Mn3(HCOO)6](H2O)-
(CH3OH). The unit cell volume (Vcell), the volume of the
space occupied by the atoms of the host lattice (Vhost,
determined from the van der Waals radii), and the channel
space (Vpor=Vcell�Vhost) were calculated to be Vcell= 1769,
Vhost= 893, and Vpor= 876 A3 at 230 K (for all calculations,
similar values were obtained at 90 and 155 K).[11] That is,
about half of the volume of the unit cell is vacant. As the “van

Figure 3. a) Perspective view of the crystal structure of [Mn3(HCOO)6].
The edge-sharing MnO6 octahedrons (pale blue) form an infinite chain
along the b axis, which are connected by apex-sharing MnO6 octahe-
drons (purple) to produce the channel structure along b. The red
spheres in the channel are non-hydrogen atoms (C, O) of water and
methanol molecules. The gray triangles are HCOO ligands. b) The
array of the edge-sharing MnO6 octahedrons and the arrangement of
water and methanol molecules along the b axis (at 155 K). The posi-
tions of the non-hydrogen atoms of the guest molecules (X1, X2, and
X3) were obtained from the structure refinements based on the main
peaks in the difference Fourier maps. The distance (d) from X2 to X3 is
about 1.5 D, and the distances from X1 to X2 and X2’ are about 3.2 (d1)
and 3.5 D (d2) at 155 K, suggesting the alternating arrangement of
water (X1 or O) and methanol (X2, X3) molecules along the b axis. The
short contact of 3.2 D (d3) between the O atom of ligand HCOO and
X1 is consistent with the expected compact molecular packing along
the c axis.

Figure 4. Plot of the dielectric constants of a) [Mn3(HCOO)6](C2H5OH)
and b) [Mn3(HCOO)6](CH3OH) for E//a as a function of temperature.
The dielectric constants of both systems exhibited negligible tempera-
ture dependencies for E//b and E//c.
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derWaals volumes” (the volume occupied by the atoms based
on the van der Waals radii) of CH3OH and H2O are 35.0 and
17.5 A3, respectively, Vguest is 210 A3 (= (35.0+ 17.5) D 4) for
the unit cell containing four CH3OH and four H2O molecules.
Therefore, the guest molecules occupy only 24% of the
vacant space (Vpor) and have a large degree of positional
freedom in the channel.

We first imagined the possibility of a “1D liquidlike state”
for the guest molecules along the channel at high temper-
ature, but the results of the dielectric measurements suggest
that the packing of the guest molecules in the channel tends to
be loose along the a direction (and not the b direction). Due
to the heavy disorder of the guest molecules, it was very
difficult to determine accurately their atomic positions,
although the reliability factor of the structure refinement
could be reduced significantly by including solvent molecules.
The difference Fourier syntheses based on the host lattice
atoms gave similar peak distributions at 230, 155, and 90 K.
The peaks become relatively large at lower temperatures. The
carbon and oxygen atoms of the CH3OH molecules could not
be located uniquely. However, the distribution of the large
peaks suggested that the water and methanol molecules are
arranged alternately along the channel (parallel to b ;
Figure 3b). The structure refinements gave extremely large
temperature factors for the guest molecules (the average Beq

value of the non-hydrogen atoms was about 15 at 155 K); the
temperature factors reflect not only the large thermal motion
but also the broad distribution of the guest molecules in the
channel. Examination of the distribution of the main peaks in
the difference Fourier maps and the results of the subsequent
structure refinements did not provide information on the
distribution of the guest molecules. As for the roughly refined
positions of the non-hydrogen atoms, there are no contacts
shorter than 3.3 A between guest molecules and the host
lattice. The positions of the non-hydrogen atoms X1, X2, and
X3 (Figure 3) showed only slight changes between 230 and
155 K. However, the positions of X2 and X3 changed
significantly between 155 and 90 K, suggesting an alteration
in the molecular orientation of CH3OH. Thus, the change in
the orientation polarization due to the CH3OH molecules is
expected below 155 K, which is consistent with the assump-
tion that the peak at 150 K is related to the change of
polarizability of the CH3OH molecules. It is suggested that
the non-hydrogen atoms of the guest molecules are arranged
along the b axis with very short contacts (3.2, 3.5 A at 155 K;
broken lines in Figure 3b). Therefore, the guest molecules do
not appear to be as free along this direction. It is possible that
the peak at 200 K for E//b (Figure 2b) is related to the
formation of weak O(methanol)···O(water) hydrogen bonds.
However, due to the absence of information on the hydrogen
atoms, clear structural evidence for the expected role of H2O
in the appearance of a peak at 200 K for E//b was not
obtainable. As seen from Figures 3a and b, the distribution of
the guest molecules is fairly compact along the c direction
(transverse direction of the channel). In contrast, the guest
molecule seems to have a large open space along the
a direction. These structural features then cause the aniso-
tropic dielectric behavior of [Mn3(HCOO)6](H2O)(CH3OH).

Although the desired dielectric properties could be
realized by the combination of porous molecular crystals
and polar guest molecules, these properties do not originate
from the simple 1D liquidlike behavior of the guest molecules.
It is nonetheless interesting that molecules confined in the
narrow 1D channel show sharp “transition-like behavior”,
because systems with strong a 1D nature generally do not
exhibit this phase transition. As shown in Figure 4, [Mn3-
(HCOO)6](C2H5OH) demonstrates a surprisingly steep
increase in the dielectric constant around 175 K. Such a
strong temperature dependence of er was quite unexpected.
This behavior indicates the possibility of a collective freezing
of guest molecules, which will be studied in the future. Other
than porous molecular crystals with 1D channel structures,
there are many interesting capsule-type molecular com-
plexes.[12] Can guest molecules confined in zero-dimensional
nanocapsules exhibit characteristic dielectric behaviors? The
dielectric properties of such cluster complexes that contain
water molecules will be examined in the near future.

Experimental Section
The samples were synthesized according to a reported method.[7]

Freshly distilled water, methanol, ethanol, and benzene were used.
The guest-containing crystals were obtained by soaking [Mn3-
(HCOO)6] crystals in these solvents. The temperature dependencies
of the dielectric constants of H2O, CH3OH, C6H6, and [Mn3-
(HCOO)6](guest) (guest= vacant, CH3OH, H2O, CH3OH,
C2H5OH) were measured in the temperature range 4.2–300 K with
an LCRmeter (Precision Component Analyzer 6440B ofWayne Kerr
Electronics). The liquid samples were measured by using a small
cylindrical platinum cell with a cell volume of about 0.25 cm3 (the
liquid samples were frozen at low temperatures). The single-crystal
measurements were made with crystals cut into rectangular paral-
lelepipeds (ca. 2.2 D 1.5 D 0.5 mm3). Silver conduction paste painted on
the crystal surfaces was used as the electrodes. A 10-kHz electric field
of 0.1 V (for the liquid sample) or 1 V (for the single crystal) was
applied. Owing to the difficulties in shaping the small crystal, the
accuracy of the dielectric constant obtained was not so high
(especially for E//b and E//c because of the small size of the crystal
along the a direction). However, the temperature dependencies were
determined fairly precisely.

Received: May 30, 2005
Published online: September 15, 2005

.Keywords: dielectric properties · host–guest systems ·
hybrid materials · inclusion compounds · porous materials

[1] G. J. Halder, C. J. Kepert, B. Moubaraki, K. S. Murray, J. D.
Cashion, Science 2002, 298, 1762 – 1765.

[2] a) M. Kondo, T. Okubo, A. Asami, S. Noro, T. Yoshitomi, S.
Kitagawa, T. Ishii, H. Matsuzaka, K. Seki, Angew. Chem. 1999,
11, 190 – 193; Angew. Chem. Int. Ed. 1999, 38, 140 – 143; b) R.
Kitaura, S. Kitagawa, Y. Kubota, T. C. Kobayashi, K. Kindo, Y.
Mita, A. Matsuo, M. Kobayashi, H. C. Chang, T. C. Ozawa, M.
Suzuki, M. Sakata, M. Takata, Science 2002, 298, 2358 – 2361.

[3] a) M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Watchter, M.
OOKeefe, O. M. Yaghi, Science 2002, 295, 469 – 472; b) N. L.
Rosi, J. Eckert, M. Eddauoudi, D. T. Vodak, J. Kim, M.
OOKeeffe, O. M. Yaghi, Science 2003, 300, 1127– 1129; c) P.
Sozzani, S. Bracco, A. Comotti, L. Ferretti, R. Simonutti,Angew.

Angewandte
Chemie

6511Angew. Chem. Int. Ed. 2005, 44, 6508 –6512 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Chem. 2005, 117, 1850 – 1854; Angew. Chem. Int. Ed. 2005, 44,
1816 – 1820.

[4] D. Maspoch, D. Ruiz-Molina, K. Wurst, N. Domingo, M.
Cavallini, F. Biscarini, J. Tejada, C. Rovira, J. Veciana, Nat.
Mater. 2003, 2, 190 – 195.

[5] a) S. Horiuchi, Y. Okimoto, R. Kumai, Y. Tokura, Science 2003,
299, 229 – 232; b) S. Horiuchi, F. Ishii, R. Kumai, Y. Okimoto, H.
Tachibana, N. Nagaosa, Y. Tokura,Nat. Mater. 2005, 4, 163 – 166.

[6] R. C. G. Naber, C. Tanase, P. W. M. Blom, G. H. Gelink, A. W.
Marsman, F. J. Touwslager, S. Setayesh, D. M. Leeuw, Nat.
Mater. 2005, 4, 243 – 248.

[7] a) Z.-M. Wang, B. Zhang, H. Fujiwara, H. Kobayashi, M.
Kurmoo, Chem. Commun. 2004, 416 – 417; b) Z.-M. Wang, B.
Zhang, T. Otsuka, K. Inoue, H. Kobayashi, M. Kurmoo, Dalton
Trans. 2004, 15, 2209 – 2216; c) Z.-M. Wang, B. Zhang, M.
Kurmoo, H. Fujiwara, T. Otsuka, H, Kobayashi, Inorg. Chem.
2005, 44, 1230 – 1237.

[8] As reported in the supplementary data of reference [7a], the
composition of [Mn(HCOO)3](H2O)(CH3OH) was determined
by elemental analysis and TGA measurements. We reexamined
the TGA and confirmed the previous results. The chemical
compositions of [Mn3(HCOO)6](CH3OH)x and [Mn3(HCOO)6]-
(C2H5OH)y were also determined by elemental analyses and
TGA experiments. Although the content of CH3OH could be
larger than 1.0, these experiments indicated that both x and y
were approximately equal to 1.0.

[9] As the crystals of [Mn3(HCOO)6] were destroyed upon place-
ment in water, the susceptibility of [Mn3(HCOO)6](H2O)x could
not be examined.

[10] Although the details of the structural data of [Mn3(HCOO)6]-
(H2O)(CH3OH) were reported in reference [7], we reexamined
the crystal structures at 230, 155, and 90 K. We previously
reported that the crystal has the space group P21/c, with b

� 127 8. However, here we adopted the space group P21/n in
order for b to be approximately 908 so that it was easier to adjust
the direction of the electric field E to each crystal axis:
[Mn3(HCOO)6](H2O)(CH3OH), monoclinic, P21/n, a=
11.683(1) A, b= 10.166(1), c= 14.904(2), b= 91.674(3)8, V=
1769 A3, Z= 4, R= 0.030, Rw= 0.033 at 230 K (R= 0.032, Rw=

0.036 at 155 K and R= 0.039, Rw= 0.047 at 90 K).
[11] PaulingOs van der Waals radii were used.
[12] For example, see: A. LQtzen, Angew. Chem. 2005, 117, 1022 –

1025; Angew. Chem. Int. Ed. 2005, 44, 1000 – 1002.

Communications

6512 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6508 –6512

http://www.angewandte.org


Microfluidics

DOI: 10.1002/anie.200500558

Quantitative Spatial Mapping of Mixing in
Microfluidic Systems**

Steven W. Magennis, Emmelyn M. Graham, and
Anita C. Jones*

Microfluidics promises to revolutionize chemical analysis,[1,2]

synthesis,[3–5] and biotechnology[6] by combining processes
such as mixing, separation, reaction, and detection in a single
device. These systems function as “labs-on-a-chip”,[7] creating
a technology that is low-cost, high-throughput, miniaturized,
and automated. Their decreased size imparts microfluidics
with many benefits, but miniaturization results in a funda-
mental change in flow characteristics. Turbulent flow pre-
dominates at the macroscale, whereas fluids flow in a laminar
fashion at the microscale, without the random mixing that is
characteristic of turbulence.[8] These laminar flow conditions
mean that multiple fluid streams tend to flow in parallel
through microchannels, mixing only by diffusion across their
interfaces.[9] Whereas laminar flow behavior has been
exploited to good effect in microanalytical systems, many
emerging applications of microfluidic devices require rapid
and efficient mixing.

Miniaturizing the mixing process has been identified as a
major hurdle in the performance and development of micro-
fluidic devices.[10] In labs-on-a-chip, the purpose of mixing is
generally to bring together solute species from two (or more)
flows. In the laminar flow regime, mixing occurs slowly by
diffusion of solute (and solvent) molecules across the flow
boundary. For rapid mixing, laminar flowmust be disrupted to
give chaotic mixing, in which there is bulk transfer of fluid
(solvent carrying solute) between the flows.

Micromixers can be either passive (static) or active
devices. Passive micromixing strategies frequently rely on
diffusion-controlled mixing, with multilamination or flow-
splitting techniques to minimize the mixing equilibration
time.[11] To increase the mixing rate beyond that limited by
diffusion, passive mixers that induce lateral transport of fluid
between streams have been devised.[12,13] Active micromixers
use miniature stirrers or external fields to chaotically
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intersperse fluid flows. In spite of the increasing attention
paid to the mixing problem, devices are still designed by trial-
and-error methods.[14] It is therefore essential that techniques
that permit the visualization of fluid composition with high
quantitative and spatial resolution are found. This will allow
testing of prototype devices and will provide essential
experimental data to guide the development of theoretical
models and to validate computational simulations. Computa-
tional fluid dynamics models have proven useful in prelimi-
nary mixer designs, but a rigorous understanding of the
fundamental principles of microfluidics would lead to the
development of better models for complex mixing devices.[15]

The most common methods for visualizing flow and
mixing efficiency are fluorescence intensity imaging[9,10,13,16]

and transmitted light microscopy with colored dyes, pH
indicators, and colored reaction products.[8,15,17] These techni-
ques are relatively cheap, easy to set up, and, in the case of
fluorescence imaging, provide excellent contrast. Unfortu-
nately, the ability of these intensity-based techniques to
provide a quantitative picture of fluid composition in micro-
fluidic systems is severely limited by their sensitivity to
variations in the optical path, instability of the light source,
scattering, uncertainty in the dye concentration, and photo-
bleaching effects.[18]

Herein, we describe a superior approach to the imaging of
microfluidic systems by using fluorescence lifetime imaging
microscopy (FLIM). This technique involves spatially resolv-
ing the fluorescence lifetime of a fluorescent dye, rather than
the intensity. It overcomes all of the aforementioned prob-
lems of intensity-based methods, because the lifetime is
independent of the number of fluorescing molecules. To date,
the use of FLIM has been restricted to the imaging of
biological systems.[19–21] Herein, we demonstrate that FLIM
enables spatially resolved quantitation of fluid mixing in
microfluidic devices.

Solutions of the fluorescent dye 1,8-anilinonaphthalene
sulfonate (ANS) in pure methanol and a water/methanol
mixture (1:1 molar ratio, which corresponds to water at
30.8% v/v) were pumped into a microchannel flow cell to
meet head-on at a T-junction, as illustrated in Figure 1a. The
flow channels had a depth of 200 mm and a width of 400 mm.
The flow rates were varied from 10–75 mLmin�1. These
dimensions and flow rates correspond to Reynolds numbers
of less than 10 so that the fluids are in the laminar flow
regime.[17]

Fluorescence lifetime images were obtained by using
wide-field illumination of the microfluidic cell with an
ultrafast pulsed laser. A gated intensified CCD camera was
used to collect the resultant fluorescence within a short time
window after a defined delay following the laser pulse. A
series of images was acquired by varying the delay time
between the detection window and the laser pulse, thereby
sampling the entire fluorescence decay of the ANS probe
(Figure 1b); the data from each pixel was then fitted to a
single exponential decay. ANS was chosen as the dye because
its fluorescence lifetime is extremely sensitive to the compo-
sition of water/methanol mixtures, showing a near-linear
variation from 250 ps in pure water to 6 ns in pure meth-
anol.[22] The calibration curve in Figure 1c, which correlates

the fluorescence decay rate of ANS with the percentage of
water in solution, was determined by time-correlated single-
photon counting (TCSPC, Supporting Information). ANS
displays a single exponential decay at all water/methanol
ratios, making it an ideal and unambiguous probe of solvent
composition.

The effectiveness of the time-resolved technique is
demonstrated in Figure 2, which compares intensity and
lifetime images for two regions of the flow cell during a
typical experiment. The intensity and FLIM images, which are
displayed with the same pseudocolor scale, are noticeably
different. The intensity images (Figure 2a) show large, irreg-
ular variations in intensity across the field of view, with the
regions of highest intensity located near the input of the
solution of ANS in methanol. The FLIM images give a clear
and unambiguous picture of the liquid composition (Fig-
ure 2b). These images show smooth transitions from long to
short lifetime (left to right), across a clearly defined mixing
region. By using the calibration curve in Figure 1c, the
solution composition at each point in the FLIM image can be
directly determined. In principle, there should be a clear
correlation between the intensity images and the lifetime
images; the longer the fluorescence lifetime, the higher the
quantum yield and hence the higher the fluorescence intensity
(given that the ANS concentration is constant). In practice,
however, no such correlation is apparent, and it is clear that
the intensity-based images are strongly distorted by variation
of the illuminating field, the collection efficiency, and the
other variables mentioned above. The microfluidic flow cell

Figure 1. a) Photograph of the microfluidic flow cell, in which arrows
indicate the direction of flow; the channel edges have been highlighted
for clarity. b) Schematic of fluorescence lifetime imaging microscopy
(FLIM). c) Calibration curve showing ANS fluorescence lifetime
(tf ) as a function of the methanol/water ratio in the solution. The
following equation gave a good fit to the data:
y=5.97258�(0.09267x)�(0.00382x2)+(9.82168G10�5 x3), in which y is
the lifetime in ns and x is the concentration of water (% v/v) in the
water/methanol mixture. The concentration of ANS was 1 mm. Life-
times were measured by TCSPC. The decays and fitted data are given
in the Supporting Information.
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used in this study is of a simple design, and it is likely
that intensity-based imaging will be even more prone to
optical artifacts in complex devices. FLIM, on the other
hand, faithfully reports the fluid composition, as the
lifetime is governed solely by the solvent environment
of the ANS probe, and is immune to other undesirable
effects.

The FLIM technique has been used to monitor
mixing as a function of flow rate and flow distance
(Figure 3). The compositional variation observed in
Figure 3 is indicative of two fluids under laminar flow, as
expected. One striking feature of the resultant images is
how little mixing occurs in the region where the two
input streams meet. Despite being forced together,
there is no sign of turbulent mixing. The input streams
are well-behaved, with no fluctuations in the position of
the boundary between them (Supporting Information).
Instead, the two streams stay completely separate,
except for a narrow mixing region that results from
diffusion. The overall trend is for the mixing region to
broaden as the flow rate decreases and as the fluids
move further downstream, as expected for diffusion-
controlled mixing. For the highest flow rate
(75 mLmin�1), regions that are identical in composition
to the input streams persist, even after traveling 1 cm

down the channel. In contrast, the two fluids have completely
mixed at this distance downstream at the lowest flow rate
(10 mLmin�1).

FLIM allows mixing to be monitored with high spatial
resolution (Figure 4a,b); it is possible to accurately measure
small changes in the fluid composition in sub-picoliter
interrogation volumes. The technique is sensitive enough to
reliably detect a change in the volume fraction of approx-
imately 2% (Figure 4c); this is equivalent to a lifetime change
of about 250 ps, which is a measurement limit set by the

Figure 2. Comparison of a) fluorescence intensity images with b) FLIM
images for the mixing of solutions of ANS in pure methanol and ANS
in a water/methanol mixture (30:70 v/v) by using the arrangement
shown in Figure 1a. The concentration of ANS in both input solutions
was 1 mm, and the flow rate was 50 mLmin�1. For FLIM, the gate
width was 600 ps, and 46 images were recorded at intervals of 500 ps.
Every image represents the average of five separate exposures, each
with an integration time of 0.1 s and a readout time of 50 ms to give a
total acquisition time of about 35 s. The lifetimes of ANS in pure
methanol and the equimolar water/methanol solution at the input to
the flow cell are the same as those measured by the TCSPC method.
The intensity image was constructed by summing the lifetime images,
which allows a direct comparison between the time-resolved and inten-
sity-based methods. By using the calibration curve in Figure 1c, the
composition of the fluid can be read directly from the FLIM map.

Figure 3. FLIM images for the mixing of solutions of ANS in pure
methanol and ANS in a water/methanol mixture (30:70 v/v), showing
the spatial dependence of fluorescence lifetime (tf ) on the flow rate
and the position within the flow cell. Images were acquired at three
positions in the flow cell and for three flow rates, as indicated. Other
experimental parameters are as described for Figure 2b.

Figure 4. Quantitation of mixing by using FLIM: a) FLIM image of the mixing
of methanol and water/methanol with a 20G objective. The arrangement
shown in Figure 1a was used, and the flow rate was 75 mLmin�1.
b) Expanded image of the same mixing region from a 100G objective.
c) Composition profile along the cross section indicated in Figure 4b.
d) Representation of the fluorescence lifetime data in Figure 4a as a
composition surface; composition values were calculated with the calibration
curve in Figure 1c.
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temporal width of the detection windows. The compositional
resolution could be improved by increasing the time-reso-
lution of fluorescence detection, using photon counting
methods. This method is equally applicable to diffusion-
controlled mixing (the fluorescence lifetime responds to the
net diffusion of water molecules across the flow boundary)
and mixing by mass transport of fluid. Therefore, it is
generally applicable to the evaluation of all types of micro-
mixers. The quantitative spatial profiles of fluid composition
that can be generated by FLIM (Figure 4c,d) will be
particularly valuable for supporting and guiding theoretical
models of fluid flow in microfluidic systems.

The present results demonstrate that wide-field FLIM can
directly measure the 2D mixing of fluids in microfluidic
systems with a level of quantitation that is not available from
other methods. It has been shown that intensity-based
techniques such as confocal microscopy[13] and optical coher-
ence tomography[23] can provide 3D imaging of microfluidic
flows. This is important for cases in which the variations in
fluid composition are aligned with the optical axis, as these
cannot be resolved by intensity-based wide-field methods.[23]

Our wide-field FLIM technique would, however, detect
nonuniform mixing along the optical axis, that is, the depth
axis of the microchannel, as the superposition of a number of
layers of varying composition along this axis would result in
the observation of a multiexponential fluorescence decay,
rather than the single exponential decay characteristic of
uniform mixing throughout the depth of field. The FLIM
approach can be extended to full 3D imaging with confocal or
multiphoton excitation without loss of the attendant benefits
of time-resolved detection that have been established herein.
In this version of the technique, the tightly focused excitation
laser beam is raster-scanned across the sample, and the
fluorescence decay is acquired point-by-point, using TCSPC.
The use of multiphoton excitation would also enhance
imaging penetration through strongly absorbing or scattering
fluids and structures.

The mixed solvent system reported herein, in conjunction
with the ANS probe, was devised purely as a measurement
tool for the generic study of micromixing, and was not
intended to relate to any specific applications of lab-on-a-chip
systems. Our approach is, however, generally applicable to
any solvent system, as long as there is a change in molecular
environment upon mixing that results in variation in the
fluorescence lifetime of an appropriate probe. For example,
the mixing of aqueous solutions could be studied by using
streams of different pH that incorporate a pH-sensitive dye,
such as a seminaphthorhodafluor (SNARF) probe. Alterna-
tively, streams containing different concentrations of a colli-
sional quencher, such as iodide, could be used. In view of the
flexibility of this approach, we anticipate that FLIM will
become an essential tool in the design, modeling, and
evaluation of microfluidic systems.

Experimental Section
All measurements were made with the ammonium salt of ANS
(Fluka, used as received). The methanol and water used in this study

were HPLC grade (Fisher Scientific) and were used as received.
Solutions of ANS (� 1 mm) were stored in the dark, and the lifetime
of ANS fluorescence at room temperature was used as a routine
check of sample purity after storage. No emission could be detected
from the solvents under the instrumental conditions employed. Time-
resolved fluorescence spectroscopy was performed by using the
technique of TCSPC as described previously.[22]

The microfluidic cell was fabricated from Perspex with the T-
shaped channel milled out to a depth of 0.2 mm using an end mill of
diameter 0.4 mm (Drill Service Ltd.). The three inlet/outlet holes
were drilled 1.6 mm in diameter and fitted with polypropylene tubing.
The cell was sealed by gluing (Norland Optical Adhesive No. 61) a
cover-glass over the channels, and was attached to syringes with
silicone tubing. The flow of fluids from the syringes was controlled by
a syringe pump (Univentor 802, Univentor Ltd.).

For FLIM, frequency-doubled light from a mode-locked Ti sap-
phire laser (l= 400 nm, repetition rate= 4.75 MHz) was expanded,
collimated, and directed into a Nikon TE300 inverted microscope
operating in an epifluorescence configuration. This excitation light
was reflected from a dichroic filter (DM430, Nikon) and focused onto
the microfluidic flow cell with either 20E (PA, NA= 0.75, Nikon) or
100E (Ph3, NA= 1.3, oil immersion, Nikon) objectives. The laser
power incident on the flow cell was typically � 100 mW. The resultant
fluorescence was collected through the same objective, passed
through a barrier filter (515–555 nm, Nikon) and imaged onto a
Picostar HR-12QE gated intensified CCD camera system (LaVision
GMBH, Berlin). The excitation beam was split, and one portion was
used to trigger a fast photodiode. The photodiode output was passed
through a constant fraction discriminator (CF4000, Ortec), and used
as the trigger signal for the Picostar system. The experiments
described herein were recorded with a gate width of 600 ps, which
was measured by detecting laser light reflected from a mirror (the
minimum gate width for this camera is 200 ps). The intensifier gate
was delayed relative to the laser trigger signal by using a DEL150
picosecond delay module (Becker and Hickl). The 12-bit CCD
camera is a progressive scan interline sensor (1370(H)E 1040(V)
pixels; pixel size= 6.45 E 6.45 mm2). Images were the average of five
separate exposures, were recorded in steps of 500 ps over a range of
23 ns, and employed 4E 4 hardware binning. The integration time for
each image was 100 ms, with a readout time of 50 ms to give a total
acquisition time of approximately 35 s. The excitation intensity was
adjusted to give a peak intensity of 3000–4000 counts in the brightest
image, which corresponds to the start of the fluorescence decay. The
background signal of � 50 counts was subtracted from each image.
DaVis 6.2 software running the Picostar DaVis module was used to
control the Picostar system and delay card, and to analyze the data.
The peak of the fluorescence intensity was found in the fourth image
of the image series. To ensure that the instrument response did not
interfere with the fitting, the first five images were not used for
analysis. The sixth image (which was 1 ns after the peak) and
subsequent images were analyzed to allow a decay curve to be
constructed for each pixel. Pixels with low counts in the first analyzed
image (typically 700 counts) were removed at this stage. Each of these
curves was then fitted to a single exponential decay. A lifetime map
was produced by assigning a color on a 16-bit pseudocolor scale to
each of the fitted lifetimes, and these were displayed over a range of
2.0–6.8 ns.
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The Internal Structure of Helical Pores Self-
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Pore-forming proteins, peptides, and their remodeled struc-
tures perform diverse biological and biologically inspired
functions. These include the formation of viral helical coats[1a]

and transmembrane channels,[1b,c] mediation of protein fol-
ding,[1d] reversible encapsulation,[1e] stochastic sensing,[1f] as
well as pathogenic[1g] and antibacterial[1h] activity. Synthetic
strategies to obtain porous or tubular supramolecular assem-
blies have been elaborated.[2] However, only several synthetic
supramolecular pore structures are stable in solution and in
solid state.[3] Recently, we reported a class of amphiphilic
dendritic dipeptides (amphiphilic dendrons functionalized at
their apex with a dipeptide) that self-assemble both in
solution and in bulk into supramolecular helical pores.[4a] A
trans conformation of the dendron is required to mediate self-
assembly and to provide a new hydrogen-bonding mechanism
of a parallel and partially interdigitated array of dipeptides.
This conformation is selected by a solvophobic solvent[4a] or in
solid state by the microsegregation of the aliphatic and
aromatic parts of the dendron. It has also been suggested that
the stereochemistry of the peptide determines the sense of the
helical pore.[4]

Herein, we report that the structure of the helical porous
structure self-assembled from dendritic dipeptides is pro-
grammed by the stereochemistry encoded in the dipeptide. A
combination of solution and solid-state analysis techniques
together with molecular modeling has been used to provide
the sequential pathway to this self-assembly process that
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seems to operate by allosteric[5] control. The dendritic
dipeptide used in these investigations is (4-3,4-3,5)12G2-
CH2-X, in which X=Boc–l-Tyr–l-Ala–OMe, Boc–d-Tyr–d-
Ala–OMe, Boc–l-Tyr–d-Ala–OMe and Boc–d-Tyr–l-Ala–
OMe, and Boc= tert-butoxycarbonyl.

In a previous communication,[4a] we reported the
self-assembly of an l-l dendritic dipeptide in solvo-
phobic solvents[2f, 6a,6b] such as cyclohexane and deuter-
ated cyclohexane by a combination of 1H NMR
spectroscopy, UV/Vis and circular dichroism (CD)
techniques. Small- and wide-angle X-ray diffraction
(XRD) experiments were carried out on powder and
oriented fibers obtained from the porous structures
assembled from l-l, d-d, l-d, d-l, and from the
racemic dendritic dipeptides. The pore diameter
(dpore) was computed for all samples from XRD
data[4a,b] at temperatures between 71 and 75.4 8C in
their 2D hexagonal columnar liquid-crystal phase.
XRD experiments on oriented fibers concluded that
the amphiphilic dendron mediates the self-assembly
into a helical structure, the helical sense of which is
endowed by the stereochemistry of the Tyr residue.
This mechanism is related to other examples in which a
stereocenter determines the twist sense of racemic
helical structures,[6a–e] as suggested by the ground-
breaking work of Green et al.[6e] However, the assem-
bly of our system differs from published examples in

which a stereocenter induces helicity in an achiral tubular
assembly[2g] and in other supramolecular structures.[6f] It is
also the dipeptide part of the dendron apex that directs the
self-assembly into porous[4a] rather than closed supramolec-
ular columnar structures.[7] However, the role of the stereo-
chemistry of Ala, the potential cooperativity between the
stereochemistry of Ala and Tyr, the structure of the dendron
in the supramolecular assembly, and the stability of the
porous structure at various temperatures are important
mechanistic questions that were not previously addressed.[4a]

The CD data of l-l, d-d, l-d, and d-l dendritic dipeptides
obtained at different temperatures during their self-assembly
in cyclohexane are compared in Figure 1. In all cases, only the
weak positive or negative Cotton effect associated with the
molecular solution of a dendritic dipeptide[4a] is observed
above 30 8C (inset in Figure 1). Below 30 8C the dendritic
dipeptides self-assemble into helical porous columns, and
their CD data are associated with the aromatic part of the
helical supramolecular dendrimer as demonstrated by wide-
angle XRD on oriented fibers[4a] (Figure 2), and by CD and

Figure 1. CD spectra (1.6@10�4m in cyclohexane) of a) (4-3,4-3,5)12G2–CH2–Boc–l-Tyr–
l-Ala–OMe; b) (4-3,4-3,5)12G2–CH2–Boc–d-Tyr–d-Ala–OMe; c) (4-3,4-3,5)12G2–CH2–
Boc–l-Tyr–d-Ala–OMe; d) (4-3,4-3,5)12G2–CH2–Boc–d-Tyr–l-Ala–OMe. The arrows indi-
cate temperature increases. Insets: 30–60 8C.
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UV/Vis spectra of model dendrons with and without dipep-
tide stereocenters (Supporting Information). The CD data of
l-l with d-d, and of l-d with d-l dendritic dipeptide
assemblies show respective mirror-image Cotton effects.
However, the CD results of l-l and d-d are different from
those of l-d and d-l. This structural difference observed by
CD is supported by the XRD patterns obtained from aligned
samples (Figure 2). The XRD of l-l is similar with that of d-d
while that of l-d to that of d-l derived porous structures. The
k diffraction of l-d and d-l is sharper than that of l-l and d-
d. In l-l and d-d, k is most likely overlapped with the
i diffraction (Figure 2).
The difference between the CD of the l-l/d-d pair and

those of the l-d/d-l pair indicates that the stereochemistry of
Ala also plays an important role in the programming of the
supramolecular pore structure. These different CD data are
generated by various modes of intramolecular and intermo-
lecular dendron arrangements in the helical porous structure
that are induced by dipeptide stereochemistry.
To quantify the role of the stereochemistry of Tyr and Ala

we used both small- and wide-angle XRD to investigate the
structure of the supramolecular pore. The temperature-
dependence of the column (dcol) and pore (dpore) diameters

[4a,b]

is shown in Figure 3 for all combinations of dipeptide
stereochemistry (XRD data provided in the Supporting
Information). Regardless of the dipeptide stereochemistry,
the supramolecular assemblies exhibit a glass transition (Tg)
at 57 to 60 8C, followed by the 2D columnar hexagonal phase
that becomes an isotropic liquid at 94 8C for l-d and d-l, and
at 96 8C for l-l and d-d.[4a] Within experimental error, both

dcol and dpore are temperature-dependent above Tg and
temperature-independent below Tg (Supporting Informa-
tion). There are two messages provided in Figure 3. The
large slopes of dcol and dpore temperature-dependence above
Tg and below the isotropic state introduce large errors in the
estimation of the role of stereochemistry on pore structure in
this temperature range. However, the constant values of dpore
and dcol below Tg provide access to a quantitative structure
analysis in the temperature range of interest for practical
applications. As can be observed in Figure 3b, the stereo-
chemistry of the dipeptide influences dpore. Within the
experimental error of the XRD method[4a,b] and of the
enantiomeric purity of the Tyr and Ala used (Supporting
Information), dcol and dpore of l-l are equal to d-d and the
respective values for l-d are equal to d-l.A combination of
small- and wide-angle XRD results, molecular modeling, and
simulation experiments together with density data[4a] was used
to create the structure of the porous columns below Tg.
Figure 4 indicates that the helical sense of each column is
determined by the stereochemistry of Tyr. The cross-section
of the porous columns is illustrated in Figure 5. These cross-
sections show that within experimental error, the internal
structure obtained from l-l is identical to that obtained from

Figure 2. X-ray diffraction patterns of aligned fibers collected at 23 8C
from the dendritic dipeptides l-l, d-d, l-d, and d-l. i= short-range hel-
ical feature of dendron at �4.5 F, j=dendron tilt �608, k=5-F regis-
try along the column axis feature.

Figure 3. Influence of dipeptide stereochemistry and temperature on
a) column diameter and b) pore diameter.
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the d-d dendritic dipeptide, whereas that of l-d is similar to
d-l. In all cases, the internal structure of the pore is
hydrophobic.
The mechanism responsible for the construction of the

pore can be envisioned by inspecting the dendritic dipeptide
conformations from the supramolecular structures presented
in Figure 4 and 5. Fragments of these dendritic dipeptide
conformations containing only the benzyl ether dendritic unit
attached to Tyr are compared in Figure 6 (the complete
dendritic dipeptide conformations are in the Supporting
Information). In all stereoisomers, the hydroxyphenyl group
of Tyr is in an anti conformation with respect to the Boc
group, whereas the dendron is syn. The orientation of the
tetrahedral carbon atom of the Tyr stereocenter determines
the dendron sense and therefore the handedness of the helix.
To create a larger pore size with the stereochemistry of l-Tyr–
d-Ala and d-Tyr–l-Ala, the methyl group of Ala must be
located in the inner part of the pore, whereas in the case of l-
Tyr–l-Ala and d-Tyr–d-Ala the methyl ester group of Ala is
in the inner part of the pore. This model suggests that the
stereochemistry of the dipeptide influences the conformation
of the dendron, which in turn determines the conformation of
the Ala part of the dipeptide. This cooperative process[4a]

resembles a primitive allosteric control mechanism.[5]

The cooperativity between the stereochemistry of Tyr and
Ala seems to be required to switch the overall conformation
of the dendritic dipeptide and therefore, to determine the
internal hydrophobic structure of the pore below Tg. The
parallel and partially interdigitated arrangement of peptides
in the pore[4a] facilitates the formation of the hydrogen-
bonding network structure shown in Figure 7. This structure

can be divided in two main types of hydrogen-bonding
networks. The first is the bonding network inside one layer
indicated by j–k or l–m. This is the most important for the
stability and order of the supramolecular assembly. These
directional in-layer hydrogen bonds are responsible for the
translation along the column axis from one unit to the
proximal neighbors. This translation step is controlled both by
the dipeptide and by the dendron size. The in-layer network is
independent on dipeptide stereochemistry and creates a j–k–
j–k–j–k… or l–m–l–m–l–m… helical pattern (Supporting
Information). The second hydrogen-bonding network is
programmed by dipeptide stereochemistry containing the
hydrogen bonds between nth to n� 12th units. For l-Tyr–l-Ala
and d-Tyr–d-Ala, the oxygen atoms of Ala do not participate
in any hydrogen bond, whereas for l-Tyr–d-Ala and d-Tyr–l-
Ala, the Ala oxygen atoms create the second cross-layer
network of hydrogen bonds.

l-Tyr–l-Ala and d-Tyr–d-Ala supramolecular structures
have a smaller pore size than l-Tyr–d-Ala and d-Tyr–l-Ala,
which indicates that the Ala stereochemistry affects the pore

Figure 4. Molecular models of the helical porous columns constructed
from XRD, molecular modeling, and density data showing the influ-
ence of dipeptide stereochemistry on the helical sense of the column.
For simplicity, the alkoxy groups of the dendrons were replaced with
methoxy groups.

Figure 5. Influence of dipeptide stereochemistry on the cross-section
structure of the hydrophobic pore and dpore below Tg: l-l,
dpore=13.4�1.2 F; d-d, dpore=14.0�1.2 F; l-d, dpore=14.6�1.4 F; d-l,
dpore=15.6�1.4 F (white=methyl groups of Ala, blue=methyl groups
of Boc, red=oxygen atoms, green=N�H of dipeptides, gray=other
carbon atoms). These structures were obtained as cross-sections of
the columns from Figure 4. For simplicity, the dendrons are not
shown.
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size. At the same time, there is a slightly larger distance
between layers for the latter two (see the 5-A registry feature
in Figure 2). These two results are reflected in dipeptide
conformation (Figure 7), with the Ala upper region oriented
perpendicular to the column axis for the l-Tyr–l-Ala or d-
Tyr–d-Ala, and parallel to the column axis for l-Tyr–d-Ala or
d-Tyr–l-Ala. The supramolecular helical hydrogen-bonded
structure between k–j and l–m is shown in Supporting
Information together with the inner and outer regions of
the pore (the other cross-layer hydrogen bonds have been
omitted for simplicity).
In conclusion, we report herein the first synthetic example

of a helical porous supramolecular structure self-assembled
from a hybrid dendritic dipeptide in which the internal
structure is programmed by the stereochemistry of the
dipeptide. The amphiphilic dendron is responsible for the
assembly of the dipeptide into a parallel and partially
interdigitated porous structure.[4a] The stereochemistry of
Tyr selects the sense of the helical porous structure. However,
the stereochemistry of the entire dipeptide determines the
overall arrangement of the dendron in the supramolecular
structure, which in turn determines the conformation of the
dipeptide and the structure and diameter of the pore in a
cooperative process. This supramolecular porous structure is
stable over a broad range of temperatures, has a constant dpore
below Tg and represents the first example of a supramolecular
dendronized tubular polymer[7,8] exhibiting a 3D structure[9]

that is stereochemically programmed. Allosteric regulation[5]

seems to be operating in this process. This self-assembly

concept expands the synthetic capabilities of dendrimers and
dendrons.[10]
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Straightforward Access to a Structurally Diverse
Set of Oxacyclic Scaffolds through a Four-
Component Reaction**
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Rodolfo Lavilla*

Multicomponent reactions (MCRs) constitute an important
group of transformations that combine many elements of an
ideal synthesis, such as operational simplicity, atom economy,
bond-forming efficiency, the access to molecular complexity
from simple starting materials, and so on. The modular
character of this approach is extremely suitable for drug
discovery, and therefore it is widely used for the fast
generation of bioactive compounds.[1] Recently, the concept
of chemical genomics has sparked the development of
diversity-oriented synthesis (DOS)[2] to reach the structural
flexibility needed in the small-molecule range, thus demand-
ing new and versatile synthetic methodology. We report
herein new processes leading to diversely functionalized
oxacycles (privileged structures including carbohydrate-
related compounds)[3] based on an MCR that allows access
to a variety of scaffolds using commercially available
reagents.

The Povarov reaction (the condensation of an aniline, an
aldehyde, and an activated olefin), has been useful in the
formation of tetrahydroquinoline adducts, including aza- and
oxacyclic fused derivatives.[4] Previous reports[5] suggested
that the formal [4+2] cycloaddition was nonconcerted and,
consequently, opened the possibility to trap the final oxocar-
bonium intermediate with an external nucleophile (termina-
tor), thus leading to a four-component reaction.[6] Herein, we
describe a Lewis acid catalyzed four-component reaction of
an amine, an aldehyde, a cyclic enol ether, and an alcohol,
which acts as the terminator of the process[7] (Scheme 1).

The first experiment was carried out using equimolar
amounts of 3,4-dihydro-2H-pyran (1a), 3-nitroaniline (2a),
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ethyl glyoxylate (3a),[8] and an excess of ethanol (4a). Under
Sc(OTf)3 catalysis,[9] the reaction was successful, and the
desired product 5a (81%) was obtained as a mixture of two
isomers in a ratio of 70:30.[10] Similarly, by using glyoxylic acid
(3b) we obtained the compound 5b in high yield (83%,
isomer ratio 70:30). Purification of this mixture afforded the
major component and allowed the stereochemical elucidation
of the process[11] by conversion of 5b into the major isomer of
5a with EtOH and Sc(OTf)3 and subsequent esterification
using Mukaiyama;s reagent.[12] As expected, the approach of
the imine to the enol ether was similar in both cases whereas
the trapping of the oxocarbonium ion took place with
opposite stereoselectivity (Scheme 2).

All the components were systematically varied in order to
investigate the scope of the reaction, starting with the amine 2
(Table 1). The process seemed to be general to anilines with
electron-donating or electron-withdrawing groups, as well as
alkyl amines. Therefore, there is no need for deactivated
anilines to avoid the formal [4+2] cycloaddition (see
Scheme 1). Under these conditions, the reaction progresses
through a four-component reaction pathway to yield the
corresponding adduct with no evidence of the Povarov
compound. n-Butylamine (entry 2) was less reactive and the
reaction required heating (40 8C for 48 h). The diastereose-
lectivity in these series seems to depend on the amine used,

ranging from 2.3:1 with anilines and linear amines (entries 1–
3) to 9:1 with more bulky amines (entry 4).

The range of carbonyl compounds was also investigated
(Table 2). Besides glyoxylic acid and ethyl glyoxylate, aro-
matic aldehydes showed convenient reactivity and isatin and

2-ferrocenecarboxaldehyde also yielded
the expected adducts.[13]

The range of alcohols (terminators)
was studied next (Table 3). Primary alco-
hols such as MeOH, EtOH (Table 1,
entries 1–4), and nBuOH (Table 3,
entry 1) worked very well. Even secon-
dary and long-chain primary alcohols
yielded the desired products (entries 2
and 3), although in low yields. The use of
water was more problematic, probably
because of the reduced stability of the
hemiacetal 5n. Interestingly, ethanethiol
could be efficiently used to afford adduct
5o (entry 5). As expected, the alcohols do
not play a significant role in the stereo-
control of the reaction. We have prelimi-

narily explored the possibility of using quenchers with higher
structural and biological relevance, such as terpenes (entry 6)
and carbohydrate derivatives.[14] Other oxygen-based species
with reduced nucleophilicity (AcOH, CF3CH2OH, p-nitro-
phenol) did not afford the expected four-component reaction
adducts. With these species, the process furnished the Povarov
compound (e.g. 6a) in a regio- and stereoselective manner
(Figure 1).

The study of the fourth component (the cyclic enol ether)
opened the possibility to further increase the molecular
diversity as well as to better control the stereochemical
outcome of the reaction (Table 4).

Scheme 1. General four-component reaction and proposed mecha-
nism. LA=Lewis acid.

Scheme 2. Three- and four-component reactions leading to 5a and 5b. MS=molecular sieves.

Table 1: Range of amines 2.

Entry 2 Yield
[%]

5 Isomer
ratio[a]

1 2a 81 5c 2.3:1

2 nBuNH2 2b 55 5d 2.3:1

3 2c 82 5e 2.3:1

4 2d 93 5 f 9:1

[a] Determined by 1H NMR spectroscopic or HPLC methods; see
Reference [11].
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A hydroxymethyl substituent at position 2 of the dihy-
dropyran ring (1c) efficiently traps the oxocarbonium inter-
mediate to yield adduct 5q (entry 1), a compound which is
structurally related to the sexual attractant insect pheromone
brevicomin.[15] An acetoxymethyl at position 6 did not exert
relevant streodirecting effects on the MCR, and mixtures of
stereoisomers were isolated as shown in entry 2. In sharp
contrast, glycals bearing a substituent at position 4 displayed
excellent facial stereoselectivity and enabled access to
enantiopure compounds. For instance, compound 5s (36%)
was obtained from tri-O-acetyl-d-galactal in a process carried
out at 40 8C during 14 days.[16] Extension of this methodology
to the d-glucal derivative afforded 5t (20%). Microwave
irradiation efficiently promoted faster and cleaner reactions,
and 5s and 5t were obtained in 71% and 45% yield,
respectively, in only 2 minutes (entries 3 and 4). Remarkably,
we did not observe Ferrier-type or ring-opening transforma-
tions, which are common in acid-promoted reactions involv-
ing glycals and other enol ethers.[17] Additionally, the Povarov
reaction proceeds with improved stereoselectivity to yield
compound 6b as a single stereoisomer (Figure 1).[18]

Tailored enol ethers also worked in this MCR. For
example, substrates 1g and 1h, respectively prepared by
Heck[19] and hetero-Diels–Alder reactions,[20] afforded the
desired adducts stereoselectively with diastereomeric ratios
of 4:1 for 5u (the minor isomer is the epimer at the p-
methoxyphenyl center) and 2.5:1 for 5v[11] (Scheme 3).

One interesting application of this methodology is the
ready access to new a-amino acid derivatives that bear an
oxacycle substituent. This was done in just one additional step
by hydrogenolysis of the benzhydryl derivative 5 f to afford
the corresponding a-amino ester 7a (78%). Interestingly, the
oxidation of the p-methoxyaniline derivative 5e with CAN

afforded the quinoline 8a (55%). An improved protocol
(71%) for this transformation involved treatment of 5e with
TFA in open atmosphere (O2 as the oxidant). Analogously,
oxidative treatment of 6b produced the quinoline derivative
8b (58%) bearing a stereodefined polyoxygenated chain at
position 3 (Scheme 4).

The structural flexibility of this protocol is remarkable
and allows the formation of four different scaffolds
(Scheme 5) by applying post-condensation reactions to the
MCR. Thus, it is possible to obtain compounds such as 5e by a
four-component reaction, 6c by the Povarov three-compo-

Table 2: Set of carbonyl derivatives 3.

Entry 3 Yield
[%]

5 Isomer
ratio[a]

1 3c 55 5g 4:1

2 3d 42 5h 2.5:1

3 3e 88 5 i 2:1

4 3 f 40 5 j 2.5:1

[a] See Reference [11].

Table 3: Set of terminators 4.

Entry 4 Yield [%] 5[a]

1 nBuOH 4c 83 5k

2 4d 10 5 l

3 4e 15 5m

4 H2O 4 f 35 5n

5 EtSH 4g 83 5o

6 4h 62 5p

[a] The isomer ratio in all cases was around 2.5:1; see Reference [11].

Figure 1. Povarov-type compounds 6a and 6b.

Angewandte
Chemie

6523Angew. Chem. Int. Ed. 2005, 44, 6521 –6525 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


nent reaction, 8a by treatment of either 5e or 6c with acid,
and 6d by oxidation of 6c with DDQ.[21]

In conclusion, we have developed a four-component
reaction based on the nucleophilic interference of the
Povarov reaction. The process is general and allows a broad
range of variations in every component. The stereoselectivity
of the reaction strongly depends on the substrates and ranges
from low to moderate to excellent, Good stereocontrol is
observed when sterically demanding amines and enol ethers
are used.[22] The modular character of this approach, the
simplicity and availability of most building blocks used, and
the remarkable level of structural diversity attained make this

process attractive for combinatorial, target-oriented, and
diversity-oriented synthesis.[23]
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4 1 f 45[c] 5 t 99:1

[a] See Reference [11]. [b] The minor isomer is the epimer at the
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Scheme 3. Multicomponent reactions (MCRs) with preformed enol
ethers.

Scheme 4. Preparation of a-amino ester 7a and quinolines 8a and 8b.
TFA= trifluoroacetic acid; CAN=cerium ammonium nitrate.

Scheme 5. MCR-derived scaffolds.
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The a helix plays a fundamental role in imparting specificity
to protein–protein and protein–nucleic acid interactions.
Molecules that can predictably and selectively disrupt these
interactions would be invaluable as tools in molecular biology
and, potentially, as leads in drug discovery.[1] We recently
described a new strategy for the synthesis of artificial
a helices in which one main-chain i to i+ 4 hydrogen bond
in the target a helix is replaced with a carbon–carbon bond
derived from a ring-closing metathesis reaction (Figure 1).[2]

A key feature of this hydrogen-bond surrogate (HBS)
approach is that the internal placement of the cross-link
affords short helices with minimal perturbations to their
molecular recognition surfaces. This method differs signifi-
cantly from the commonly employed side-chain cross-linking
method for helix stabilization. A limitation of the latter
approach is that side-chain functionality must be sacrificed to
nucleate stable helical conformations. The modified side
chains are unavailable for molecular recognition; moreover,
the resulting tether blocks at least one face of the putative
helix. The HBS approach uniquely allows the synthesis of
artificial helices with all side chains available for molecular
recognition, and does not place any steric encumbrances on
the helix surface. We believe that our artificial a helices have
the potential to target protein receptors and regulate protein–
protein interactions more successfully than helices with cross-
linked side chains.

Our initial studies demonstrated that the HBS approach
affords highly stable a helices from alanine-rich peptide
sequences. Herein, we show that this metathesis-based
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method can effectively stabilize a-helical conformations in
biologically relevant sequences, that the resulting molecules
resist proteolytic degradation as compared with the uncon-
strained analogues, and that the HBS helices can bind a
protein target with high affinity. For these proof-of-principle
protein-binding studies with our artificial helices, we chose to
target the extensively studied a helix binding protein, Bcl-
xL.[3] Bcl-xL is an antiapoptotic protein that regulates cell
death by binding the a-helical BH3 domain of a family of
proapoptotic proteins (including Bak, Bad, Bid, and Bax).[4–6]

NMR spectroscopic studies by Fesik and co-workers have
shown that the 16-mer peptide 1 derived from the Bak BH3
domain adopts an a-helical conformation upon binding to
Bcl-xL (Figure 1b).[3] Circular dichroism (CD) studies dem-
onstrated that this peptide is unstructured under physiological
conditions in the absence of the protein partner and only
slightly helical in trifluoroethanol (TFE), a helix-promoting
solvent.[7]

Several methods that afford stabilized a helices or helix
mimetics have already been used to target Bcl-xL, thus

allowing us to directly compare the performance of our
internally constrained artificial a helices.[8–10] Significantly,
Huang and co-workers recently reported that Bak BH3
a helices stabilized by a lactam-based side-chain cross-linking
strategy were unable to bind Bcl-xl.[11] The authors speculated
that the lack of binding might be a result of steric clashes
between the cross-link and the narrow binding pocket of Bcl-
xL. However, Verdine and co-workers found that side-chain-
bridged a helices corresponding to the BH3 domain of a
different proapoptotic protein, Bid, can target Bcl-xL and
suppress the growth of leukemia cells in mice.[1] Judicious
placement of the side-chain constraints requires prior knowl-
edge of the protein–ligand complex; otherwise, multiple
randomly constrained helices must be prepared and tested.
Nevertheless, their report highlights the potential of con-
strained a helices as tools for the control of protein–protein
interactions in vivo. Taken together, these two protein-bind-
ing studies from the Huang and Verdine research groups
illustrate potential problems with the side-chain bridging
strategy. The fundamental advantage of the HBS approach
over this strategy for stabilizing helices is that the helix
surfaces are not encumbered by the constraining element.
The HBS approach should therefore greatly simplify the helix
design process. The key question we ask herein is whether the
HBS-derived Bak a helix can bind Bcl-xL when the side-
chain-constrained (lactam bridge) Bak helix is unable to
target this same protein receptor.

The artificial Bak BH3 a helix 2a was synthesized on
Rink amide resin by the ring-closing metathesis reaction
shown in Scheme 1.[12] HBS a helices can be synthesized from
commercially available amino acids or simple amino acid
derivatives and do not require preparation of enantiomeri-
cally pure amino acid analogues. In the present case, standard
solid-phase peptide synthesis using appropriate Fmoc-modi-
fied amino acids, dipeptide 4, and pentenoic acid afforded the
fully protected resin-bound bis-olefin peptide 3, which was
subjected to the Hoveyda–Grubbs ring-closing metathesis
catalyst to afford the peptide macrocycles. The metathesized
peptide was cleaved from the resin with trifluoroacetic acid to
give the constrained peptide 2a as a mixture of the cis- and
trans-alkene isomers. We were unable to separate these
isomers by HPLC.

The helical conformation of constrained peptide 2a was
investigated by CD. CD studies on 2a and the control peptide
1 were performed in TFE/phosphate-buffered saline (PBS,
1:4) to obtain a quantitative measure of their helical content
(Figure 2). The CD results of the artificial a helix 2a display
double minima at 206 and 222 nm and a maximum at 189 nm,
consistent with those observed for canonical a helices. The
HBS a helix 2a is roughly 46% helical as measured by YangEs
method (Supporting Information).[13] In agreement with
previous studies,[7] we found that the unconstrained Bak
peptide 1 is only weakly helical (� 20%). We hypothesized
that the GDD tripeptide residue (residues 82–84 in the
Bak BH3 domain) in the middle of the Bak peptide sequence
may limit the propagation of the helix and lower the overall
helical content of 2a, as glycine is known to be a potent “helix
breaker”, and aspartic acid has been implicated as a helix stop
signal.[14–16] Fesik and co-workers have previously shown that

Figure 1. a) Formation of hydrogen-bond surrogate (HBS) derived
a helices by replacement of a main-chain hydrogen bond with a
carbon–carbon bond. b) HBS a helix and recognition of Bcl-xL (green)
with Bak BH3 a helix (yellow); PDB code: 1BXL. c) Sequence of the
unconstrained Bak BH3 peptide 1. d) Structures of HBS Bak a helices
2a and 2b.
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the residues Gly82 and Asp83 cannot be substituted with
alanine without sacrificing binding affinity for the protein;
however, Asp84 may be replaced without any deleterious
effects.[3] To test the effect of replacing Asp84 on the helicity
of Bak peptide, we prepared HBS a helix 2b in which Asp84
is substituted with a side-chain-acetylated lysine (LysAc)
(Figure 1). We made this particular substitution because the
Bak BH3 peptide with a capped lysine residue was previously
shown to bind Bcl-xL with high affinity.[17] We were gratified
to find that this single substitution provided a significant boost
in a helicity (Figure 2). HBS helix 2b is roughly 65% helical:
an increase in helicity of 140% over that of 2a. As expected,
this substitution provided a similar increase in helicity for the
unconstrained Bak BH3 (Supporting Information). Impor-
tantly, this set of experiments shows that the HBS approach
can successfully stabilize a-helical conformations in biologi-
cally relevant sequences.

The binding affinities of the unconstrained Bak peptide 1
and artificial Bak a helices 2a and 2b for Bcl-xL were
assessed by using a previously described fluorescence polar-

Scheme 1. Solid-phase synthesis of HBS a helices 2a and 2b : a) 1. Fmoc Gly-OH (3.2 equiv), HBTU (2.88 equiv), iPr2NEt, NMP; 2. piperidine,
NMP; b) 1. Fmoc Val-OH (3.2 equiv), HBTU (2.88 equiv), iPr2NEt, NMP; 2. piperidine, NMP; c) 1. Fmoc Gln*-OH (3.2 equiv), HBTU (2.88 equiv),
iPr2NEt, NMP; 2. piperidine, NMP; d) acetic anhydride, iPr2NEt, DMF; e) CF3CO2H/H2O/triisopropylsilane (95:2.5:2.5), 1.5 h; f) 1. 4 (3.2 equiv),
HBTU (2.88 equiv), iPr2NEt, NMP; 2. piperidine, NMP; g) pentenoic acid (3.2 equiv), HBTU (2.88 equiv), iPr2NEt, NMP; h) Hoveyda–Grubbs cata-
lyst (20 mol%), dichloroethane, 50 8C, 24 h. Arg*: Pbf-protected Arg; Asn*: trityl-protected Asn; Asp*: tert-butyl-protected Asp; Gln*: trityl-pro-
tected Gln; Xxx*: Asp* or LysAc. Fmoc=9-fluorenylmethoxycarbonyl; HBTU=O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate; NMP=N-methyl pyrrolidinone; Pbf=2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl.

Figure 2. Circular dichroism data of peptides Bak BH3 1 (a), HBS
helix 2a (b), and HBS helix 2b (c) in TFE/PBS (1:4).
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ization assay with a fluorescein-labeled 16-mer Bak peptide
(fl-Bak, 5 ; see Supporting Information). The affinity of fl-Bak
for Bcl-xL was determined to be 264� 18 nm, which is in
agreement with the previously reported values. Competitive
inhibition of the fl-Bak–Bcl-xL complex by the Bak peptides
(1, 2a, and 2b) is detected by a decrease in fluorescence
polarization as the immobilized probe dissociates from the
protein. Regression analysis[18] provided a Kd value of 154�
23 nm for the unconstrained Bak peptide 1, within range of
the previously reported values (Figure 3). Under the same

assay conditions, HBS helices 2a and 2b bound Bcl-xL with
Kd values of 325� 51 and 69� 16 nm, respectively. These
binding results point to a potential transition-state problem
involved in forcing a preformed helix into this pocket, as the
unconstrained Bak BH3 peptide 1 targets this protein with
twofold higher affinity than the constrained peptide 2a.
Nevertheless, the data validate our helix design principle as
we find that our internally constrained Bak a helices do
indeed access this deep hydrophobic cleft, whereas Bak
a helices prepared by the side-chain-bridging method show
no affinity for the same target. Moreover, we show that a very
high-affinity binder, 2b, for the Bcl-xL can be developed by
increasing the helicity of the constrained peptide through
rational substitutions. On the basis of these preliminary
results, we are now preparing a second generation of HBS
Bak a helices designed to be more helical and to bind Bcl-xL
with higher affinity than 2b. It remains to be determined if
these HBS a helices show selectivity for Bcl-xL over other
closely related members of the Bcl-2 family (and over other
helix-binding proteins).[8, 19,20]

Proteolytic cleavage is one of the principal reasons
limiting the in vivo efficacy of peptides as reagents. Proteases
are known to bind their substrates in linear or beta-strand
conformations,[21] and peptides locked into helical conforma-
tions have been shown to resist proteolytic degradation.[22,23]

Accordingly, we determined the proteolytic stability of HBS
Bak helices 2a and 2b relative to Bak peptide 1 in the
presence of trypsin, which is expected to cleave the peptide at

the arginine residue (Arg76) positioned two residues away
from the macrocycle in helices 2a and 2b. We questioned how
this residue that lies outside the constraint, yet is close enough
to be in a highly helical conformation, responds to the
protease. Comparison of the initial velocities of cleavage by
trypsin indicated that the HBS a helix 2a is proteolyzed
roughly 30-fold slower than the unconstrained Bak peptide
analogue 1 (Figure 4). As expected, an increase in the helicity
of the constrained peptide results in a further decrease in the
initial velocity of cleavage by trypsin. Thus, the HBS helix 2b
is roughly twofold more stable than 2a and 60-fold more
stable than 1 against proteolysis by trypsin. The proteolytic

Figure 3. Fluorescence polarization studies indicate that HBS a helices
2a and 2b target Bcl-xL with high affinity. The Kd value for each peptide
was determined by competitive inhibition of fluorescein-labeled Bak
peptide (15 nm) and Bcl-xL (500 nm) complex. Bak BH3 1
(Kd=154�23 nm,a^a), HBS helix 2a (Kd=325�51 nm,
b&b), and HBS helix 2b (Kd=69�16 nm,c&c).

Figure 4. Metabolic stability of HBS a helices. HPLC assay shows
rapid proteolysis of a) the unconstrained peptide 1 in the presence of
trypsin, whereas b) the HBS a helix 2a degrades at a much slower
rate. Tryptophan (500 mm) was used as an internal control for the
HPLC studies. c) Comparison of the initial velocities for the proteolysis
of Bak BH3 1 (k=18.0 mmmin�1,a^a), HBS helix 2a
(k=0.60 mmmin�1,b&b), and HBS helix 2b (k=0.30 mmmin�1,
c&c).
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stability observed for 2a and 2b is similar to that reported for
a side-chain cross-linked a helix.[22]

In summary, we have demonstrated that artificial a helices
prepared by the replacement of a hydrogen bond between the
i and i+ 4 residues at the N terminus of a short peptide with a
carbon–carbon bond can stabilize biologically relevant pep-
tides in helical conformations. These HBS a helices can bind
their expected protein receptor with high affinity and resist
trypsin-mediated proteolysis. The results are an important
step in our efforts to develop rationally designed modulators
of protein–protein interactions. These molecules encompass
larger surface areas than those displayed by typical small
molecules, and may ultimately prove to be more effective in
targeting large protein interfaces.
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Biomaterials are important for many biomedical applications
such as implants and prosthetics, pharmaceutical formula-
tions, drug and gene-delivery agents, DNA and protein
microarrays, and tissue engineering.[1] Synthetic polymers
remain the most versatile class of biomaterials because of the
ease in controlling their compositions, structures, and proper-
ties.[2, 3] There is currently a great demand for novel polymeric
biomaterials with tailored structures and more-defined func-
tions. Ideally, desired biomaterials can be chemically synthe-
sized in a ground-up approach to exhibit precisely the needed
chemical, biological, and engineering properties for the
targeted medical application.

An important strategy for designing new biomaterials is to
construct synthetic polymers from natural building blocks.
The premise is to combine the advantages of both bio- and
synthetic polymers, thereby gaining the biocompatibility and
biodegradability of natural materials and the versatility of
synthetic structural design. Examples of biomaterials made
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from natural building blocks include poly(lactic acid),[4]

poly(glycolic acid),[5] poly(anhydride)s,[6] poly(amino
acid)s,[7] pseudo-poly(amino acid)s,[8] carbohydrate-derived
polyesters,[9] and artificial proteins.[10] Whereas these poly-
mers generally exhibit good biocompability, and some are
used in important clinical applications, their structural
diversity and functional properties are relatively limited,
warranting further development of more versatile biomate-
rials.

Herein we describe a new class of biomaterials derived
from natural saccharide and amino acid building blocks
(Figure 1). Our design is based on the following consider-

ations; 1) saccharides and amino acids are abundant and
readily available natural monomers, 2) these natural building
blocks are likely to yield polymers with inherent biocompat-
ibility that then degrade into natural, nontoxic, and biosorb-
able species, 3) their rich functionalities allow convenient
modification/tailoring of materials for desired applications,
and 4) the modular synthesis offers advantages in combining
structural precision with design flexibility.

The combination of various modules gives rise to numer-
ous polymers suitable for combinatorial screening of the

chemical, biological, and mechanical properties of these
polymers. Although much effort has been devoted to
making oligomeric glycopeptides that can mimic the structure
and function of natural glycoproteins,[11,12] little has been
reported on the synthesis of high-molecular-weight saccha-
ride–peptide polymers.[13,14] In our novel design, both the
saccharide and peptide building blocks are incorporated into
the main chain of the polymer. Herein we report our general
design concept, synthesis, and the initial testing of a new class
of biomaterials. We also discuss our studies of these saccha-
ride-peptide hybrid copolymers in one specific biomedical
application, gene delivery.

We chose oligolysines and a galactose-derived monomer 1
for copolymerization. Three hybrid polymers (poly-1, poly-2,
and poly-3) were synthesized by interfacial polymerization
with various peptide monomers 2–4 (Scheme 1). 1H and
13C NMR spectroscopic analyses were used to confirm the
structure of each polymer. The number-averaged molecular
weights (Mn) of the three prepolymers for poly-1, poly-2, and
poly-3 were measured by gel-permeation chromatography
with polystyrene calibration standards to be 15000, 9085, and
13200 gmol�1 respectively. Global cleavage of the acetonide
and tert-butoxycarbonyl (Boc) protecting groups afforded the
final carbohydrate–peptide hybrid copolymers, poly-1, poly-2,
and poly-3 (details of the synthesis and characterization can
be found in the Supporting Information).

After the successful synthesis of the hybrid copolymers,
we investigated their general properties as biomaterials
including the biodegradability, cytotoxicity, and immunolog-
ical properties. Enzymatic-degradation studies with serine
proteases (subtilisin A and trypsin) showed that the polymers
are indeed biodegradable. MALDI-TOF mass spectra were
measured periodically to monitor qualitatively the decrease

Figure 1. Formation of the saccharide–peptide hybrid copolymer.

Scheme 1. Synthesis of galactaro–oligolysine hybrid copolymers (poly-1, poly-2, poly-3). a) Interfacial polymerization, H2O/CCl4; b) 30% trifluoro-
acetic acid in THF/water.
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in the molecular weight of the polymer over time. The
resultant profile indicated that the polymers were nearly
completely degraded after 5–7 days of exposure to an enzyme
(see Supporting Information).

The cytotoxicity of the polymers was then assayed at
various concentrations by means of a standard MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) test.
The hybrid copolymers exhibited minimal cytotoxicity to
Cos 7 cells at a range of concentrations (Figure 2). Poly-l-
lysine (PLL) with Mn= 8500 gmol�1 was used as a control

because our polymers are derived partially from l-lysine and
are of comparable molecular weight, which affects both
cytotoxicity and transfection levels.[15] Comparisons between
the polymers and the control were made at equivalent molar
concentrations of cationic amino groups (the same as those
used in later gene-transfection studies). The contrast is
striking: whereas the PLL homopolymer exhibits high
cytotoxicity at relatively low concentrations (5–
100 mgmL�1), our hybrid copolymers show lower cytotoxicity
even at higher concentrations (82–330 mgmL�1 for poly-1; 56–
226 mgmL�1 for poly-2 ; and 46–183 mgmL�1 for poly-3). The
placement of saccharide spacers on the main chain of the
polymers lowered their cytotoxicity to levels approaching the
blank controls in the absence of polymer. Although the exact
mechanism for this decrease in toxicity remains to be
investigated, we believe that the breakage of the cationic
polypeptide into short segments with saccharide spacers
lowers continuous charge density while the hydrophilic
saccharide fragments shield the surface charge of the poly-
plexes. Both effects are hypothesized to alleviate disruptive
coulombic interactions of the polyplexes with the cell

membrane. Other studies have shown that the introduction
of carbohydrate units into other polymers also results in a
lower cytoxicity.[16]

As our carbohydrate–peptide copolymers are new com-
pounds, it is important to test whether they generate immune
responses in vivo. As a representative example, the immuno-
genicity of poly-3 was evaluated by ELISA with Fisher 344
rats as models. Based on a standard protocol, 100 mg of poly-3
was administrated in the first, third, and sixth weeks by either
subcutaneous (SC) injections in the footpad or by intravenous
(IV) injections into tail veins. The animals underwent a
phlebotomy 21 days after each administration of the polymer.
The serum for ELISA testing was obtained at three-week
intervals. If a positive immunogenic response is elicited by the
polymer, then antibodies generated in the rat serum would
bind to the polymer-coated wells. An anti-rat immunoglobu-
lin (IgG) conjugated HRP (horseradish peroxidase) then
binds to the adsorbed polymer antibodies, catalyzing oxida-
tion of a substrate that can be detected by UV/Vis spectrom-
etry (see Supporting Information for experimental details).
Figure 3 summarizes the ELISA data, which show no
evidence of antibody response. All rats were healthy (no
weight loss, normal activity, good hygiene/quality fur), which
suggests that there is no adverse immune response or toxicity.

After the assays to test their biodegradability, cytotoxicity,
and immunogenicity, the hybrid copolymers were evaluated
for a specific biomedical application. Synthetic cationic

Figure 2. Cytotoxicity data acquired through MTT testing at various
polymer concentrations with PLL as the control. Comparison was
made with cationic amino groups at equivalent molar concentrations,
consistent with those used in gene transfection studies. Standard devi-
ations are shown with error bars (n=4). The symbol *** indicates
statistical significance at levels of p<0.001 for the experimental poly-
mers versus each concentration of PLL (indicated by brackets). The
p values were obtained by using Student–Newman–Keuls multiple
comparisons testing.

Figure 3. Anti-polymer ELISA data, which include the results for back-
ground (Bkgd), pre-immune serum, subcutaneous (SC), intravenous
(IV), and normal rat serum (positive control: the wells were coated
with rat serum enriched in antibodies, hence resulting in an expected
positive signal). The y axis is the optical density (OD) at l=490 nm
for the oxidation product of ELISA substrate, tetramethylbenzidine
(TMB), which represents the level of immunogenic response of the
polymer. The first, second, and third sera were taken at the third, sixth,
and ninth week, respectively (n=3). All experimental details are
included in the Supporting Information.
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polymers are currently being actively pursued as gene
delivery vectors because they can neutralize and condense
DNA into particles capable of undergoing endocytosis.[17] A
critical issue in developing effective synthetic polymeric
vectors is that competent gene carriers, such as PLL and
polyethyleneimine (PEI), are often cytotoxic.[17,18] As our
hybrid copolymers carry cationic charges at physiological pH
values, and have minimal cytotoxicity, they were evaluated as
vectors for gene delivery. Electrophoretic mobility-shift
assays (EMSAs) indicated that poly-1, poly-2, and poly-3
efficiently complex pSV-b-gal plasmid DNA under physio-
logical conditions. For poly-1 and poly-3, an N/P (ammonium
positive charge on polymer/phosphate negative charge on
DNA) ratio of 1.5 completely retarded the DNA; for poly-2
this ratio was 2 (see Supporting Information). The difference
in DNA/polymer binding efficiency is presumably due to the
difference in the molecular weight of the polymer as poly-2
has a slightly shorter chain length than poly-1 and poly-3.
Complex formation occurs largely because of entropic gains
owing to the liberation of smaller counterions along the
macromolecular chains.[19] Thus, as the chain is shortened (as
for poly-2), there is less entropic gain during DNA complex-
ation, which results in slightly weaker binding. The physical
characteristics of the polymer/DNA complexes were then
investigated by using AFM. Each polymer condensed DNA
into spherical nanoparticles with typical diameters of 50–
200 nm (Supporting Information), which is within the normal
size range for cellular internalization.[20]

The transfection efficiency of the three hybrid polymers
was tested and compared with PLL by using a luciferase-assay
kit under serum-free conditions. As PLL and poly-1, poly-2,
and poly-3 have only primary amines and lack other amino
residues to afford proton sponge effects, chloroquin (which is
known to disrupt the membrane of the endosome) was used in
all gene-transfection studies to enhance the endosomal
release after entrance into the cell. Figure 4 summarizes the
gene-transfection efficiency (normalized to the total cellular
protein). Poly-2 and poly-3 showed a significantly higher
transfection ability than PLL at similar N/P ratios. This is due
primarily to the high toxicity of PLL at those concentrations.
The lower transfection efficiency of poly-1 compared to poly-
2 or poly-3 is presumably due to lower local charge density on
poly-1 and the varied nature of the amino groups on the
polymer chain. Poly-2 and poly-3 have both a-amino and
more-flexible e-amino functionalities, whereas poly-1 has
only a-amine groups. It has been reported that very subtle
changes in polymer structure can result in significant changes
in gene–transfection efficiency.[16a] Further structure–property
correlation will be investigated in the future, which will
provide information for structural optimization to improve
the transfection efficiency.

In summary, we have described our concept for the design
of saccharide–peptide hybrid copolymers as a new class of
biomaterials. As examples, galactaro–dilysine (poly-1), tri-
lysine (poly-2), and tetralysine(poly-3) hybrid copolymers
were synthesized through interfacial polymerization of a
galactose-derived monomer and corresponding l-lysine-
derived peptide monomers. Enzymatic degradation, MTT
tests, and immunological assays show that the hybrid copoly-

mers are biodegradable, nontoxic, and nonimmunogenic. The
hybrid copolymers were tested as vectors for possible
application in gene delivery. EMSA, AFM, and luciferase-
transfection studies demonstrate that the hybrid copolymers
can efficiently compact plasmid DNA into soluble nano-
particles and be used as safe gene carriers. Given the natural
abundance and functional diversity of saccharides and amino
acids, their biodegradability, low cytotoxicity, and nonimmu-
nogenicity, a diverse family of saccharide–peptide hybrid
polymers are currently under development in our laboratory
for various biomedical applications including gene/drug
delivery and tissue engineering.
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In their pioneering report on the diene synthesis, or the Diels–
Alder reaction, Otto Diels and Kurt Alder recognized the
profound impact that this pericyclic reaction would have in

the syntheses of “complex compounds related to or identical
with natural products” and speculated that this process may
also be involved in the biosyntheses of natural products.[1] As
the premier method for the construction of functionalized and
stereochemically complex six-membered-ring systems,[2] the
Diels–Alder reaction is the foundation of some of the most
important achievements in chemical synthesis, and the ques-
tion concerning its relevance in biosynthesis is the subject of
much active research.[3] There is a wealth of natural products
that could conceivably arise from biosyntheses that feature
the Diels–Alder reaction.[4] We reasoned that much of the
architectural complexity of the polycyclic marine natural
product abyssomicin C (1) could arise from a Diels–Alder
macrocyclization step and were intrigued by the possibility
that such a transformation may also occur in the biogenesis of
this natural product.

S1ssmuth and co-workers recently described the isolation
of abyssomicin C and two related compounds from a sedi-
ment sample collected 289 m beneath the surface of the Sea of
Japan.[5] These natural products are produced by the rare
actinomycete Verrucosispora and possess complex polyke-
tide-like structures that were elucidated through extensive
NMR spectroscopic studies and an X-ray crystallographic
analysis. Abyssomicin C is unique within this new class of
marine natural product in its ability to inhibit Gram-positive
bacteria, including pathogenic methicillin-resistant and van-
comycin-resistant Staphylococcus aureus strains.[5,6] Although
its biomolecular target in bacteria is not yet known, abysso-
micin C blocks the conversion of chorismate to para-amino-
benzoic acid (pABA) and is thus an early-stage inhibitor of
the biosynthesis of tetrahydrofolate (Scheme 1).

Inhibitors of the biosynthesis of pABA are highly
attractive as potential antibacterial drugs because pABA is
produced in many microorganisms but not in humans. As the
first bacterial metabolite that inhibits the biosynthesis of
pABA, abyssomicin C is an attractive lead structure for the
development of new inhibitors of pathogenic bacteria and a
compelling objective for research in chemical synthesis.[7]

Herein, we describe a remarkably diastereoselective Diels–
Alder macrocyclization in the context of a convergent
asymmetric synthesis of (�)-abyssomicin C (1). Our preferred
design reduced the complexity of the target structure to three
fragments and called for two carbonyl addition reactions to
achieve key bond formations (Scheme 2).

In this scenario, an intermolecular aldol reaction between
the hypothetical ketone enolate 2 and commercially available
trans,trans-2,4-hexadienal (3) would be followed by the
addition of a lithiated tetronate 4 to an aldehyde carbonyl
group. A simple adjustment of the oxidation state would then
furnish the needed g-methylene-b-tetronate derivative 5 for
the crucial intramolecular Diels–Alder step.[8] Some impres-
sive large-ring formations that were achieved by the Diels–
Alder method[9] bolstered our confidence in the idea that 5
might cycloisomerize to tricycle 6. If successful, this trans-
formation would establish a substantial portion of the
architecture of abyssomicin C and afford a valuable cyclo-
hexenyl double bond for a late-stage epoxidation reaction.
Provided that such an oxidation reaction could be achieved in
a site- and diastereoselective fashion, we hoped to form the
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rigid oxabicyclo[2.2.2]octane substructure of 1 by a trans-
diaxial opening of the epoxide by a tetronic acid function that
would be exposed by demethylation. The successful execution
of this general plan is described below.

Because of the symmetrical nature of the hypothetical
species 2, meso-2,4-dimethylglutaric anhydride (7) was con-
sidered to be an ideal starting material for our synthesis
(Scheme 3). This substance was prepared on a 100-gram scale
by a combination of the procedures developed by Paquette
and Boulet[10] and Lautens and co-workers[11] and was
subsequently advanced to the known prochiral dimethyl
ester 8 in the straightforward fashion shown. The enzymatic
desymmetrization procedure of Lautens and co-workers,
which had previously been applied to the acyclicmeso-diester
8,[11] provided a smooth high-yielding route to the optically
active monocarboxylic acid 9. A chemoselective reduction of
the ester function with lithium borohydride was followed by

an acid-catalyzed lactonization to 10, a known substance[12]

that was judged to have an optical purity of 93% ee by HPLC
analysis. The action of methyllithium on lactone 10 gave the
corresponding lactol, after which a simple alcohol silylation
step caused ring-opening and afforded methyl ketone 11.

Our aim was to utilize 11 in an intermolecular aldol
addition reaction with 3. The commercially obtained dienal 3
is admixed with as much as 10mol% of the 4-cis geometrical
isomer, so we opted to produce this compound from all-trans
2,4-hexadien-1-ol through a Swern oxidation.[13] Aldehyde 3,
prepared in this manner, was taken forward into the key aldol
step in crude form. Under the reaction conditions shown, 3
joined efficiently with the kinetic lithium enolate derived
from 11, thus resulting in the formation of a 1:1 mixture of
secondary alcohol epimers. A straightforward alcohol silyla-
tion step then gave a diastereoisomeric mixture of silyl ethers,
shown as 12. Our intent was to unveil the sensitive triene
array of the targeted Diels–Alder substrate immediately
before (or perhaps during) the key cycloaddition event
through a simple b elimination. Therefore, the production of
epimers in the aldol construction of 12 was ultimately
inconsequential.

It was pleasing to discover that the triethylsilyl ether in 12
could be directly transformed to keto aldehyde 13 by a Swern
oxidation.[14] Our expectation that this electrophilic com-
pound would react chemoselectively with organolithium
reagent 4, the conjugate base derived from the known
methyl tetronate 14,[15] was justified by the construction of
intermediate 15 under the conditions shown. This reaction,
which established a key carbon–carbon bond and afforded
material that contains all of the carbon atoms of abyssomi-
cin C, can be performed on gram scales, although its yield is
typically modest and variable (e.g., 35–55%).[16] This alde-
hyde addition process also yielded a mixture of alcohol
diastereoisomers that could be resolved by chromatography
on silica gel. However, it was our custom to convert this
mixture of four diastereoisomers into two through an alcohol
oxidation with the Dess–Martin periodinane reagent.[17] This
oxidation proceeded efficiently and yielded the desired acyl
tetronate 16.

Scheme 1. The marine natural product abyssomicin C (1) inhibits the conversion of chorismate into para-aminobenzoic acid (pABA).
ADC=aminodeoxychorismate.[6]

Scheme 2. Design for a synthesis of abyssomicin C which features a
Diels–Alder macrocyclization.
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The decision to utilize a b-tert-butyldimethylsilyloxy keto
function as a progenitor to the required trienone array proved
to be well founded. Preliminary observa-
tions indicated that trienone 5 is a rather
unstable substance. Fortunately, we could
generate this compound upon exposure of
a solution of intermediate 16 in dichloro-
methane to 5 mol% of the Lewis acid
scandium(iii) triflate (Scheme 4). Much to
our delight, the crude trienone 5 under-
went a remarkably efficient and highly
diastereoselective cycloisomerization to
tricycle 6 when heated to 100 8C in tolu-
ene. To avoid handling the sensitive trien-
one 5, we searched for reaction conditions
that would permit the b-elimination/
Diels–Alder sequence to be conducted in
a one-pot process. We hoped to find a
Lewis acid catalyst that would effect the
required elimination of tert-butyldimethyl-
silanol on heating and that this event
would trigger the desired Diels–Alder
cyclization of the intermediate trienone 5
to 6. Among the metal triflates that were
examined, lanthanum(iii) triflate was
capable of inducing the direct conversion
of 16 into tricycle 6 under the conditions
shown. This transformation was also
highly diastereoselective; 6 formed
cleanly, and we did not observe any other
regioisomeric or diastereoisomeric cyclo-
adducts. In an effort to gain some insight

into this interesting and fortunate selectivity, we located the
transition states for all of the possible intramolecular Diels–

Scheme 3. a) MeOH, reflux, 24 h; b) MeOH, H2SO4 (cat.), benzene, reflux, 18 h (87%, 2 steps); c) a-chymotrypsin, phosphate buffer pH 7.8,
23 8C, 4 days (96%); d) LiBH4 (2 equiv), THF, 50 8C, 5 h; then HCl, H2O, 23 8C, 15 h (60 %, 93 % ee); e) MeLi (1.3 equiv), THF, �78 8C, 1.5 h;
f) TESCl (1.1 equiv), imidazole (2 equiv), DMF, 0 8C, 1.5 h (79 %, 2 steps); g) LDA, THF, �78 8C, 2.5 h; then trans,trans-2,4-hexadienal (1.1 equiv),
1.5 h (94 %, d.r.=1:1); h) TBSOTf (1 equiv), 2,6-lutidine (2 equiv), CH2Cl2, 0 8C, 0.5 h (85 %); i) (COCl)2 (5 equiv), DMSO (10 equiv), Et3N
(10 equiv), CH2Cl2, �40!�78 8C, 5 h (60–70%); j) LDA, toluene, �78 8C, 6 min; then aldehyde 13, 1.5 h (35–55%, d.r.=1:1); k) DMP (1.5 equiv),
CH2Cl2, 0!23 8C, 1.5 h (84%). TES= triethylsilyl, TBS= tert-butyldimethylsilyl, Tf= trifluoromethanesulfonyl, DMF=N,N-dimethylformamide,
DMSO=dimethyl sulfoxide, LDA= lithium diisopropylamide, DMP=Dess–Martin periodinane.

Scheme 4. a) Sc(OTf)3 (5 mol %), CH2Cl2, 0 8C, 40 min (65%); b) toluene, 100 8C, 4 h (79 %); c) [La-
(OTf)3] (10 mol%), toluene, 100 8C, 4 h (50 %); d) DMDO (1 equiv), acetone, 0!23 8C, 18 h (67 %);
e) LiCl (10 equiv), DMSO, 50 8C, 2 h (quant.); f) p-TsOH (1.2 equiv), LiCl (5 equiv), CH3CN, 50 8C, 2 h
(50 %). DMDO=dimethyldioxirane, p-TsOH=para-toluenesulfonic acid monohydrate.
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Alder reactions at the HF/3-21G level of theory.[18] The
lowest-energy transition-state conformation clearly resem-
bled 17, and the next lowest transition-state conformation was
5.7 kcalmol�1 higher in energy. This analysis predicts that 5
should cycloisomerize through conformer 17, an asynchro-
nous transition state that has an anti relationship between the
two carbonyl groups that are part of the acyl tetronate moiety.

From the vantage of 6, only three seemingly straightfor-
ward transformations were needed to reach the target
structure. Fortunately, dimethyldioxirane was well suited to
the oxidation of the newly formed cyclohexenyl double
bond.[19] This site- and diastereoselective oxidation produced
the desired epoxide and was followed by a quantitative
nucleophilic demethylation of the acyl methyl tetronate
substructure. This two-step reaction sequence afforded 18, a
compound that appeared to be an ideal precursor to
abyssomicin C (1). Because of its carboxylic acid like
nature, the hydroxy group in 18 is a weak nucleophile.
Compound 18 is essentially impervious to basic reagents; all
efforts to achieve base-induced heterocyclizations to abysso-
micin C were unsuccessful. After much experimentation, we
found that warming a solution of 18, para-toluenesulfonic acid
monohydrate, and lithium chloride in acetonitrile to 50 8C for
2 h resulted in the formation of abyssomicin C (1) and a
regioisomeric substance that we named “iso-abyssomicin C”.
Under these conditions, the ratio of these two compounds is
1:1, but they are readily separated by chromatography on
silica gel. Optical rotation studies of our sample of synthetic
abyssomicin C (1) showed an [a]20D value of �40 (c= 0.1,
MeOH), and spectroscopic studies (1H and 13C NMR, UV,
and IR) resulted in data that matched those reported by
S1ssmuth and co-workers.[5]

In summary, a concise enantioselective synthesis of (�)-
abyssomicin C was achieved in 15 steps from the known
meso-2,4-glutaric anhydride (7) by a reaction sequence that
features a highly diastereoselective Diels–Alder macrocycli-
zation. We can procure significant amounts of the natural
product by this route, which should facilitate an investigation
of the intriguing biological properties of abyssomicin C. It was
proposed that the rigid oxabicyclo[2.2.2]octane substructure
of abyssomicin C (1) may serve as a structural surrogate for
the conformation of chorismate in solution and that its
electrophilic enone system may inactivate one of the enzymes
involved in the biosynthesis of pABA in bacteria (Scheme 1)
through covalent alkylation.[5] By adapting the chemistry
described herein, we anticipate that it will be possible to
synthesize affinity-tagged variants of abyssomicin C for
studies of its potential chemical reactivity and binding
properties in human-tissue proteomes.[20, 21] This information
would be part of a comprehensive analysis of the potential of
abyssomicin C as an antibacterial drug candidate. Further
studies of this fascinating early-stage inhibitor of the biosyn-
thesis of tetrahydrofolate in bacteria are clearly warranted.
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There is considerable interest at this time in inorganic–
organic hybrid materials, and metal-containing polymers
constitute an important section within this general field. The
work of Manners and co-workers[1] with metallocene-derived
polymers, Friend, Raithby, and co-workers[2] with metallated
polyynes and poly(phenylenvinylene)s, Wolf and co-work-
ers[3] with metallated polythiophenes, and Thompson, Forrest,
and co-workers[4] with iridium and platinum complex doped
conjugated polymers, represent four prime areas of recent
research interest. The majority of efforts thus far have focused

on the use of the Group 8 metals (the metals of the iron,
cobalt, and nickel triads), in which the metal ions are d6 or d8.
We are interested in incorporating metal–metal quadruple
bonds with a s2p4d2 configuration into organic conjugated
polymers because the dinuclear center is redox-active and its
ease of oxidation can be tuned over a considerable range by
the selection of the metal (M=Cr, Mo, W) and the ancillary
ligands,[5] even to the point that the M2 center is more easily
oxidized than cesium.[6] The M2 center may also be brought
into conjugation with the p system of the organic polymer
through the agency of a carboxylate link.[7] The carboxylate
p system couples with both the p system of the polymer
backbone and theM2 d orbitals. We recently illustrated this by
the preparation of some discrete model complexes of the type
[M2(O2CR)4], in which R=mono-, bi-, and terthienyl (a,a’)
groups.[8]

Herein, we describe our synthesis of oligomeric/polymeric
thienyl-based materials incorporating metal–metal quadruple
bonds. The general reaction is shown in Equation (1),

½M2ðO2CRÞ4� þHOOC-ðThpÞn-COOH
22 oC

toluene
���!

½M2ðO2CRÞ2ðO2-CðThpÞn-CO2Þ�m þ 2RCOOH
ð1Þ

although, as noted below, there are important restrictions
(Thp= thiophene= 2,5-C4H2S). Full experimental details are
given in the Supporting Information.

To prepare soluble oligomers/polymers of the desired
empirical formula, we found it necessary to introduce chain-
branching alkyl substituents on both the spectator carboxyl-
ate and the thienyl dicarboxylate. Thus far, we have enjoyed
most success with 2,4,6-triisopropylbenzoate (2,4,6-
iPr3C6H2CO2=TiPB) as the ancillary ligand. This group has
the added advantage that the trans-disubstituted product
appears to be the preferred thermodynamic product. This is
also evident from the preparations of the discrete compounds
for molybdenum [Eq. (2)] and for tungsten [Eq. (3)]. For

½Mo2ðTiPBÞ4� þ 2HOOC-ðThpÞn-R
22 oC

toluene
���!

trans-½Mo2ðTiPBÞ2ðO2C-ðThpÞn-RÞ2� þ 2TiPB-H
ð2Þ

½W2ðTiPBÞ2ðtBuCO2Þ2� þ 2HOOC-ðThpÞn-R
22 oC

toluene
���!

trans-½W2ðTiPBÞ2ðO2C-ðThpÞn-RÞ2� þ 2 tBuCOOH
ð3Þ

molybdenum, we used the corresponding homoleptic carbox-
ylate [Mo2(TiPB)4]

[9] and for tungsten, the mixed compound
[W2(TiPB)2(tBuCO2)2] as starting materials. Even with the
use of only 1 equivalent of the thienyl carboxylic acid, the
bis,bis-substituted product [M2(TiPB)4�x(O2C-(Thp)n-R)x]
(Thp= 2,4-C4H2S; n= 1,2: R=H; n= 3: R=Me) is formed
in preference to other combinations.

Only one isomer is observed in solution for these M2

complexes and, as is shown in Figure 1, steric factors favor the
trans substitution about the M2 paddle-wheel core. The
twisting of the phenyl rings out of the plane of their attendant
carboxylate groups removes M2(d)-to-C6(p) conjugation. In
the UV/Vis spectrum, the M2(d)-to-(aryl carboxylate) tran-
sition is very weak in comparison with the M2(d)-to-(thienyl
carboxylate) transition. As is shown in Figure 2, the M2(d)-to-
thienyl(p*) transition moves to lower energy as n increases
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from 1 to 2 to 3 and is markedly red-shifted and more intense
on going fromM=Mo toW. The latter is a result of the higher
orbital energy of the W2 d electrons and the greater degree of
W2(d)-to-thienyl(p*) overlap.

In reactions of Equation (1), we employed the n-hexyl-
substituted thienyl dicarboxylic acids (DHTT)H2 (3’,4’-
dihexyl-2,2’:5’,2’’-terthiophene-5,5’’-dicarboxylic acid)[10] and
(DHQT)H2 (3’’,4’’-dihexyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-quinque-
thiophene-5,5’’’’-dicarboxylic acid)[11] shown below. Further-
more, an excess of [Mo2(TiPB)4] or [W2(TiPB)4] was used to
ensure the total conversion of the dicarboxylic acids. The
polymeric materials [M2(TiPB)2(O2C-(Thp)n-CO2)] are
formed as flocculent precipitates that are difficult to filter.
They are best isolated by centrifugation followed by repeated
washings, first with toluene and then hexanes, to remove the

acid TiPB-H and any unreacted monomeric M2 tetracarbox-
ylates. The resulting dried red (M=Mo) or bluish-green (M=

W) powders are somewhat soluble in THF and swell to form
gels by absorbing approximately 20 times their mass of THF.
The 1H NMR spectra of the samples in [D8]THF only show
evidence for one type of TiPB and O2C-(Thp)n-CO2 groups.
However, the MALDI MS data show molecular ions that
correspond to [M2(TiPB)2(O2C-(Thp)n-CO2)]2

+ loops, [M2-
(TiPB)2(O2C-(Thp)n-CO2)]3

+ triangles, and even higher
oligomers. These can only arise from a cis-substitution pattern
at the M2

4+ center. We propose that this substitution pattern is
less common than that of trans substitution, but that it is this
property, together with some tersubstitution at the Mo2

4+

center, that facilitates the gel-forming capability of the
entangled chains. The system can be described as a dynamic
equilibrium of chains, cycles, and cross-linked oligomers/
polymers[12] as a result of facile carboxylate-exchange reac-
tions, which are well-documented to be catalyzed by both acid
and base (H+, carboxylate).[13] A reasonable estimate of the
molecular weight is over 10000 Daltons, or more than
10 repeating units.

The electronic absorption spectra of these oligomers
closely resemble those of the model compounds (Figure 2) in
that they have well-defined, although broad, absorptions
assignable to M2(d)-to-thienyl (bridge)(p*) and thienyl(p)-to-
thienyl(p*) (bridge-to-bridge) transitions. The emission spec-
tra show only the thienyl(p*)-to-M2(d) transition, as shown in

Figure 1. Molecular structure of the centrosymmetric [Mo2(TiPB)2(O2C-
Thp-H)2] molecule found in the solid state with two axially coordinating
DMSO molecules and one noncoordinating DMSO molecule. The
Mo�Mo, Mo�O(TiPB carboxylate), and Mo�O(thiophene carboxylate)
interatomic distances are 2.113, 2.111 (av), and 2.110 B (av), respec-
tively. The dihedral angle between the thienyl ring and its carboxylate
group is 0.358 (av).

Figure 2. a) Electronic absorption spectra of [Mo2(TiPB)2(O2C-(Thp)-
H)2] (yellow), [Mo2(TiPB)2(O2C-(Thp)2-H)2] (red), and [Mo2(TiPB)2(O2C-
(Thp)3-Me)2] (blue) in THF at room temperature. b) Electronic absorp-
tion spectra of [W2(TiPB)2(O2C-(Thp)-H)2] (blue), [W2(TiPB)2(O2C-
(Thp)2-H)2] (green), and [W2(TiPB)2(O2C-(Thp)3-Me)2] (yellow) in THF
at room temperature.
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Figure 3 for the terthienyl-bridged polymer. These photo-
physical properties can be described in terms of the Jablonski
diagram shown in Figure 4.

The gels dry to form thin films, and THF solutions can be
used to deposit thin films of these metallated oligomers by
spin-coating in a dry-box under argon. Deposition on an
indium–tin oxide (ITO)-coated glass plate followed by vapor
deposition of aluminum or calcium was carried out to make
conductivity measurements. As shown in Figure 5, the thin

films of the molybdenum terthienyl-bridged material display
diode properties, with current being drawn nearly equally in
both the forward and reverse bias, reminiscent of interface-
controlled symmetrically configured ac-light-emitting
(SCALE) devices.[14] Whereas the terthienylmolybdenum-
containing films do not show electroluminescence with
aluminum, the pentathienyl analogue (derived from
(DHQT)H2) does, and both the ter- and pentathienyl-derived
thin films show electroluminescence when lower-work-func-
tion calcium was used as the cathode (Figure 6). The emission
from these films is red-shifted relative to that of the parent

Figure 3. Absorption spectrum (red) of “Mo2(TiPB)2(DHTT)” in THF at
room temperature, and photoluminescence spectrum (green) with
excitation at 531 nm. Higher-energy excitation (360 nm) results in a
similar spectral profile. The excitation spectrum is shown in blue.

Figure 4. Proposed Jablonski scheme of the absorptions and emission
of [M2(TiPB)2(O2C-(Thp)n-CO2)] oligomers. Absorptions to S1 and S2

are observed; emission occurs from S1 while a nonemissive T1 state is
also observed. IC= internal conversion; ISC= intersystem crossing.

Figure 5. a) Structure of an Al-“Mo2(TiPB)2(DHTT)”-ITO device; b) cur-
rent as a function of voltage for the same device (*: IV curve from 14
to �14 V; !: IV curve from 16 to �16 V).

Figure 6. Absorption spectra of an “Mo2(TiPB)2(DHTT)” thin film
(red) and an “Mo2(TiPB)2(DHQT)” thin film (purple), and electroemis-
sion of a Ca-“Mo2(TiPB)2(DHTT)”-ITO device (blue) and a Ca-“Mo2-
(TiPB)2(DHQT)”-ITO device (green).
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acids (DHTT)H2 and (DHQT)H2.
[15] Furthermore, the elec-

troluminescence spectra display an unusual blue shift relative
to the photoluminescence spectra, which suggests the impor-
tant role of charge trapping in these materials.

In conclusion, we believe that the preliminary findings
reported herein indicate that polythiophenes incorporating
metal–metal quadruple bonds should have interesting and
tunable electronic properties. The M2 d electrons lie within
the band-gap of the polymer, but are strongly coupled by
M2(d)-to-CO2(p) conjugation. We anticipate that the electro-
luminescence for tungsten can be moved into the near-IR
region. Further work in this area is in progress.
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Single-molecule magnets (SMMs) have many potential appli-
cations including high-density information storage, in which
each bit of information is stored as the magnetization
orientation of an individual molecule, and as qubits for
quantum computation, in which the required arbitrary super-
position of quantum states with opposite projections of spin
can be produced by either quantum tunneling of the magnet-
ization, intermolecular exchange, or multifrequency EPR
pulses.[1–4] The fundamental requirements for a molecule to
behave as an SMM are a) a relatively large spin ground state
(S) and b) a large and negative zero-field splitting (zfs) of that
ground state (as measured by the zfs parameterD). The upper
limit of the barrier to the reorientation of the magnetization is
given by S2 jD j for integer spins and (S2�1/4) jD j for half-
integer spins.

To make large molecular clusters, two successful, but
somewhat opposing, synthetic strategies have generally been
employed. The first is the use of rigid bridging ligands, for
example, cyanide, that impose the geometry on the resultant
cluster,[5] and the second is the use of flexible ligands, for
example, carboxylates, that impose little or no geometry.[6]

Both approaches have produced molecules with extremely
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large spin ground states: S= 39/2 for the former[7] and S� 23
and S= 51/2� 1 for the latter.[8]

We have been exploring the reactivity of tripodal alcohol
ligands (Scheme 1) in the synthesis of 3d transition metal

SMMs. The basic principle here is that paramagnetic metal
ions linked together in triangular arrays may lead to
molecules with large spin ground states. If these arrays consist
of simple {M3} equilateral triangles then the resultant com-
peting exchange interactions or spin frustration may stabilize
a nonzero spin ground state. If the arrays consist of {M4}
centered triangles or “metal stars”, in which the three
peripheral ions are connected only to the central ion and
not to each other, then the antiferromagnetic interaction
between these ions may stabilize a large spin state. If these
high-spin triangular units can then be linked together by using
bridging ligands that promote ferromagnetic exchange then
the resultant complexes could well be characterized by
extremely large spin ground states.

The cation [Mn32(thme)16(bpy)24(N3)12(OAc)12]
8+

(Figure 1; bpy = bipyridine) consists of eight such {M4}
centered triangles linked together to form a truncated cube.
Each [Mn4(thme)2]

4+ corner unit consists of a central Mn4+

ion and three peripheral Mn2+ ions. The Mn2+ ions are linked
to the Mn4+ ion through the m2-oxygen arms of two thme

3�

ligands, which sit directly above and below the [MnIVMnII3]
plane. The coordination of the peripheral Mn2+ ions is
completed by one chelating bpy ligand, one acetate group
and one azide function. The CH3CO2

� and N3
� ligands bridge

the Mn2+ ions in neighboring corner units along each edge of
the cube (Figure 2). The charge balance of the complex is
completed by the presence of eleven ClO4

� ions and one and a
half [Mn(bpy)3]

2+ molecules, thus giving the complex the
overall formula {Mn(bpy)3}1.5[Mn32(thme)16(bpy)24(N3)12-
(OAc)12](ClO4)11 (1). The oxidation states of the Mn ions
were confirmed by BVS (bond-valence-sum) calculations and
bond-length considerations.

To probe the magnetic properties of 1, susceptibility
measurements were performed on powdered crystalline
samples in the ranges 1.8–300 K and 0–7 T, and on single
crystals at temperatures down to 40 mK. Direct current (dc)
susceptibility measurements were carried out in a 0.1-T dc
field in the temperature range 1.8–300 K, with the sample
restrained in eicosane to prevent torquing. The calculated
(g= 2) contribution from the 1.5 [Mn(bpy)3]

2+ cations per
{Mn32} was subtracted from the measured data. The room
temperature cMT value of approximately 78.8 cm3Kmol�1

slowly increases upon cooling to a maximum of approxi-
mately 86.2 cm3Kmol�1 at 90 K, and then decreases rapidly to
a value of approximately 37.8 cm3Kmol�1 at 2 K. This
behavior is indicative of dominant antiferromagnetic
exchange between the metal centers with the value at 2 K in
the region expected for an S= 9 ground state (spin-only (g=
2) value of 45 cm3Kmol�1).

In alternating current (ac) susceptibility experiments, a
weak field (typically 1–5 G) oscillating at a particular
frequency (n) is applied to a sample to probe the dynamics
of the magnetization (magnetic-moment) relaxation. The ac
susceptibility measurements, which avoid Zeeman and other
effects of an applied dc field, are an excellent complementary

Scheme 1. The tripodal ligands (from left to right) 1,1,1- tris(hydroxy-
methyl)ethane (H3thme), 1,1,1-tris(hydroxymethyl)propane (H3tmp),
pentaerythritol (H4peol), cis,cis-1,3,5-cyclohexanetriol (H3cht), and
1’,1’,1’-tris(hydroxymethyl)toluene (H3thmt).

Figure 1. The structure of the [Mn32]
8+ cation (top) and its core

(bottom). In the lower picture the eight corner Mn4+ ions of an ideal
cube are highlighted in black.
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tool for the estimation of S as the presence of a temperature-
independent (in-phase) cM’T versus T signal would indicate a
well-isolated ground state, whereas a sloping cM’T vs T signal
would indicate the population of a number of low-lying
excited states.[9] In-phase ac susceptibility measurements for
complex 1 taken in the temperature range 1.8–10 K are shown
in Figure 3. The steeply sloping lines observed show a rapid
decrease in cM’T with decreasing temperature and therefore
suggest the population of many excited states with larger S
values. This is a common feature in many Mn clusters that are
either a) of high nuclearity and thus exhibit a large density of
spin states or b) contain multiple Mn2+ ions that typically
promote weak exchange. Extrapolation of the cM’T signal
from values above about 3 K (to avoid decreases due to
effects such as intermolecular interactions at lower temper-
atures) to 0 K gives a value of 42–43 cm3Kmol�1, which
suggests a spin ground state of S= 9 (or 10), consistent with
the dc data.

Magnetization measurements also confirm the presence
of many excited states. Studies on a single crystal of complex 1
at temperatures down to 40 mK and in fields of up to 1.4 T
performed on a micro-SQUID setup show curves that do not
reach saturation (Figure 3). At all temperatures studied, the
magnetization continues to rise sharply with increasing field
strength. This is as expected for field-induced stabilization of
MS levels of excited states with S values greater than that of
the ground state; approach to and crossing of excited-stateMS

levels with those of the ground state lead to increases in the
measured magnetization. Thus, for example, the magnitude of
the magnetization at 40 mK in an applied field of 1 T is
suggestive of S� 25. Similarly, magnetization measurements
(Figure 3) carried out on a powdered crystalline sample at
temperatures below 10 K in fields of up to 7 T saturate at a
value of M/NmB� 85, a value consistent with the stabilization
of an S� 43 spin state (with g= 2.0). However, when smaller
applied fields are used, the magnitude of M/NmB decreases
and does not saturate. Again this is indicative of a field-
induced stabilization of excited states with larger S values
than that of the ground state.

If we were to assume the interaction between the central
Mn4+ ion and the three peripheral Mn2+ ions within an

isolated [MnIVMnII3] unit to be antiferromagnetic, then we
would expect a spin ground state of S= 6 for this unit.
Between each of these corner units, the syn, syn m-CH3CO2

�

ligands are likely to promote antiferromagnetic exchange, but
the end-on N3

� ligands are likely to promote ferromagnetic
exchange. If the antiferromagnetic interactions were to
dominate, then we might expect to observe an overall spin
ground state of S= 0, but if the ferromagnetic interactions
were to dominate then a ground state with S= 48 could result.
However, there are a total of 24 Mn2+ ions present in the
{Mn32}

8+ cation and these are known to promote weak
exchange between the metal centers, the result of which is
likely to be a large number of S states with comparable
energies to the ground state. This “problem” is then further
compounded by the fact the [MnIVMnII3] units are linked

Figure 2. The building blocks of complex 1: the [MnIVMnII3] “corner”
unit (left) and the [MnII2] “edge” (right).

Figure 3. Top: Magnetization data for 1 plotted as reduced magnetiza-
tion (M/NmB) versus H/T in the temperature range 1.8–10 K and in
fields of 0.1 T (~), 0.5 T (~), 1 T (&), 2 T (&), 3 T (!), 4 T (!), 5 T
(*), 6 T (*), and 7 T (^). Inset: Magnetization measurements per-
formed on single crystals of complex 1 by using an array of micro-
SQUIDs (SQUID=superconducting quantum interference device) at
the indicated sweep rate and temperature range. Bottom: In-phase ac
susceptibility (cM’T) measurements of complex 1 measured below 10 K
at the indicated frequencies.
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together by two different ligands—one azide and one
carboxylate—and this countercomplementarity will likely
lead to an interaction that is either weakly ferro- or weakly
antiferromagnetic, but in either case near 0 cm�1. Weak
intermolecular interactions—if comparable in magnitude to
the intracluster exchange—will also complicate the analysis.
Essentially all of the above means that an accurate quanti-
tative analysis is impossible.

In conclusion, the use of the tripodal ligand H3thme has
again been shown to stabilize elaborate triangular arrays of
Mn ions. In the studies described herein, these “high-spin”
building blocks have self-assembled in the presence of end-
on-bridging azide ligands to form a {Mn32} truncated cube.
This is the second largest Mn cluster reported to date.[10]

Initial magnetic studies revealed that the complex has a spin
ground state of S= 9 (or 10), but the presence of multiple
Mn2+ ions, ligand countercomplementarity, and possible weak
intermolecular interactions precludes a more accurate anal-
ysis. Application of strong magnetic fields effectively over-
comes weak antiferromagnetic exchange, thus stabilizing spin
states with larger values of S.

However, the combination of tripodal alcohol ligands and
end-on bridging azides may be an excellent, yet simple, route
to clusters with potentially extremely large spin ground states
and promises many more exciting compounds.

Experimental Section
1: NaOAc (1 equiv) and NaN3 (1 equiv) were added with stirring to a
solution of [Mn2(Hthme)2(bpy)4](ClO4)2

[11] (1 equiv) in MeCN. After
30 min the solution was filtered and layered with diethyl ether. Black
crystals grew during one week. Elemental analysis (%): calcd for
C411H465Cl11Mn33.5N104O128: C 44.31, H 4.21, N 13.08, Mn 16.52; found:
C 44.62, H 3.93, N 12.94, Mn 16.73. Crystallographic details for 1:
C412H545.50Cl11Mn33.50N104.50 O127.50, crystal size: 0.41 L 0.38 L 0.27 mm

3,
triclinic, P1̄, a= 25.9460(6), b= 26.1225(6), c= 40.5498(9) N, a=
91.2630(10), b= 93.3990(10), g= 97.4450(10)8, V= 27191.7(11) N3,
T= 150(2) K, Z= 2, 1calcd= 1.372 gcm

�3, m(l=0.71073 N)=
1.574 mm�1, 364332 reflections collected, 78020 unique (Rint=
0.0959), R1= 0.1068 and wR2= 0.2973 using 55631 reflections with
I> 4s(I). CCDC-273452 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.
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Since the first example of Pd-catalyzed asymmetric allylic
alkylation (AAA) was reported by Trost and Strege,[1] great
achievements in this area of chemistry have been made.
Today, AAA is not only a well-studied transition-metal-
catalyzed asymmetric reaction but also one of the most
important asymmetric carbon–carbon bond-forming reac-
tions.[2] As a diversity of bond types can be formed and many
chiral elements can be installed at the nucleophile, the
electrophile, or both, transition-metal-catalyzed AAAs have
become a powerful tool in organic synthesis.[2c] Although a
variety of substrates and reagents are suitable in AAA
reactions, the use of carbon nucleophiles is mainly limited to
the stabilized “soft” carbanions such as b-keto ester and
malonate derivatives.[2] Simple ketone enolates are an impor-
tant class of nucleophiles, but AAA had been ineffective with
these nucleophiles because they are nonstabilized and hard.
The breakthrough came in 1999, when Trost and Schroeder
obtained high enantioselectivity in Pd-catalyzed AAAs with
tetralone and cyclohexanone derivatives by using a “chiral
pocket” ligand.[3] Since then, several examples were reported
and excellent enantioselectivities were obtained.[4, 5] Cyclic
ketones have been used as substrates in these reactions.
Recently, Braun et al. reported the Pd-catalyzed allylic
alkylation of 1,3-diphenylallyl acetate with high diastereose-
lectivity by using mesityl ethyl ketone.[4c] However, the
reaction was not asymmetric. Thus, an asymmetric version
of Pd-catalyzed AAAs with acyclic ketones remains a
challenge. Recently, we designed some ferrocene-derived

chiral P,N ligands and employed them successfully in Pd-
catalyzed AAAs.[5, 6] High regio- and enantioselectivities were
provided by using monosubstituted allyl derivatives as sub-
strates and by using cyclic ketones as nucleophiles. For Pd-
catalyzed AAAs with acyclic ketones to be enantioselective,
we have modified the ligands. Herein, we report our
preliminary results in the synthesis of a novel chiral ligand
and its application to a Pd-catalyzed asymmetric allylic
reaction that uses acyclic ketones as nucleophiles.

Initially, we examined the reaction of 1-phenyl-propan-1-
one (1a) with allyl acetate (2) in the presence of [{Pd-
(C3H5)Cl}2] and a variety of ligands,[6a] but we obtained no
encouraging results (Scheme 1). All reactions gave almost no

desired product 3a under these conditions. According to the
reports by Trost et al.[3, 4a] as well as our own previous work,[5]

chiral pocket ligands have emerged as ligands of choice for
the highly enantioselective allylic alkylation of simple cyclic
ketone enolates. Thus the modified chiral pocket imine and
amine deriviatives L1–L4[8] were synthesized from ferrocene
4[7] (Scheme 2).

In the presence of L3, the reaction of 1a with 2 gave the
allyl product 3a in 69% yield and with 31% ee, whereas in the
presence of L4, the reaction gave 3a in 23% yield and with
2.5% ee. The lower yield and enantioselectivity is attributed
to the mismatched chiralities in L4.[9] A further increase in the
enantioselectivity (from 31% to 48% ee) was observed when
L1 was used in place of L3. The choice of base is important:
the use of sodium hydride or potassium tert-butoxide in
conjunction with ligand L1 led to very low yields. The use of a

Scheme 1. a) [{Pd(C3H5)Cl}2] (2.5 mol%), ligand (5 mol%), lithium
1,1,3,3-hexamethyldisilazane (LiHMDS), THF, 0 8C.

Scheme 2. Synthesis of ligands L1–L4. Reagents and conditions:
a) (S,S)- or (R,R)-cyclohexane-1,2-diamine, p-TsOH, 4-3 MS, toluene;
b) NaBH4, EtOH.
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bulkier base such as LiHMDS led to a slight increase in both
yield (77%) and enantioselectivity (57% ee), and the use of
lithium tetramethylpiperidine gave the product in 48% yield
with 56% ee. The metal ion of the base has a great effect on
the yield and enantioselectivity of the reaction. For example,
the reaction with LiHMDS gave the product in 77% yield and
with 57% ee, but the corresponding reactions with NaHMDS
and KHMDS provided products with 2% ee and 9% ee,
respectively, although the yields were higher. A study of the
effect of solvent on the reaction showed that among the
solvents tested (Et2O, 1,4-dioxane, 1,2-dimethoxyethane,
toluene), THF gave the best results.

On the basis of these results, we envisioned that the
lithium enolate derived from an a-alkoxy-substituted ketone
would provide a general approach to the control of enantio-
selectivity in the AAA of acyclic ketones due to the
propensity of this ketone to form the Z-chelated enolate.
Our results demonstrate that the alkoxy group exhibits a
remarkable effect on the level of enantioselectivity. When 1-
phenyl-3-methoxypropan-1-one (1b) was used with LiHMDS
as base, the enantioselectivitiy significantly increased to 68%
ee and the yield was 72%. Takemoto and co-workers as well
as Wang reported that chiral ammonium salts have a dramatic
effect on the enantioselectivity of Pd-catalyzed AAA reac-
tions.[10] In our case, the ammonium salts, both chiral and
achiral, also showed an ability to improve the enantioselec-
tivity of the reaction (see Table 1). We inferred that this

increase in enantioselectivity in the presence of ammonium
salts is caused to some extent by their Lewis acid character.
Thus, several Lewis acids were tested (see Table 1).[11]

Lewis acids have a greater effect on the reaction than
ammonium salts. Among the Lewis acids tested, silver
bromide gave the best result both in terms of enantioselec-
tivity and yield. When the reaction proceeded at�20 8C in the
presence of a catalytic amount of AgBr, the product was
obtained in 98% yield with 93% ee. The effect of the amount

of catalyst on the reaction was also studied. Reducing the
catalyst amount to 1 mol% gave rise to a slight decrease in
both yield (93%) and enantioselectivity (90% ee). When the
amount of catalyst was decreased to 0.5 mol%, the reaction
still proceeded smoothly to give the product in 83% yield
with 90% ee. Under these optimized conditions, a variety of
acyclic ketones were tested (see Scheme 1) and the results are
given in Table 2.

All acyclic nonstabilized hard ketones gave products in
good to excellent yields and enantioselectivities. However,
the stabilized soft ketone 1 l gave a racemic product (entry 12,
Table 2). The nature of the alkoxy substituent has a great
effect on the enantioselectivity. Substrates 1b and 1c with less
sterically hindered MeO and EtO groups gave the corre-
sponding allylated products with ee values of 93% and 92%,
respectively (entries 2 and 3, Table 2). However, the sub-
strates with the bulky iPrO, 1d, and PhO, 1k, furnished
products with ee values of 79% and 71%, respectively,
although the yields were good to excellent (entries 4 and 11,
Table 2). It was unexpected that the reactivity of ketone 1j
with the ester substituent would be so low, although the
enantioselectivity was good (50% yield and 86% ee ; entry 10,
Table 2). The electronic property of the substituent on the
phenyl ring of the substrate has little effect on the reaction.
Thus, the methoxy-substituted aryl ketone 1e and the chloro-
substituted aryl ketone 1 f gave allylated products with 94%
and 91% ee, respectively. Importantly, the aliphatic cyclo-
hexyl methoxymethyl ketone (1h) afforded the correspond-
ing product in 76% yield with 87% ee (entry 8, Table 2). The
heteroaryl-substituted simple ketone 1 i gave rise to the
corresponding product in 50% yield with 80% ee.

Under different conditions, Z or E forms of an enolate are
favored,[12] which may influence the enantioselectivity of the
alkylation. Xie et al. reported that the Z form of an enolate
was formed exclusively by using Ph2NLi at �78 8C, while Z
and E forms of an enolate were provided in a ratio of 48:52
with Me3CN(TMS)Li (TMS= trimethylsilyl) as base at room
temperature.[12] In the reactions reported here, we found that
different forms of an enolate dramatically affected the

Table 1: The effect of additives on the reaction.[a]

Entry Additives Yield [%] ee [%]

1 Bu4NBr 48 75
2 Hex4NBr 62 75
3 5 60 74
4 ZnCl2 66 83
5 CuClO4 70 89
6 AgOTf 84 87
7 Ag2O 89 73
8 AgBr 96 89
9 AgBr 98[b] 93[b]

[a] Reactions performed at 0 8C; [{Pd(C3H5)Cl}2] (2.5 mol%); L1
(5.0 mol%); additives (10 mol%); LiHMDS (120 mol%); 1b
(100 mol%); 2 (130 mol%). [b] Reaction carried out at �20 8C.

Table 2: Pd-catalyzed AAA of acyclic ketones 1.[a]

Substrate 1 Product 3
Entry R1 R2 Yield [%][b] ee [%][c]

1 a Ph Me 93 77
2 b Ph OMe 98 93
3 c Ph OEt 88 92
4 d Ph OiPr 95 79
5 e p-MeOC6H4 OMe 83 94
6 f p-ClC6H4 OMe 91 91
7 g Ph Ph 89 73
8 h cHex OMe 76 87
9 i 2-furyl Me 50 80

10 j Ph OAc 50 86
11 k Ph OPh 89 71
12 l Ph SO2Ph 83 0

[a] All reactions were performed at�20 8C; [{Pd(C3H5)Cl}2] (2 mol%); L1
(4 mol%); 1 (100 mol%); LiHMDS (120 mol%); 2 (130 mol%); AgBr
(10 mol%). [b] Yield of isolated product. [c] Determined by chiral HPLC.
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enantioselectivity of a reaction. In the presence of Ph2NLi at
�78 8C, the reaction of ketone 1a gave the product 3a with
88% ee. Even phenyl propyl ketone (1m) gave the product
3m with 87% ee, but only enantioselectivities of 34% and
76% ee were obtained with Me3CN(TMS)Li (Scheme 3).

These results may explain why substrates with an alkoxy
group at the a-position of the carbonyl group led to products
with high enantioselectivities. The presence of AgBr did not
influence the ratio of Z and E isomers of an enolate: the
reaction of 1a with 2 in the presence of NaHMDS and AgBr
gave 3a with 9% ee.

In conclusion, we have synthesized a novel chiral imino
ferrocene ligand and used this ligand to carry out highly
enantioselective Pd-catalyzed allylic alkylations of simple
acyclic ketones. The dramatic effect of AgBr as well as the
dependency of the enantioselectivity on the different forms of
the enolate have been demonstrated. Further investigations
on the role of AgBr and the applications of the ligand L1 in
other types of acyclic ketones are in progress.
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The Nazarov reaction is a well-established method for the
generation of new cyclopentenone rings from simple dienone
precursors.[1] This reaction has enjoyed considerable recent
attention with regard to its use in tandem or domino
processes,[2] as well as in approaches for controlling the
absolute configuration of the stereocenters generated during
or after the electrocyclization process.[3] We have recently
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found that a variety of bridged bicyclic dienones undergo
silyl-directed Nazarov cyclization with high or complete
diastereoselectivity.[4] Whereas most dienones furnished the
exo-disposed cyclopentenone, substrate 1a provided the
endo isomer 2a in high yield, along with minor amounts of
by-product 3a (Scheme 1). The formation of this rearranged

silyl-containing product was intriguing, and we set out to
explore its formation in greater detail. Herein, we report two
additional examples in which analogous products are formed
exclusively, with the apparent involvement of the remote
unconjugated alkene in the rearrangement process.

Substrates 1b–d were prepared by the carbonylative Stille
coupling using cocatalytic amounts of copper(i) iodide,
followed by near-quantitative protection of the alcohols in
the case of 1c and 1d to form 1e and 1 f, respectively
(Scheme 2).[5] These examples were chosen for their rele-
vance to an approach to the taxane skeleton, but were also of
interest because of the absence of b-silyl substituents in the
case of 1b and 1e. Without a facile termination through
desilylative elimination,[6] the Nazarov cyclopentenyl cation
intermediate might be expected to undergo the alternative
pathway to a significantly greater extent.

Initial experiments with 1b entailed low-temperature
treatment with BF3·OEt2, in analogy to the conditions applied

to 1a. Careful monitoring showed no consumption of 1b until
the reaction was warmed to 0 8C, at which point a new product
was rapidly produced in 60% yield (Scheme 3). Improved
yields could be obtained by carrying out the reaction at 0 8C
for 5 min rather than gradually warming from a lower
temperature. The newly formed product displayed several

surprising spectral features. The 1H NMR
spectrum contained no signals for olefinic
protons, and all three methyl groups
appeared as singlets at high field (approx-
imately d= 1 ppm). The 13C NMR spec-
trum revealed the presence of a conju-
gated ketone carbonyl functionality and a
highly polarized tetrasubstituted alkene.
Clearly, neither the “normal” Nazarov
product 2b nor the anticipated anomalous
product 3b had been formed. Moreover,

the unconjugated alkene had been consumed while leaving
the former allylic methyl group intact and apparently next to a
quaternary center. These data suggested cyclopropyl ketone
4b as a likely structure.

As this material was a solid, it was recrystallized from
Et2O/pentane and subjected to single-crystal X-ray diffraction
studies.[7] Much to our surprise, the structure generated from
X-ray analysis was that of 3b. Spectroscopic analysis of the
recrystallized material showed that it had undergone a
rearrangement and now possessed only two methyl groups
and an exocyclic methylene functionality, as in the case of 3a.
Subsequent studies indicated that the initially formed 4b
undergoes facile conversion into 3b at slightly elevated
temperatures. Given the thermal lability of this compound,
direct conversion of 1b into 3b was examined (Scheme 4). In
the event, a convenient procedure was developed in which the
crude product obtained from the Nazarov cyclization of 1b
was heated at 75 8C in EtOH to provide 3b in 85% yield. A
similar procedure with 1e furnished 3c in 74% yield. For

Scheme 1. Unexpected formation of by-product 3a in the Nazarov cyclization of dienone 1a.

Scheme 2. Preparation of substrates 1b–f by carbonylative Stille cross-
coupling. DMAP=dimethylaminopyridine, TBDPS= tert-butyldiphenyl-
silyl.

Scheme 3. Unexpected formation of cyclopropyl ketone 4b.
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comparison, reaction of 1 f under standard silyl-directed
Nazarov cyclization conditions was performed. In this case,
authentic 2c was produced in good yield and, interestingly,
none of the silyl-containing product 3d, analogous to 3a, was
isolated.

Formation of 4b presumably involves an initial Nazarov
electrocyclization to give the 2-oxidocyclopentenyl cation 5b
(Scheme 5). Conversion into the cyclopropyl ketone could
involve a homoallyl/cyclopropylcarbinyl rearrangement to
give 6b (path a), with subsequent intramolecular hydride
transfer of Hb to the secondary cyclopropylcarbinyl center.[8]

Alternatively, direct conversion of 5b into 4b is possible
through a concerted ene-like rearrangement (path b).[9] In
either mechanism, delivery of Hb should be facile because of
its proximity to C13, which results from the complete
selectivity of the Nazarov electrocyclization in which the
new cyclopentenyl ring is appended in an endo disposition.
This stereoselectivity is in accord with that seen in the silyl-
directed Nazarov reactions of 1a[4] and 1 f. The thermal
conversion of 4b into 3b most likely occurs by the prece-
dented homo-1,5-hydrogen shift or “enolene” rearrangement
of alkyl-substituted cyclopropyl ketones,[10] followed by
enol!keto tautomerization; notably, this thermal conversion
typically occurs at much higher temperatures. The ease with
which 4b undergoes rearrangement is likely to be a result of
the additional ring strain that resides in its polycyclic skeleton,
as compared with simpler cyclopropyl ketones. Given the

exclusive formation of 3c, dienone 1e is presumed to follow
an analogous mechanistic pathway.

In summary, a new class of novel and mechanistically
fascinating “interrupted” Nazarov reactions has been
observed. In these systems, a nonconjugated alkene held
near the dienone nucleus undergoes intramolecular trapping
of the Nazarov 2-oxidocyclopentenyl intermediate to yield a
strained polycyclic cyclopropyl ketone intermediate. This
process may occur by stepwise cation–olefin cyclization/
hydride transfer or by a direct ene-like mechanism. Involve-
ment of the alkene is possible because of the high diaster-
eoselectivity of the initial conrotatory electrocyclization. The
resulting cyclopropyl ketones undergo thermal opening to
provide the anomalous products 3. In systems that lack a low-
energy desilylative termination option, this transformation
occurs in high yield, thus providing convenient access to
elaborate polycyclic products of potential use in the con-
struction of naturally occurring taxane natural products and
their structural analogues. Further studies along these lines
will be reported in due course.

Scheme 4. Direct conversion of 1b and 1e into 3b and 3c, and forma-
tion of 2c by the silyl-directed Nazarov cyclization of 1 f.

Scheme 5. Proposed mechanisms for the formation 4b and 3b.
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Experimental Section
4b : Trienone 1b (912 mg, 2.90 mmol) was dissolved in CH2Cl2
(290 mL) in a 500-mL round-bottom flask under N2 and cooled to
0 8C. BF3·OEt2 (0.71 mL, 5.8 mmol) was added by syringe, and the
resulting yellow reaction mixture was stirred at 0 8C for 10 min. Water
(100 mL) was added, the phases were separated, and the aqueous
layer was extracted with CH2Cl2 (100 mL). The combined organic
layers were dried (MgSO4) and concentrated to furnish a solid
residue, which was purified by flash chromatography (silica gel,
gradient increasing from 15!20!25!30!35% EtOAc in hexanes)
to provide 4b as a tan solid (775 mg, 85%). M.p.: 98–101 8C; Rf= 0.31
(20% acetone/hexanes); IR (thin film): ñ= 1690 cm�1; 1H NMR
(500 MHz, CDCl3): d= 4.02–3.99 (m, 4H), 3.34 (brs, 1H), 2.66 (dd,
J= 18.6, 1.9 Hz, 1H), 2.54 (dd, J= 18.8, 1.8 Hz, 1H), 2.42–2.29 (m,
2H), 1.98 (s, 1H), 1.81 (dd, J= 6.5, 6.5 Hz, 1H), 1.78 (ddd, J= 14.8,
11.9, 4.6 Hz, 1H), 1.66–1.59 (m, 2H), 1.53 (ddd, J= 14.9, 12.0, 4.4 Hz,
1H), 1.45 (ddd, J= 8.3, 2.9, 2.9 Hz, 1H), 1.40–1.33 (m, 1H), 1.13 (s,
3H), 1.05 ppm (s, 3H), 0.90 (s, 3H); 13C NMR (125 MHz, CDCl3): d=
197.7, 163.7, 142.6, 108.4, 64.9, 64.8, 50.3, 49.8, 45.4, 45.1, 38.4, 37.8,
33.2, 30.9, 26.9, 23.6, 21.4 (2 overlapping C nuclei), 19.7, 18.6 ppm;
elemental analysis (%) calcd for C20H26O3: C 76.40, H 8.33; found: C
76.47, H 8.37.

3b : Trienone 1b was treated with BF3·OEt2 as described above
(on the same scale). The solid residue obtained after aqueous work up
was dissolved under N2 in absolute EtOH (70 mL), and the resulting
solution was heated to 75 8C for 3 h. The reaction mixture was cooled
and carefully concentrated under reduced pressure to leave a solid
residue, which was purified by flash chromatography (silica gel,
gradient increasing from 10!15!20!25!30!35% EtOAc in
hexanes) to furnish 3b as a white solid (775 mg, 85%). M.p.: 119–
120 8C; Rf= 0.24 (20% acetone/hexanes); IR (thin film): ñ= 1695,
1646 cm�1; 1H NMR (500 MHz, CDCl3): d= 4.66 (dd, J= 2.3, 2.3 Hz,
1H), 4.64 (dd, J= 2.1, 2.1 Hz, 1H), 4.01–4.00 (m, 4H), 3.40–3.37 (m,
1H), 3.21 (dd, J= 7.6, 7.6 Hz, 1H), 2.64 (d, J= 18.1 Hz, 1H), 2.53 (d,
J= 7.9 Hz, 1H), 2.51 (s, 1H), 2.37–2.30 (m, 1H), 2.28–2.21 (m, 1H),
2.03–1.96 (m, 1H), 1.85–1.68 (m, 5H), 1.46–1.39 (m, 1H), 1.09 (s, 3H),
0.93 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d= 207.8, 168.5,
147.1, 140.0, 110.2, 108.5, 64.9, 64.8, 54.4, 54.0, 50.0, 48.1, 43.3, 38.9,
30.8, 26.9, 26.7, 23.6, 23.2, 19.2 ppm; elemental analysis (%) calcd for
C20H26O3: C 76.40, H 8.33; found: C 76.11, H 8.35.
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The synthesis of transition-metal oxides with controlled
nanostructures, such as mesoporous solids, nanotubes, or
nanowires, is an important task because such nanostructuring
may have a profound influence on the properties of these
materials.[1–3] This includes nanostructured materials for
energy conversion and storage.[4] Soft templating routes
have been used to synthesize mesoporous transition-metal
compounds, for example, Nb2O5, TiO2, MnOx, and Fe2O3;
however, the materials often have poorly crystallized walls
and are thermally unstable, which limits their applications.[3,5]

The introduction of hard templating methods represents a
significant step forward in the synthesis of mesoporous
solids.[6,7] Solution-based precursors of the desired phase
may be loaded within the pores of a mesoporous silica, and,
after firing, the hard silica template may be removed to yield a
mesoporous compound with highly crystalline walls and good
thermal stability. Such nanocasting approaches have been
used to form several transition-metal oxides, for example,
Cr2O3, Fe2O3, MnOx, CeO2, Co3O4, and WO3.

[8–11] The nano-
casting method is, however, limited to the use of precursors
that do not react with the hard template and to compounds
that may be prepared within the temperature range over
which the silica template is stable. The former problem
renders it difficult to synthesize mesoporous oxides that
contain alkali metals. However, the synthesis of nanostruc-
tured oxides containing lithium is essential if such materials
are to be used as positive electrodes in rechargeable lithium
batteries, as the positive electrode is the only source of Li in
the cells (the negative electrode is graphite). Mesoporous
materials are attractive for electrodes because the controlled
and regular porosity permits intimate flooding of the electro-
lyte within the particles. Hard-templated materials permit the
formation of crystalline walls, which can be important in
promoting Li intercalation.

Herein, we describe the synthesis of nanowire and
mesoporous low-temperature LiCoO2 (LT-LiCoO2), a Li

intercalation compound, by the hard template route. The
synthesis involves, first, preparation of mesoporous or nano-
wire Co3O4, then, after template removal, reaction of Co3O4

with a lithium source whilst retaining the nanostructured
morphology. Hence, the lithium-containing compounds may
be prepared by avoiding reaction between the lithium
precursor and the silica template, which would occur if the
compounds were prepared directly. The formation of large
(�100 nm) nanowire arrays of high-temperature LiCoO2

within an anodic aluminum oxide membrane has been
reported, however, the template was only partially
removed.[12]

Two mesoporous silica compounds, SBA-15 and KIT-6,
were used as hard templates.[7, 13] The former contains parallel
cylindrical pores arranged with hexagonal symmetry (space
group P6mm). The latter has a three-dimensional cubic
arrangement of pores (space group Ia3d). Such pore struc-
tures yield nanowire and mesoporous morphologies, respec-
tively. The hard templates were impregnated with a solution
of cobalt nitrate in ethanol, calcined at 300 8C, impregnated
again to maximize pore filling, and heated at 500 8C, then the
silica templates were removed with aqueous HF. Analysis by
energy dispersive X-ray spectroscopy (EDX) and inductively
coupled plasma demonstrated that all the silica had been
removed. Flame emission and atomic absorption spectrom-
etry confirmed that the Li-to-Co mole ratios for nanowire and
mesoporous LT-LiCoO2 samples were 0.95:1.

The nanowire structure of Co3O4 arising from SBA-15 is
shown in Figure 1A and B. SBA-15 comprises short bridges
between the cylindrical pores and these serve to organize the
wires into parallel bundles.[9] Co3O4 formed from KIT-6 has a
cubic nanostructure replicating the pore structure of the
template (Figure 1C and D). Mesoporous Co3O4, with Ia3d
symmetry, was prepared for the first time very recently.[11] It

Figure 1. TEM images of Co3O4 nanowires A) perpendicular and
B) parallel to the wire axis. TEM images of mesoporous Co3O4 along
the C) [111] and D) [100] directions.
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was found necessary to functionalize the pores by attaching
vinyl groups to provide superior coordination of Co ions and
hence high loadings. As demonstrated here, this is not
essential.[10]

Nanowire and mesoporous LT-LiCoO2 samples were
prepared by reacting the respective nanostructured Co3O4

materials with LiOH at 400 8C for 1 h. LiCoO2 synthesized at
around 800 8C exhibits a layered a-NaFeO2 structure, whereas
synthesis at lower temperatures yields LT-LiCoO2 composed
predominantly of a spinel structure that contains additional
lithium, Li2Co2O4.

[14,15] LT-LiCoO2 was anticipated from the
temperature at which the synthesis was performed, and this
was verified by wide-angle powder X-ray diffraction (PXRD,
Figure 2A). Although the diffraction data for high-temper-

ature and low-temperature materials are similar, it is evident,
especially on examining the insets in Figure 2A, that the
material synthesized here is LT-LiCoO2. The use of temper-
atures that are sufficiently high to promote the formation of
HT-LiCoO2 resulted in a loss of the nanostructure.

The nanowire morphology of LT-LiCoO2 prepared from
SBA-15 is shown in Figure 3A–C. This morphology domi-
nates throughout the material. Although the wires are
continuous, close inspection of high-resolution transmission
electron microscopy (HR-TEM) data (Figure 3C) indicate

that they are composed of domains that are not structurally
coherent. This is different from the single-crystal-like nature
of the Co3O4 nanowires. However, importantly, the nanowire
morphology of the Co3O4 material has been maintained. By
TEM analysis, the diameter of LT-LiCoO2 wires is measured
as approximately 10 nm, only slightly larger than the value of
9.5 nm for Co3O4. Turning to mesoporous LT-LiCoO2 formed
from KIT-6, TEM data for this material are shown in
Figure 3D–F. It is clear that the cubic mesoporous morphol-
ogy of Co3O4 is maintained; the morphology extends
throughout the sample. The wall thickness of mesoporous
LT-LiCoO2 observed in the [111] direction is estimated from
the TEM data (Figure 3F) to be approximately 8.0 nm, which
is consistent with that for Co3O4 (7.8 nm). In contrast to
nanowire LT-LiCoO2, it is interesting that mesoporous LT-
LiCoO2 maintains a single-crystal-like structure; the HR-
TEM image (Figure 3F) indicates that the lattice fringes for
LT-LiCoO2 run in the same direction throughout the particle.
Further studies will be required to understand the mechanism
by which the single-crystal structure is maintained during
reaction with LiOH.

Figure 2. A) Wide-angle PXRD patterns: a) LT-LiCoO2 nanowires;
b) mesoporous LT-LiCoO2; c) bulk LT-LiCoO2; d) high-temperature
LiCoO2. The inset shows the expanded scale from 83–898. B) Low-
angle PXRD patterns: a) LT-LiCoO2 nanowires; b) Co3O4 nanowires;
c) mesoporous LT-LiCoO2; d) mesoporous Co3O4.

Figure 3. TEM images of LT-LiCoO2 nanowires A) perpendicular and
B) parallel to the wire axis, and C) high-resolution image of LT-LiCoO2

nanowires. TEM images of mesoporous LT-LiCoO2 along the E) [111]
and F) [531] directions, and G) high-resolution image of mesoporous
LT-LiCoO2.
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A comparison of Figures 1 and 3 reveals that the LT-
LiCoO2 nanowires are less ordered than the corresponding
Co3O4 nanowires. The loss of order between the wires in LT-
LiCoO2 may be a result of the breaking up of narrow bridges
on reaction with LiOH. Despite this, a lattice parameter a0 of
108 A may be estimated for the hexagonal (P6mm) meso-
structure. This is in reasonable agreement with the value of
117 A calculated from the low-angle PXRD pattern of the
Co3O4 nanowires. The low-angle PXRD pattern of nanowire
LT-LiCoO2 (Figure 2B, line a) does not show a well-defined
peak in the range 0.6–1.0 degrees because the nanowire
bundles are insufficiently well ordered (Figure 3A). In the
case of LT-LiCoO2 formed from KIT-6, a lattice parameter, a0

of 226 A may be extracted for the cubic structure from the
TEM data. This value is similar to the lattice parameter of
235 A calculated from the first peak in the low-angle PXRD
pattern of mesoporous LT-LiCoO2 (Figure 2B, line c). This
value is a little smaller than the parameter a0 for mesoporous
Co3O4 (241 A) calculated from Figure 2B, line d, and is due to
pore shrinkage accompanying the solid-state reaction.

N2 adsorption/desorption isotherms (Figure 4A, B) for
both forms of nanostructured LT-LiCoO2 show type IV

isotherms with an H1 hysteresis loop, which confirms the
mesoporosity. The specific surface areas of nanowire and
mesoporous LT-LiCoO2 estimated from the Brunauer–
Emmett–Teller (BET) method are 70 m2g�1 and 92 m2g�1,
respectively. In the case of the LT-LiCoO2 nanowires, the size
of the pores between the wires exhibits a wide distribution
(Figure 4C), indicating a disordered pore structure, which is
consistent with the absence of a low-angle PXRD peak
(Figure 2B, line a) and with the TEM images (Figure 3A, B);
the more-ordered Co3O4 nanowires show a narrow distribu-
tion around 3.8 nm (see Supporting Information). In the case
of mesoporous LT-LiCoO2, the pore size distribution (Fig-
ure 4D) is narrow with a peak at 3.67 nm, which is close to the
value for mesoporous Co3O4 (3.8 nm; see Supporting Infor-
mation).

The present communication concentrates on the synthesis
of LT-LiCoO2 with different nanoarchitectures. The electro-

chemical behavior of these Li intercalation materials and
their comparison with normal LT-LiCoO2 will be described in
a subsequent paper; however, some preliminary data are
presented here. The surface area of the normal LT-LiCoO2,
prepared by a solid-state reaction between CoCO3 and
Li2CO3 at 400 8C, was 42 m2g�1. The cells were first charged
to remove lithium from the electrodes. Figure 5 reports the

discharge capacity for the first and subsequent cycles, for
which cycling was carried out at a constant rate of 30 mAg�1

between potential limits of 3.0 Vand 4.2 V. The first discharge
capacity for mesoporous LT-LiCoO2 is some 20 mAhg�1

higher than that for the equivalent nanowire material. The
initial discharge capacity of normal LT-LiCoO2 lies between
the two nanostructured materials. The fade of discharge
capacity on cycling is the same for both nanostructured forms
of LT-LiCoO2, however, the fade is markedly less than that of
normal LT-LiCoO2. The capacity of the nanostructured
materials decreases by around 45% after 50 cycles whereas
this decrease is 75% for normal LT-LiCoO2.

In conclusion, it has been shown that lithium-containing
nanostructured materials may be prepared by a hard templat-
ing route, by first forming the transition-metal oxide and then
treating this with a lithium source, with preservation of the
nanostructure. Both one-dimensional nanowire LT-LiCoO2

(based on SBA-15) and three-dimensional mesoporous LT-
LiCoO2 (based on KIT-6) have been synthesized with highly
crystalline structures. Preliminary electrochemical data dem-
onstrate that the nanostructured materials exhibit superior
capacity retention on cycling compared with normal LT-
LiCoO2.

Experimental Section
The preparation of the mesoporous silicas, SBA-15 and KIT-6, has
been described previously.[7, 10,13] A typical synthesis of nanostructured
LT-LiCoO2 was as follows: Co(NO3)2·6H2O (98%, Aldrich; 1 g) was
dissolved in ethanol (20 mL) then mesoporous silica (2 g) was added.
After stirring at room temperature until all the solution had been
absorbed, the sample was heated slowly to 300 8C and calcined at that
temperature for 3 h. The impregnation procedure was repeated, and
the sample was then calcined at 500 8C for 3 h. The resulting sample

Figure 4. Nitrogen adsorption/desorption isotherms for A) nanowire
and B) mesoporous LT-LiCoO2. The inset shows the pore size distribu-
tions for C) nanowire and D) mesoporous LT-LiCoO2.

Figure 5. Discharge capacities for A) normal (~), B) nanowire (*), and
C) mesoporous (� ) forms of LT-LiCoO2.
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was treated twice with a 10% solution of HF in water to remove the
silica template, then washed with water and ethanol several times, and
then dried at 60 8C. 0.2 g of the as-prepared nanostructured Co3O4 was
mixed with excess LiOH·H2O (0.6 g) in ethanol (20 mL). The solvent
was removed by stirring overnight at room temperature, and the
mixture was calcined at 400 8C for 1 h. The final product was washed
with water and ethanol several times to remove the unreacted lithium
salt and then dried at 60 8C for 2 h. The materials were characterized
by TEM (Jeol JEM-2011), PXRD (Stoe STADI/P diffractometer
operating in transmission mode with FeKa1

radiation, l= 1.936 A),
low-angle XRD (Rigaku/MSC, D/max-rB with CuKa1 radiation, l=
1.541 A), and N2 adsorption (Hiden IGA porosimeter).

Electrochemical cells were constructed by mixing the active
material, Kynar 2801 (a copolymer based on polyvinylidene fluoride),
and Super P carbon in the weight ratio 80:10:10. The mixture was cast
onto Al foil from THF using a Doctor–Blade technique. After
evaporation of the solvent at 45 8C, the electrodes were assembled
into cells with a Li electrode and LP 30 electrolyte (Merck; 1m LiPF6

in 1:1 v/v EC:DMC, EC= ethylene carbonate, DMC=dimethyl
carbonate). The cells were constructed and handled in an Ar-filled
MBraun glovebox. Electrochemical measurements were carried out
using a Biologic MacPile II system.
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In the last decade, much attention has been focused on the
anions and dianions of siloles[1] and germoles,[1f, 2] which are
heavier congeners of the cyclopentadienyl anion.[3] The
degree of aromaticity of silolyl anions depends on the
substituent,[1b,f] while the germolyl anions do not show
aromaticity because the negative charge is localized on the
germanium atom.[1f, 2a,2c] In contrast, the negative charges in
the dianions of siloles and germoles are significantly delocal-
ized in the C4M (M= Si, Ge) ring and they were concluded to
be aromatic.[1d–f, 2b,2d,2e,4] The aromatic delocalization in these
dianions was evidenced by NMR studies, calculations, and X-
ray crystal structural analyses, which showed no alternation of
the C�C bonds within the ring. In contrast to the well-
investigated mono- and dianions of siloles and germoles,
neither mono- nor dianions of stannoles had been reported
before we undertook a study of such species a few years ago.
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In the course of our studies on the synthesis of tin-containing
aromatic compounds,[5] mono- and dianions of stannoles were
revealed as fascinating synthetic targets because these species
are potential intermediates for the synthesis of tin-containing
aromatic compounds. Recently, we reported the synthesis of
compound 1 by the reduction of bi(1,1’-pentaphenylstan-
nole)[6] or hexaphenylstannole with the concomitant forma-
tion of phenyllithium.[7] The dianion in 1 was characterized by
1H, 13C, and 119Sn NMR spectroscopy and chemical trapping
with methyl iodide. However, the formation of phenyllithium
prevented the isolation of 1 in a pure form as well as the
estimation of its aromaticity by using 7Li chemical shifts[4b,8]

because of the intermolecular exchange of lithium cations.
Herein, we report the isolation of compound 1 and the
crystallographic and theoretical studies of its aromaticity.

The reduction of hexaphenylstannole 2[9] with excess
lithium in ether at room temperature gave 1 and phenyl-
lithium. Refluxing the reaction mixture for 14 h completely
decomposed phenyllithium,[10] and 1was obtained as deep-red
crystals in 98% yield (Scheme 1).

The structure of 1 was determined by X-ray analysis. As
shown in Figure 1, two lithium atoms lie above and below the
stannole ring. Each lithium atom is coordinated to the
stannole ring in an h5 fashion and is also coordinated to an
ether molecule. Each unit molecule of 1 contains a benzene
molecule in a unit cell. h5-Bonded lithium atoms were also
found in the lithium salts of the dianions of tetraphenylger-

mole[2d] and tetramethylsilole.[1e,f] The C2�C3 bond signifi-
cantly shortens to 1.442(5) ; from 1.511(6) ; in 2.[9b] On the
contrary, the C1�C2 and C3�C4 bonds significantly lengthen
to 1.422(6) and 1.446(6) ;, respectively, from 1.352 ; in 2.[9b]

The stannole ring is almost planar and the C�C distances
within the ring are nearly equal, ranging from 1.422(6) to
1.446(6) ;, which suggests a considerable aromatic character
of dianion in 1.

To aid in understanding the structure of 1, the geometry of
unsolvated 1 was optimized with the hybrid density functional
theory at the B3LYP[11] level by using Huzinaga@s (433321/
43321/421; DZP) basis set and a polarization d function (x=
0.183) for Sn[12] and 6-31G(d) for C,[13, 14] H,[15] and Li.[14, 16,17]

Two different dilithio complexes were found to be minima
(Figure 2). One of these (1a), which corresponds closely to

the X-ray crystal structure, is of C2 symmetry with both
lithium atoms h5-coordinated to the aromatic ring. The other
structure (1b) is of C1 symmetry with one lithium atom
bonded to the tin atom and the other bonded in an h5 fashion
to the ring. The structure 1a was calculated to be more stable
than 1b by 20 kcalmol�1. The calculated C�C distances within
the ring of 1a are nearly equal (1.436 and 1.471 ;), which
suggests a considerable aromatic delocalization of the neg-
ative charges in 1a. The calculated structure of 1a is in good
agreement with the X-ray crystal structure of 1 (Figure 1).
According to the natural population analysis, the a carbon
atoms are considerably negatively charged (�0.713) in 1a.
This finding suggests the large contribution of a resonance
form with stannylene character, as indicated in dianions of
siloles and germoles, although the natural population analyses
of these dianions were not reported. The b carbon atoms are
also negatively charged (�0.273) in 1a, whereas the a

(�0.415) and b (�0.030) carbon atoms of 2 are less negatively
charged than those of 1a, which suggests a considerable
delocalization of negative charges into the stannole ring.

The NMR spectroscopic analysis of 1 was also carried out.
The 119Sn signal for 1 (d= 163.3) appeared at a lower field
than that for 2 (d=�88 ppm in CDCl3), which reflects the
strong contribution of a resonance form with stannylene
character in 1 consistent with the natural population analysis
of 1a. The central tin atom of the isolobal diaminostannylene
3 (Scheme2) is known to resonate at about d= 240 ppm.[18]

However, the 13C NMR signal assignable to the a carbon
atom in the five-membered ring (d= 187 ppm) was observed
at a lower field than that for 2 (d= 143 ppm in CDCl3). This
result is contrary to the low-frequency resonance predicted by
the natural population analysis and the major resonance
contribution. The signal arising from the b carbon atom in the

Scheme 1. Synthesis of stannole dianion 1 by the reduction of hexa-
phenylstannole 2.

Figure 1. ORTEP drawing of 1 with thermal ellipsoid plots (40% proba-
bility for non-hydrogen atoms). All hydrogen atoms and a benzene
molecule are omitted for clarity. Selected bond lengths [C] and angles
[8]: Sn1-C1 2.179(4), C1-C2 1.422(6), C2-C3 1.442(5), C3-C4 1.446(6),
C4-Sn1 2.133(4), Sn1-Li1 2.758(8), Sn1-Li2 2.769(8); C1-Sn1-C4
77.43(15).

Figure 2. Geometry optimization and relative energies of 1a and b.
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five-membered ring appeared at a higher field than that for 2
(d= 133 vs. 155 ppm).

The observed values of 1 are in good agreement with the
calculated values of d= 207 and 138 ppm, respectively
(Table 1).[19] The high-frequency resonance of the a carbon

atom could be explained by the paramagnetic contribution of
a tin–carbon bond.[20] The 7Li NMR signal attributable to 1
was observed at d=�4.36 ppm; the calculation predicted d=

�6.30 ppm (Table 1). This appreciable low-frequency reso-
nance is evidently caused by the strong shielding effect of the
diatropic ring current resulting from the 6p-electron system,
and hence the stannole dianion in 1 is concluded to have
considerable aromatic character.[4b,8]

The nucleus-independent chemical shift (NICS) value of
d=�5.96 ppm[19] calculated at 1.0 ; above the ring (non-
weighted mean of the heavy-atom coordinate) of non-lithium-
coordinated 4 also suggests that the stannole dianion in 1
should be aromatic (Table 2).[21] The origin of the aromaticity

of 1 could be reasonably interpreted in terms of the
delocalization of negative charges of the tin out-of-plane
p orbital into the LUMO of the butadiene moiety
(Figure 3).[22] However, the degree of aromaticity of 1 is
smaller than those of the germanium and silicon analogues,
judging from the NICS(1) values of non-lithium-coordinated
dianions 4–6 (Table 2).

In summary, the lithium salt 1 of a stannole dianion was
isolated and characterized by NMR and X-ray crystal
structural studies, and the related calculations were carried
out. The stannole dianion has a planar structure with almost
equal C�C distances within the ring, and hence the negative

charges considerably are delocalized in the ring. The strong
low-frequency resonance arising from the diatropic ring
current from the 6p-electron system was observed by
7Li NMR spectroscopy. Compound 1 is concluded to be the
first tin-containing carbocyclic aromatic compound.

Experimental Section
Synthesis of 1: Ether (10 mL) was added to a mixture of 2 (971 mg,
1.54 mmol) and lithium (103 mg, 14.8 mmol), and the resulting
suspension was refluxed for 17 h. Insoluble materials were removed
by filtration, and the filtrate was concentrated in a glove box. The
residue was washed with hexane to give 1 (741 mg, 98%); 1H NMR
(400 MHz, Et2O/C6D6): d= 6.61–6.68 (m, 4H), 6.75–6.82 (m, 12H),
6.88–6.93 ppm (m, 4H); 13C NMR (101 MHz, Et2O/C6D6): d= 121.90
(d), 124.09 (d), 127.17 (d), 127.21 (d), 128.43 (d), 132.64 (d), 133.46 (s,
J(Sn,C)= 29 Hz), 144.18 (s, J(Sn,C)= 14 Hz), 150.57 (s, J(Sn,C)=
34 Hz), 187.68 ppm (s, J(Sn,C)= 375, 393 Hz); 119Sn NMR
(149 MHz, Et2O/C6D6): d= 163.3 ppm; 7Li NMR (156 MHz, Et2O/
C6D6): d=�4.36 ppm. An elemental analysis and the measurement of
the melting point of 1 could not be carried out because of its
extremely high reactivity toward water.

Crystal data for 1: Crystals suitable for X-ray diffraction were
obtained by slow evaporation of the solvent from a solution of 1 in
ether performed in a glove box. The crystal was mounted in a glass
capillary. Data for the X-ray crystallographic analysis were collected
on Mac Science DIP3000 diffractometers with MoKa radiation (l=
0.71073 ;) at 298 K. The structure was solved by direct methods by
using SIR[23] and refined with full-matrix least-squares procedures on
F2 (SHELXL-97).[24] The non-hydrogen atoms were refined aniso-
tropically except for the disordered carbon atoms (see below), and all
the hydrogen atoms were placed at calculated positions (d(C-H)=
0.96 ;). Disorder around one of the ether molecules was found. The
occupancies of the disordered ether carbon atoms were fixed as
0.50:0.50 and the corresponding hydrogen atoms were not placed.
Formula C36H35Li2O2Sn, C6H6, Mr= 710.34, crystal dimension 0.40 I
0.40 I 0.20 mm3, triclinic, space group P1̄, Z= 2, a= 10.8280(6), b=
13.3290(7), c= 15.2920(10) ;, a= 104.449(3), b= 94.865(3), g=
113.249(3)8, V= 1921.6(2) ;3, 1calcd= 1.228 gcm�3, R1= 0.057 (I>
2s(I), 5247 reflections), wR2= 0.169 (for all reflections) for 6519
reflections and 423 parameters, GOF= 1.146. CCDC-271622 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.
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Scheme 2. Mesomeric forms of diaminostannylene 3.

Table 1: Calculated and measured chemical shifts for 1.

Ca Cb Li

Calculated 206.69 138.15 �6.30
Experimental 187.68 133.46 �4.36

Table 2: NICS(1) calculation for 4–6.

Compound NICS(1)/ppm

�5.96

�6.26

�6.30

Figure 3. Orbital correlation between butadiene and tin dianion
moieties.
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Tungsten Carbide Microspheres as a
Noble-Metal-Economic Electrocatalyst for
Methanol Oxidation**

Raman Ganesan and Jae Sung Lee*

Among various fuel cells, the direct methanol fuel cell
(DMFC) is suited for portable devices or transportation
applications owing to its high energy density at low operating
temperatures and the ease of handling a liquid fuel.[1]

However, the DMFC has some critical technical drawbacks
including the slow oxidation kinetics of methanol relative to
hydrogen in the polymer-electrolyte membrane fuel cell
(PEMFC). The reaction occurring at the anode of the
DMFC is the oxidation of methanol in the presence of
water to produce CO2, electrons, and protons [Eq. (1)].

CH3OHþH2O! CO2 þ 6Hþ þ 6 e� ð1Þ

Currently the most promising anode materials for the
DMFC are Pt–Ru bimetallic catalysts dispersed on carbon.
This catalyst is favored because of its high activity for
methanol oxidation and for water activation, which is critical
for the removal of strongly adsorbed CO formed during the
decomposition of methanol. However, it still requires high
loadings of these expensive noble metals, which makes the
cost of DMFC prohibitively high. Further, this catalyst system
is susceptible to CO poisoning.[2] Thus, in recent years there
has been considerable interest in replacing noble metals in
DMFC electrodes.[3]

Tungsten carbides have been studied extensively because
of their interesting chemical and physical properties.[4] The
carbides of Groups 4–6 (Ti–Cr groups) show catalytic proper-
ties similar to those of platinum group metals.[5,6] There have
been several attempts to utilize tungsten carbide as an
electrocatalyst because of its platinum-like catalytic behavior,
its stability in acid solutions at anodic potentials, and its
resistance to CO poisoning.[7] But when used for an anodic
material under DMFC conditions, tungsten carbide alone
showed low electrocatalytic activity although it showed
resistance to CO poisoning.[8] Recent surface-science studies
have demonstrated that the activity of tungsten carbide film

or carbon-modified W(111) or W(110) single-crystal surfaces
could be promoted by adding submonolayer coverages of
platinum.[9] Herein we report for the first time the synthesis of
W2C microspheres with high surface areas and chemisorption
capacity. The material when combined with platinum showed
very high activity for the electrooxidation of methanol
exceeding that of a commercial Pt–Ru catalyst with a higher
metal loading. Thus Pt/W2C microspheres could be a promis-
ing alternative anodic material for DMFC replacing ruthe-
nium entirely and saving substantial amount of platinum from
the current Pt–Ru electrodes. In addition, inorganic spheres
have tailored properties, low densities, higher surface areas,
and unique optical and surface properties, which are desired
for applications as catalysts, sensors, and fillers.[10]

We synthesized W2C microspheres by heating mixtures of
resorcinol–formaldehyde polymer (a carbon precursor) and
ammonium metatungstate salt (AMT) (a tungsten precursor).
In a typical synthesis, a mixture containing AMT, resorcinol,
formaldehyde, and water was mixed in a molar ratio of 8.1 <
10�4:1.1 < 10�2:2.2 < 10�2 :1.1 and heated under reflux at 367 K
for 24 h. The resulting gel was dried at room temperature then
heated at 1173 K for 1 h in an argon flow and 2 h in a
hydrogen flow (100 mLmin�1). The H2 treatment was to
remove the free carbon deposited on the W2C surface.[11] The
carbon microsphere was prepared in the same way without
AMT salt.

The typical X-ray diffraction (XRD) pattern of the
resulting W2C microspheres is shown in Figure 1. The

reflections of the microsphere correspond to W2C (hexago-
nal-close packed (hcp)) as the major phase and to WC (hcp)
and WC1�x (face-centered cubic (fcc)) as minor phases. The
formation of tungsten–carbide phases depends on heating
rate, temperature, and especially, the amount of carbon
present in the sample.[11–13] To study this phase variation, the
amount of AMT was varied from 4.1 < 10�4 mol to 16 < 10�4

mol in the polymer while keeping all others factors constant.
A phase transition was observed from W2C (with minor
amount of WC1�x) to pure WC (no other phases were present)
as the amount of AMT increased. But at higher amounts of
AMT, the surface area decreased and the spherical structure

Figure 1. XRD patterns of a) W2C microsphere, b) Pt–Ru/C- micro-
sphere, and c) Pt/W2C-microsphere. * W2C, ~WC, & WC1�x, O Pt.
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collapsed into bulk particles. The optimized molar ratio for
the spherical structure with a high surface area was the
composition specified above. Under these optimized condi-
tions, we observed W2C as the major phase with WC1�x and
WC as minor phases. There were no XRD peaks correspond-
ing to tungsten trioxide, metallic tungsten, and carbon
materials. Tungsten trioxide should be present as an amor-
phous phase because we observed the phase by X-ray
photoelectron spectroscopy (XPS). The XRD pattern of
carbon microspheres prepared without the tungsten salt AMT
indicated an amorphous nature and showed no peaks.

The BET surface area of the W2C microspheres was about
176 m2g�1 (compared to 635 m2g�1 for carbon microspheres).
The CO uptake was calculated from temperature-program-
med desorption (TPD) (see Supporting Information) by
referring the area under the CO mass signal (28) to the known
quantity of CO used. The CO uptake value (956 mmolg�1)
indicates that the number of CO molecules taken up
corresponds to 18.7% of the total number of tungsten
atoms in the sample. To our knowledge, these surface area
and CO uptake values are the highest reported for tungsten
carbide.[12, 13] Carbon microspheres prepared without the
tungsten salt AMT, and the commercial WC (Alfa-JM) did
not chemisorb CO molecules. XPS of the W4f doublet (4f5/2

and 4f7/2) showed peaks at 31.6 eV and 32.5 eV, arising from
the presence of tungsten carbide (see Supporting Informa-
tion).[14] Peaks observed at higher binding energies indicate
that a part of the tungsten is present as an oxide, which
probably arises from surface oxidation of W2C in air after
preparation.[15]

The microscopic images of carbon and W2C microspheres
are shown in Figure 2. Both microspheres showed uniform
morphology with diameters of 2–4 mm. The carbon micro-
spheres appear to act as a template for the formation of W2C
microspheres. The W2C microspheres were also observed
under a high-resolution transmission electron microscope
(HRTEM). As shown in Figure 2c, the microsphere appears
to be a collection of W2C nanoparticles wrapped with a
carbon-rich skin. The surface was fairly rough (Figure 2d).
The microspheres must be porous to give the high BET
surface area of 176 m2g�1. Furthermore, application of the
Debye–Scherrer equation to the XRD peaks shown in
Figure 1 gives a W2C crystal size of approximately 12 nm.
Energy dispersive X-ray spectroscopy (EDX) analysis of the
W2C microspheres showed that the surface was composed of
tungsten, carbon, and oxygen and gave a composition of
WCO0.06 (see Supporting Information). There is a 100%
excess of carbon over the stoichiometry of the observed main
phase of W2C. Thus, it appears that the microsphere is a
composite material made of W2C particles and carbon.

Platinum particles were supported on these W2C and Pt–
Ru particles on carbon microspheres by the conventional
borohydride reduction method.[16] The HRTEM images
(Figure 2e,f) show that the platinum particles are finely
dispersed on W2C microspheres but Ru–Pt alloy particles
form large aggregates on carbon microspheres. The average
platinum particle size is around 6 nm on W2C, which is in good
agreement with the value calculated from XRD (Figure 1)
using the Debye–Scherrer equation (6 nm for 7.5 wt% Pt on

W2C, 14 nm for 15 wt% Pt on W2C, and 14 nm for 20 wt%
Pt–Ru on carbon microspheres).

By using hydrogen adsorption–desorption methods in
conjunction with cyclic voltammetry the electrochemical
surface area (ESA) of platinum supported on various
catalysts was measured. As shown in Table 1, the ESA of
platinum supported on W2C is several-times higher than those
of Pt–Ru supported on carbon microspheres and commercial
(E-Teck) 20% Pt–Ru(1:1 atomic ratio)/Vulcan XC-72R
carbon. This result indicates that the platinum particles
were better dispersed on the W2C spheres than on the other

Figure 2. a) SEM image of carbon microspheres, b) SEM image of W2C
microspheres, c) HRTEM image of a W2C microsphere, d) HRTEM
image of the surface of a W2C microsphere, e) HRTEM image of a Pt–
Ru/carbon microsphere, f) HRTEM image of a Pt(7.5wt%)/W2C micro-
sphere.

Table 1: Electrocatalytic activity of various catalysts for methanol
oxidation.

Catalyst ESA[a]

[m2g�1 Pt]
Specific
activity[b]

Mass
activity[c]

W2C 0.0 0.0 0.0
7.5 wt% Pt/W2C 327 156 728
15 wt% Pt/W2C 189 224 560
11 wt%Pt–9 wt%Ru/Carbon
microsphere

58 87 280

13 wt%Pt–7 wt%Ru/VulcanXC-
72R[d]

71 114 307

[a] Electrochemical surface area. [b] At 0.75 V [mAcm�2] . [c] At
0.75 V [mAmg�1 Pt]. [d] Commercial E-Teck catalyst
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supports. This dispersion is reflected in the electrochemical
activity towards the oxidation of methanol (Table 1 and
Figure S4 in Supporting Information). The W2C microspheres
alone without platinum showed no activity. In contrast, both
7.5 wt% and 15 wt% Pt supported on W2C microspheres
show higher current density (taken at 0.75 V, after the cycle
was stabilized) than Pt–Ru supported on carbon microspheres
and a commercial 20% Pt–Ru E-Teck catalyst. The mass
activity of platinum (mAmg�1 of Pt taken at 0.75 V)
supported on W2C microspheres (7.5 wt% Pt) is higher by
factors of 2.6 and 2.4 than those of Pt–Ru/carbon micro-
spheres and the commercial E-Teck catalyst, respectively
(that is, a lower amount of platinum is required to generate
the same current. The mass activity of Pt/W2C was greater for
the lower platinum-loading electrocatalyst (7.5 wt% Pt versus
15 wt% Pt). These results clearly shows that platinum
dispersed on W2C microspheres provides much better uti-
lization of platinum than in the Pt–Ru/carbon catalysts and
that ruthenium could be entirely replaced.

There are several reasons why Pt/W2C-microsphere
catalyst performs better than the commercial catalyst even
with the smaller platinum loadings and in the absence of
ruthenium. The first is the ability of W2C to stabilize the high
dispersion of platinum relative to carbon supports as dis-
cussed above. Second, in the presence of platinum, W2C is
active in the electrochemical methanol oxidation and water
decomposition as discussed by Chen and co-workers.[9] The
formation of hydroxy groups from water activation is
essential for the removal of metal-poisoning CO from the
surface. This converion is the main role played by ruthenium
in conventional Pt–Ru catalysts and this role can be played by
W2C. Finally, W2C shows high CO resistance. The CO
desorption temperature for pure platinum is 460 K.[17] It
decreases to 420 K (Figure S1 in Supporting Information),
when the platinum is supported on W2C. This feature would
decrease the poisoning of the catalyst surface by CO and
increase the activity for electrooxidation of methanol.

The stability of the Pt/W2C-microsphere catalyst was
tested by repeating electrochemical reaction cycles in a 1m
H2SO4/1m CH3OH solution. As shown in Figure 3, the specific
activity as represented by the area of cyclovoltammogram

increased initially, but stabilized after around 30 cycles. We
believe that surface oxygen species formed on the catalyst are
removed during this transient period. Once a steady state is
established, there was no sign of deactivation during 100 con-
secutive reaction cycles.

In summary we have for the first time synthesized and
characterized W2C microspheres by a polymer method. A
new ruthenium-free electrocatalyst composed of platinum
supported on these microspheres shows higher activity for
electrochemical oxidation of methanol than a commercial Pt–
Ru/C catalyst by a factor of 2.4 (per mass of Pt). This activity
could be further increased with optimization of the platinum-
loading technique to deposit platinum particles smaller than
6 nm. Since the catalyst is also stable in electrochemical
environment, it could become a noble-metal-economic elec-
trocatalyst for DMFC and has the potential to replace current
Pt–Ru catalysts.

Experimental Section
Before TPD experiments, the catalysts were activated at 473 K in
hydrogen for 1 h. After cooling to room temperature the CO
chemisorption was carried out at room temperature for 1 h. Finally
CO was desorbed by heating from room temperature to 573 K in He
flow.

The working electrodes for the electrochemical measurements
were fabricated by dispersing the platinum supported catalysts in
1 mL of distilled water and 5 wt% Nafion (10mL). The dispersion was
ultrasonicated for 15 min. A known amount of suspension was added
on to the glassy carbon and the solvent was slowly evaporated. 5 wt%
Nafion (10mL) was added onto the coatings and the solvent was slowly
evaporated. Pt foil and Ag/AgCl/3m NaCl were used as counter and
reference electrodes, respectively. A solution of 1m H2SO4/1m
CH3OH was used for electrochemical studies using Princeton
Applied Research (PAR) voltammetry.
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Herein, we report the rapid synthesis of monodispersed
conducting solid microsilica spheres by hydrolyzing tetrame-
thylorthosilicate (TMOS) and tetraethylorthosilicate (TEOS)
in an ionic liquid, 1-butyl-3-methylimidazolium hexafluoro-
phosphate, at room temperature. We also report the effect of
varying experimental conditions such as the temperature and
pH of the solutions on the synthesis and morphology of the
silica spheres.

Metal oxide spheres have attracted much attention in
fields such as optical materials and catalysts, as well as other
nanotechnologies.[1–5] The sol–gel method is one of the most
useful means to prepare metal oxide spheres and small
particles with high densities.[6] St,ber et al. developed an
excellent method to prepare monodispersed silica spheres
from silicon alkoxides in alcoholic solutions.[7] This process
was extended to the preparation of various metal oxides such
as Al2O3, TiO2, and ZrO2.

[8–10] While the original St,ber
technique yields silica spheres with sizes in the range of 200–
700 nm, a modified St,ber method yields larger spheres of 1–
2 mm.[11] However, it is difficult to prepare monodispersed
silica spheres larger than 2 mm in alcoholic basic media at
room temperature,[7, 11] while the synthesis of silica spheres in
acidic media has been reported to produce spheres as well as
irregularly shaped particles of 10–60 mm in size.[12] Controlling
the size, shape, monodispersity, and yield of the desired
product has become a challenge for material chemists.
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Room-temperature ionic liquids (RTILs) have received
much attention as solvents, and significant progress has been
made in their applications to biphasic reactions, chemical
synthesis, electrochemistry, catalysis, polymerization, bioca-
talysis, liquid–liquid separations, extractions, dissolution,
biopolymer, molecular self-assembly, and interfacial synthe-
sis.[13, 14] Recently, an ionic liquid was used as both a solvent
and a template in the synthesis of zeolites.[15] Supermicropo-
rous lamellar and well-defined inverse opal microstructured
silicas have been prepared in ionic liquids, which serve as
templates.[16,17] Hollow TiO2 microspheres have been pre-
pared in ionic liquids, and it was reported that their size was
influenced by the rate of stirring and the reaction temper-
ature.[14] Elsewhere, mesoporous silica nanoparticles of var-
ious morphologies that contained an ionic liquid were used as
a controlled-release delivery nanodevice to discharge anti-
bacterial ionic liquids against Escherichia coli K12.[18]

Moreover, owing to their diverse electrochemical proper-
ties, ionic liquids have been used as electrolytes for electro-
chemical devices such as lithium secondary batteries, electric
double-layer capacitors, dye-sensitized solar cells, fuel cells,
and actuators.[19] Several important properties of ionic liquids
make them attractive substitutes for volatile organic sol-
vents.[20] The properties of RTILs can be controlled over a
wide range through variation of both the anion and cation as
well as the chain lengths of the substituent groups. An
increasing chain length in the cation alters the melting point
of the ionic liquids and increases their viscosity and hydro-
phobicity.[21] Varying the anion also affects the property of
ionic liquids; for example, salts based on the
tetrachloroaluminate(iii) anion are extremely water sensitive,
whereas those based on the hexafluorophosphate anion are
neutral and extremely hydrophobic.[22] Through careful
consideration of the conducting properties and hydrophobic-
ity of the ionic liquid, we chose 1-butyl-3-methylimidazolium
hexafluorophosphate, BMI+PF6

� , as the solvent for the
preparation of the silica spheres.

The hydrolysis of TMOS and TEOS in a fixed amount of
ionic liquid under different reaction conditions (temperature,
pH) were studied. The products were characterized by small-
angle X-ray diffraction (SAXRD), energy-dispersive X-ray
(EDX) spectroscopy, mass spectrometry, and Raman spec-
troscopy. An in-depth morphological study of the silica
spheres prepared under different conditions was carried out
by scanning electron microscopy (SEM), and the solid-state
nature of the silica spheres was confirmed from the micro-
tomed cross-section of the sample by transmission electron
microscopy (TEM).

SAXRD results revealed a lack of organization of the
pores for the as-prepared silica spheres, whereas some extent
of order could be observed in a sample that was calcined at
1000 8C. EDX spectroscopy showed the presence of phos-
phorus and chlorine from the encapsulation of the ionic
liquid, BMI+PF6

� , and aqueous HCl solution within the silica
spheres in the as-prepared sample, whereas their absence was
noted in the sample calcined at 1000 8C. Desorption chemical
ionization mass spectrometry indicated the presence of 1-
butyl-3-methylimidazole (BIM-H) in the sample, while the
Raman spectrum of the as-prepared silica spheres revealed

C�H stretching and ring-stretching vibration bands that
confirmed the presence of the entrapped ionic liquid as well
as O�H stretching bands from water molecules. The entrap-
ped ionic liquid remained intact in the silica spheres even
after several washings with acetone. TheD andG bands in the
Raman spectrum indicate the carbon content of the sample
annealed at about 1000 8C.

The size distribution of the microspheres was confirmed
by SEM, which revealed diameters in the range of 50–85 mm.
The surface area measured for the as-prepared sample was
3.17 m2g�1, while that for the calcined sample ranged from 8–
12 m2g�1, which is much higher than reported values.[12] The
increase in surface area is a result of the evaporation or
decomposition of the entrapped molecules of water and ionic
liquid inside the silica spheres; upon removal of the entrapped
species, empty pores are left behind. Thermogravimetric
analysis of the silica spheres showed a weight loss of about
9.6% at 150 8C due to the removal of water, whereas a weight
loss of 17% at 550 8Cwas attributed to the decomposition and
removal of the entrapped ionic liquid, as confirmed by Raman
spectroscopy.

The proposed mechanism for the formation of the differ-
ent morphologies of the spheres is shown in Figure 1. As a

result of the hydrophobicity of the ionic liquid, microsized
droplets of aqueous HCl solution are formed under vigorous
stirring. Molecules of the silica precursor (TMOS, TEOS)
enter these aqueous acidic microdroplets and are hydrolyzed,
leading to the formation of microspheres. Aggregated and
overgrown dimeric silica spheres also result from the above
mechanism, as hydrolysis of the silica precursor takes place
inside two attached microdroplets of water.

The formation of silica spheres with rough surfaces
(Figure 1a) depends on the reaction time and the temper-
ature. With a longer reaction time, microdroplets of water
adhere to the fully grown silica spheres and the silica

Figure 1. Schematic representation for the formation of different mor-
phologies of silica spheres under different experimental conditions.
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precursor is hydrolyzed in those microdroplets to yield a
rough surface, as depicted in Figure 2. Changes in the reaction
time, the pH of the aqueous solution, the temperature, and
the hydrophobicity of the ionic liquid (all under stirring) have

an important effect on the preparation and the peripheral
morphology of the silica microspheres. By decreasing the
reaction time (Figure 1b,c), silica spheres with smoother
surfaces were obtained as shown in Figures 3 and 4.

It was observed that the pH of the acidic solutions as well
the temperature affect the rate of hydrolysis. Reactions were
carried out at pH 1–2 (0.25–0.01m HCl) at room temperature
and at 50 8C under vigorous stirring. Under similar reaction

conditions (room temperature, 0.1m HCl, 30 minutes), a clear
solution was observed for the TEOS precursor whereas silica
spheres formed in the case of TMOS which suggests that the
rate of hydrolysis of TMOS is faster than that of TEOS. This
difference in rate was also confirmed upon hydrolysis of
TMOS at room temperature with 0.01m HCl for 30 minutes
by which smooth silica spheres were obtained; under the same
reaction conditions with TEOS, a clear solution was obtained.
Thus, variation of the reaction conditions leads to the
formation of different morphologies of silica.

To determine whether the silica spheres were hollow or
solid we microtomed the products, and studied the cross-
section of a sample (Figure 5). The TEM image shows a
smooth outer layer and small particles arranged inside to form
a solid microsilica sphere.

Control hydrolysis reactions (1 h) in the absence of ionic
liquids were also carried out to study the morphology of the
hydrolyzed products of TMOS (0.5 mL) and TEOS (0.5 mL)
with aqueous HCl solution (0.25m) under vigorous stirring at
room temperature as well as at 50 8C. Clear solutions were
observed for the reactions performed at room temperature,
but silica gels were observed at 50 8C, which suggests that the
ionic liquid accelerates the rate of reaction at room temper-
ature and plays an essential role in the formation of the
spheres. A second control reaction (1 h) in the presence of the
ionic liquid but in the absence of aqueous HCl solution was
performed to study the morphology of the hydrolysis products
of TMOS (0.5 mL) and TEOS (0.5 mL) under vigorous
stirring at 50 8C. In both cases, dustlike particles (1-micron
particles as well as aggregates) were observed. These results
demonstrate that in the presence of aqueous HCl solutions,
the dustlike particles play a significant role by functioning as
seeds for the formation of fully grown silica spheres. These
dustlike silica particles tested positive for antibacterial
activity (E. coli, Gram-negative). Reactions carried out for
shorter periods of time and in the absence of aqueous HCl
solution resulted in clear mixtures, which substantiate the
roles of the acidic solution and the reaction time. The above
findings demonstrate the necessity of the ionic liquid and the
aqueous HCl solution under vigorous stirring in order to
develop silica microspheres.

Figure 2. Silica spheres with rough surfaces as synthesized from
TMOS at 50 8C for 1 h in aqueous HCl solution (0.25m).

Figure 3. Silica spheres with a dotted morphology as synthesized from
TMOS at 50 8C for 1 h in aqueous HCl solution (0.1m).

Figure 4. Silica spheres with smooth morphology as synthesized from
TMOS at 50 8C for 5 min in aqueous HCl solution (0.25m).

Figure 5. TEM image of the cross-section of single silica spheres.
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It is known that silica acts as an insulator and that the
conducting properties of silica can be improved through
doping with electrolytes.[23] Interestingly, with our synthetic
route to the silica microspheres, the entrapped molecules of
the ionic liquid induce their conducting properties at room
temperature.[24] The bulk conductivity as determined by
impedance measurements for pristine 1-butyl-3-methylimi-
dazolium hexafluorophosphate BIM+PF6

� is reported as 3.8 D
10�2 Scm2mol�1.[19] The conductivity of the silica spheres was
also measured by the impedance method over the frequency
range 5–50 kHz at room temperature and 60 8C. The con-
ductivities observed at 5 kHz at different time intervals are
7.87 D 10�6, 8.50 D 10�6 (72 h), and 9.83 D 10�6 Scm�2 (144 h) at
room temperature. The conductivity decreased after 192 h to
6.77 D 10�6 Scm�2. Thus, the presence of entrapped ionic
liquid and water were needed to improve the conductive
properties of our synthesized silica spheres. The observed
increase in the conductivity with increasing time was due to
adsorption of water molecules on the silica.[25] The conduc-
tivity was found to increase with an increase in temperature,
with values of 8.14 D 10�6 (194 h) and 9.76 D 10�6 Scm�2

(216 h) measured at 60 8C. These results are interpreted as a
result of the increased mobility of entrapped molecules of the
ionic liquid.[24]

The conductivity of the silica spheres will hopefully gain
importance for their applicability in electrochemistry and
sensors.[26a–c] The conductivity is most probably due to a
special oriented alignment of the molecules of ionic liquid
along the surface. A detailed study of the conductivity of an
individual silica sphere is in progress and will be reported
soon. The current process for the synthesis of silica spheres in
an ionic liquid has opened new directions and opportunities to
explore their application in several fields, however more
research has to be carried out to address the challenges that
remain and to explore the importance of ionic liquids in other
fields.

Experimental Section
In a typical synthesis, TMOS (0.5 mL, 0.516 g, 3.38 mmol; Aldrich
Chemical Co, 99%) and BMI+PF6

� (3 g, 0.01 mol; Aldrich Chemical
Co., 96%; density= 1.37 gcm�3) were stirred in a 15-mL teflon vessel
for 1 min at room temperature to form a homogeneous transparent
solution. Then, 0.01m aq. HCl (0.25 mL) was added under stirring.
(Milli-Q water was used to prepare the acid solution and a 0.2-mm
Whatman Anotop 25 filter was used for filtration). The reaction
mixture was stirred vigorously at room temperature for 30 min and
then quenched by the addition of acetone. The white spheres were
separated by centrifuging at 9000 rpm for 10 min, and the product was
washed with acetone several times to remove excess ionic liquid, then
centrifuged at 9000 rpm for 10 min, and dried under vacuum for 24 h.
The size of the silica spheres obtained ranged from 50 to 85 mm.
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Most Kekul
 hydrocarbons, which are characterized by a
closed-shell electron configuration, accommodate their
p electrons only in bonding orbitals and consequently are
quite stable. In general, such stable Kekul
 compounds have
wide HOMO–LUMO gaps, and their electronic structures in
the ground state can be well described by a single electron
configuration 1F0. In contrast, some Kekul
 compounds, such
as quinoid hydrocarbons, have a relatively small HOMO–
LUMO gap, which leads to an admixture of a doubly excited
configuration 1FH,H!L,L into the ground configuration

1F0 in
the description of the ground state.[1a] As a result of this
configuration mixing, the repulsion between the two electrons
is taken into consideration and the two electrons with
antiparallel spins are permitted to correlate in separate
spaces. This electron correlation diminishes the bond cova-
lency and increases the biradical character of the system.

The quinoidal Kekul
 hydrocarbons are highly reactive
and easily dimerize or polymerize at normal temperature.[2]

Such behavior is strongly reminiscent of radical reactivity.
Related interesting reactivity has been observed for pleia-
dene, which dimerizes readily even at 110 K through a two-
step cycloaddition or a symmetry-forbidden [4s+ 4s] con-
certed process.[1] The latter process is predicted to be related
to the 1FH,H!L,L configuration. The biradical-like reactivity
implies strong intermolecular interactions in the ground state,
which would be a most remarkable feature for singlet
biradical compounds. However, great difficulties are encoun-
tered in estimating the intermolecular interaction due to the
instability. Although kinetically stabilized singlet biradicals
such as Chichibabin1s hydrocarbon have been isolated and
characterized, sterically crowded structures mask the effec-
tive intermolecular p–p interactions.[3] To estimate the inter-
molecular interactions, thermodynamic stabilization of the
singlet biradicals would be required instead of kinetic
stabilization. One of the most effective means of thermody-
namic stabilization is delocalization of unpaired electrons.
Herein, we focus on phenalenyl radical as a highly spin-
delocalized molecule (Scheme 1). The radical is known to be

persistent, and many related compounds have been isolated.[4]

We report the synthesis and isolation of a singlet biradical
utilizing the highly spin delocalizing property of the phen-
alenyl radical. Furthermore, we present the intermolecular
interaction and solid-state properties of a delocalized singlet
biradical.[5]

For the purpose of estimating the intermolecular inter-
action, we focused on a closed-shell conjugated system that
contains the phenalenyl radical structure.[6] Hydrocarbon 1a
consists of p-quinodimethane and two phenalenyl moieties.[7]

The quinoid Kekul
 compound 1a would resonate well with
biradical structure 1a’ as a result of gaining the aromatization
energy of the central six-membered ring (Scheme 2). The
unpaired electrons emerging on the terminal carbon atoms of
the p-quinodimethane moiety can delocalize on the phen-
alenyl rings (structure 1a’’). This consideration of resonance

Scheme 1. Spin delocalization of phenalenyl radical.

Scheme 2. Resonance structures of 1.
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structures leads to the conclusion that 1a would be a
thermodynamically stabilized singlet biradical. Quantum
chemical calculations on 1a strongly support the biradical
character. A CASSCF(2,2)/6-31G//RB3LYP/6-31G** calcu-
lation gave an admixture of 15% of the doubly excited
configuration 1FH,H!L,L into the singlet ground state. A
broken-symmetry UB3LYP/6-31G** calculation also gave a
similar biradical character; the natural orbital occupation
number (NOON)[8] of the LUMO was 0.37, and the spin
contamination hS2i= 0.65 (see Supporting Information).
Thus, the singlet biradical character of 1a is estimated to be
30–37%.
The synthetic procedure for the diphenyl derivative 1b is

shown in Scheme 3. The key intermediates 4 were obtained as
a mixture of 3,10- and 3,11-dimethyl isomers by Diels–Alder
reaction between 2 and 3 followed by decarbonylation and
dehydration with p-chloranil. Individual isomers were not
isolated for further transformations because the two isomers
can lead to a single compound 1b. Bis(propionic acid)
derivatives 7 were obtained in three steps. Intramolecular
Friedel–Crafts cyclization of the acyl chloride of 7 with AlCl3
gave diketone 8, which was reduced and subsequently

dehydrated to afford dihydro compound 10. Dehydrogen-
ation of 10 with p-chloranil provided the target compound 1b
as dark green plates. Compound 1b was found to be stable in
the solid state at room temperature, even in air.
As mentioned above, a small HOMO–LUMO gap is an

essential factor for a singlet biradical electronic structure. The
small HOMO–LUMO gap of 1b was confirmed by electro-
chemical and optical methods. The cyclic voltammogram of
1b gave an irreversible oxidation wave (Eoxpa=++ 0.08 V vs
ferrocene/ferrocenyl couple (Fc/Fc+)) and a quasi-reversible
reduction wave (Ered1=2=�1.07 V vs Fc/Fc+), which led to an
electrochemical energy gap (HOMO–LUMO gap) of approx-
imately 1.1 eV. The electronic absorption spectrum of 1b in
CH2Cl2 showed an intense low-energy band at 746 nm (e=
178000, f= 0.649). An INDO/S configuration interaction (CI)
calculation suggested that the low-energy band could be
assigned to a symmetry-allowed B3u HOMO–LUMO tran-
sition. These findings indicate an optical energy gap of
1.66 eV for 1b. The small HOMO–LUMO gap is ascribable to
the nonbonding character of the frontier orbitals, as shown in
Figure 1. The frontier orbitals of 1a retain the nonbonding

character of the singly occupied molecular orbital (SOMO) of
the phenalenyl radical. The most important feature is a quite
large spatial overlap between HOMO and LUMO. The large
spatial overlap and small energy gap are responsible for the
admixture of a doubly excited configuration into the ground
state, that is, a singlet biradical character.[9]

Recrystallization of 1b from a solution in chlorobenzene
gave relatively large single crystals (1 I 0.3 I 0.2 mm3), includ-
ing chlorobenzene molecules of solvation, which were ana-
lyzed by X-ray diffraction. As shown in Figure 2, 1b forms
one-dimensional (1D) chains with a slipped stacking arrange-
ment and an average p–p distance of 3.137 K,[10] which is
substantially shorter than the van der Waals contact of carbon
atoms (3.4 K). The p–p overlap was found only on phenalenyl
moieties in the same arrangement as that of the phenalenyl
radical dimer.[4a] The staggered stacking of the radical dimer
maximizes the SOMO–SOMO interaction between radicals,
and the overlap of SOMOs is one of the crucial attractive
bonding interactions.[11] The dominant attractive force for 1b
would originate from the bonding interaction between the
unpaired electrons that appear in the singlet biradical canon-
ical structure 1b’’, in addition to a general attractive
dispersion force. In the valence bond description, the
interaction of the two unpaired electrons could be repre-

Scheme 3. Synthesis of 1b. a) Xylene, reflux, 83%; b) NBS, benzoyl
peroxide (cat.), benzene, reflux, 99%; c) CH3COOtBu, LDA, THF,
�78!�30 8C, 66%; d) p-toluenesulfonic acid (cat.), benzene, reflux,
98%; e) 1) (COCl)2, reflux; 2) AlCl3, CH2Cl2, �78!�30 8C, 88%;
f) NaBH4, EtOH+CH2Cl2, room temperature, 95%; g) p-toluene-
sulfonic acid (cat.), benzene, reflux, 89%; h) p-chloranil, benzene,
reflux, 99%. NBS=N-bromosuccinimide, LDA= lithium diisopropyl-
amide.

Figure 1. The HOMO and LUMO of 1a, and the SOMO of the phen-
alenyl radical.
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sented by the resonance between intra- and intermolecular
interaction, as shown schematically in Scheme 4. Thus, a
strong intermolecular covalent character is a characteristic

feature of singlet biradicals. A restricted Hartree–Fock
(RHF) plus CI method is useful for understanding the
intermolecular covalency. For simplicity, the following dis-
cussion focuses on a dimer of 1b, which is the smallest unit of
the 1D chain. As described above, 1b has a biradicaloid
ground state with 15% of the doubly excited configuration as
a result of the configuration interaction between HOMO and
LUMO. The interaction between the partially occupied
HOMOs would lead to the partially occupied “HOMO” of
the dimer (1.4e), as shown in Figure 3. The partial occupancy
suppresses a four-electron repulsion generally arising from

the interaction between fully occupied orbitals. The LUMO–
LUMO interaction would also contribute to stabilization of
the system, because a newly formed “LUMO” of the dimer,
which is more strongly stabilized than the original LUMO,
can accommodate 0.6 electrons.[12] The presence of the well-
stabilized intermolecular orbitals would indicate intermolec-
ular covalency.
The electrical conductivity of a compressed pellet of

doubly recrystallized 1b was measured by a two-probe
method. The room-temperature conductivity was 1.0 I
10�5 Scm�1 with an activation energy of 0.3 eV at 200–300 K
(see Supporting Information). The conductivity of a single
crystal along the stacking direction (b axis) was slightly larger
(5.0 I 10�5 Scm�1 at room temperature) than that of the
powdered sample. To the best of our knowledge, 1b shows the
best single-component conductivity among structurally well-
defined hydrocarbon molecules in a neutral state.[13] To
estimate the electronic structure in the solid state, we
performed band-structure calculations using extended
HNckel theory (EHT) on the crystal structure of 1b.[14] The
dispersions of valence and conduction bands were found to be
substantial (0.54 and 0.51 eV, respectively) along the p–
p stacking direction (Y), whereas only slight dispersions were
seen along X (Figure 4).[15] The dispersion along Z (0,0,1/2)
should be very small as a result of the presence of
chlorobenzene of solvation and bulky phenyl groups of 1b.
Thus, the single crystal of 1b has an ideal 1D electronic
structure with large bandwidths in both HOMO and LUMO,
which might lead to ambipolar field-effect transistor (FET)
properties.[16] The large bandwidths are ascribed to the short
p–p distance (due to the singlet biradical electronic structure)
and efficient HOMO–HOMO and LUMO–LUMO ovarlap
(due to a p-overlap arrangement similar to the SOMO–
SOMO overlap of the phenalenyl radical dimer).
Solid 1b gave an extraordinary lower energy shift in the

optical spectrum compared to the solution spectrum
(Figure 5). The optical conductivity spectra were obtained
by Kramers–Kronig transformation of the reflection spectra.
Polarization of light along the stacking direction (b axis) on
the (001) face gave an intense peak at 6804 cm�1 (f= 1.9),
whereas no distinct conductivity was recognized below
13000 cm�1 along the a axis. The oscillator strength along
the b axis is almost three times larger than that of the intense

Figure 2. Crystal structure of 1b. Hydrogen atoms and the solvated
chlorobenzene molecule are omitted for clarity.

Scheme 4. Resonance structures of intra- and intermolecular interac-
tions of two unpaired electrons in the 1D chain. Wavy lines denote
electron–electron interactions. In parentheses: best descriptions of the
electronic structure in each resonance state.

Figure 3. Schematic drawing of the molecular orbital interaction of
dimeric 1a through the doubly excited configuration 1FH,H!L,L .
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absorption at 746 nm (13400 cm�1) in solution; that is, the
intense band at 6804 cm�1 is derived from the lower energy
shift of the HOMO–LUMO transition of the monomer due to
the intermolecular interactions. The J-type stacking of the 1D
chain of 1b seems to imply that the traditional transition
dipole–dipole interaction (exciton resonance) is responsible
for the lower energy shift. At short intermolecular distances,
however, an electron-exchange interaction (charge reso-
nance, i.e., intermolecular HOMO–LUMO transition)
becomes important for intermolecular interactions.[17] Of
course, the exchange mechanism requires adequate orbital
overlap. The orbital overlap between the HOMO and LUMO
of solid 1b is almost identical to the SOMO–SOMO overlap
of the phenalenyl radical dimer, and consequently a large
overlap integral is expected. Thus, the origin of the lower
energy shift should be the configuration interaction between
the exciton resonance and the charge resonance states.
Finally, we describe thermal excitation to a triplet state of

1b. The weak intramolecular coupling between two unpaired

electrons leads to a decreased singlet–triplet energy gap
(DES-T). The

1H NMR spectrum of 1b exhibited severe line
broadening of ring protons except for those of phenyl groups
at room temperature. On cooling, progressive line sharpening
was observed (see Supporting Information). Similar results
have been obtained for a tetra-tert-butyl derivative of 1a,
which had a DES-T value of 20.4 kJmol

�1 based on solid-state
ESR measurements.[18] Equilibrium with the thermally acces-
sible triplet state would cause line broadening of the NMR
signals for 1b. Magnetic measurements on 1b showed a
gradual increase of cT values above 200 K (see Supporting
Information). Using the Bleaney–Bowers equation[19] in the
singlet–triplet model gave an estimated DES-T value of 2200 K
(18 kJmol�1), which is in good agreement with the result of
the ESR measurement.
In conclusion, we have successfully isolated and charac-

terized a biradicaloid hydrocarbon with moderate singlet
biradical character. In contrast to most closed-shell com-

pounds, the singlet biradical compound
shows strong inter- and intramolecular inter-
actions between two unpaired electrons.
Such intermolecular covalency causes sub-
stantially close p–p contact, and conse-
quently wide valence and conduction bands
are established. Thus, phenalenyl-based sin-
glet biradicals will open up a new avenue for
highly delocalized 1D electronic structures.

Experimental Section
The detailed synthetic procedure for 1b is de-
scribed in the Supporting Information.

Crystal data for 1b : C56H34Cl2, Mr= 777.73,
monoclinic, space group P21/a (no. 14), a=
16.382(14), b= 9.869(8), c= 24.09(2) K, b=

97.065(2)8, V= 3865(5) K3, Z= 4, m(MoKa)=
0.209 cm�1, 1calcd= 1.337 gcm

�3, R1(wR2)= 0.0691
(0.1868) for 523 parameters and 6604 unique
reflections with I> 2s(I), GOF= 1.135. Data
were collected on Rigaku/MSC Mercury CCD
diffractometer (MoKa radiation, l= 0.71069 K) at
200 K. The structure was solved by direct methods

and refined with full-matrix least-squares techniques (teXsan).
CCDC 275077 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.
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Like carbon, the element boron in combination with hydro-
gen displays rich catenation chemistry.[1] In contrast to carbon,
its structural chemistry must reflect a more complex elec-
tronic structure which is associated with having to satisfy the
same number of valence functions as carbon with one less
electron per atom.[2] Hence, one fascinating aspect of metal-
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laborane chemistry is that several classic organometallic
complexes that defined fundamental structural and bonding
paradigms for the field are mimicked by isoelectronic metal-
laborane analogues.[3] In most cases, the geometric structures
can be generated by simply replacing C with B plus B-H-B
bridging hydrogen atoms and/or net charge to match the
valence electron count. Thus, for analogues of polyhapto
p complexes[4] there are: [(CO)4Fe(h

2-C2H4)] versus
[{(CO)4Fe}B2H5]

� ;[5] [(PR3)ClPd(h
3-C3H5)] versus

[{(PR3)2Pd}B3H7];
[6] [(h5-C5H5)Co(h

4-C4H4)] versus [{(h5-
C5H5)Co}B4H8];

[7] and [(h5-C5H5)Fe(h
5-C5H5)] versus [{(h5-

C5H5)Fe}B5H10]
[8] (Scheme 1).

Related are polyhapto organic ligands capable of binding
two metal centers. In these complexes the metal–metal
interactions are of significant interest particularly when
mixed-valence organometallic complexes may be formed.[9]

In particular, the chemistry of dinuclear metal complexes of
pentalene, C8H6, (Scheme 2) has been developed extensively

because the strength of the electronic coupling between the
two metal centers can be larger than that found in cationic
Werner complexes such as the Creutz–Taube ion.[10–12] Herein,
we present the synthesis and characterization of borane
analogues of [Cp*Ru(pentalene)RuCp*]0,+ (Cp*= h5-C5Me5)
where the monocation is a mixed-valence complex.

Recently we have shown that the reaction of
[(Cp*Ru)2B3H9] with BH3·THF leads to metallaboranes
containing six, eight, and ten boron atoms.[13,14] The ten
boron atom cluster has two colorless isomeric forms, one with
an exo-cluster borane atom on a Ru2B9 cluster framework.
This species was shown to be an intermediate on the path to

the second isomer which has a Ru2B10 cluster framework.
Given the importance of this isomer pair in defining the broad
mechanistic outlines of the cluster-building process, we have
investigated this system more extensively for the presence of
additional colorless products that may be intermediates in the
cluster-building process. This approach has led to the isolation
of [(1-Cp*Ru)B5H10] (1; in which the Cp*Ru fragment
occupies the 1-position of the BH cage) and [(Cp*Ru)B8H14-
(RuCp*)] (2). Metallabarane 2 converts into the isomer pair
[(Cp*Ru)2B10H16]

[14] on heating in the presence of BH3·THF
showing that it is indeed another intermediate in the cluster-
building process.

Although separated initially from the other reaction
products as a mixture, both 1 and 2 are insensitive to air
and moisture and can be separated by careful thin-layer
chromatography on the laboratory bench by using UV light
for detection. Mass spectrometric data for 1 yield the
composition C10H25RuB5 which suggests a molecular formu-
lation of Cp*RuB5H10. In addition to 15 Cp* protons, the
1H NMR spectrum of 1 shows one resonance at d= 2.71 ppm
arising from five terminal hydrogen atoms and one resonance
at d=�4.05 ppm for five bridging hydrogen atoms. In the
11B NMR spectrum of 1, the high symmetry is confirmed by
the observation of a single doublet at d=�0.6 ppm which
collapses to a sharp singlet upon proton decoupling. No
suitable crystals for structure determination were obtained
but, given the similarity of the spectroscopic data to those of
[(CpFe)B5H10] (Scheme 1),[8] 1 is proposed to be 1-ruthena-
hexaborane, a borane analogue of ruthenacene.

The mass spectroscopic data for 2 showed a molecular
formula two mass units higher than that of red
[(Cp*Ru)2B8H12], a compound which has structure based on

a B10H14 skeleton which has undergone one dia-
mond-square-diamond (dsd) rearrangement associ-
ated with its low formal skeletal electron pair (sep)
count of 12 (Scheme 2).[13] With 13 sep does 2 have
the structure of [(Cp*Ru)2B8H14] but without the
dsd rearrangement? In fact, the three resonances in
the intensity ratio 2:2:4 found in the 11B NMR
spectrum would be consistent with such a structure if
the metals occupied the 2,4-positions. However, the
six terminal and eight B-H-B bridging hydrogen
atoms suggested by the 1H NMR spectrum are not
consistent with this cluster shape and heating 2 in the
absence of BH3·THF did not produce
[(Cp*Ru)2B8H14].

A solid-state structure determination of 2
(Scheme 2 and Figure 1)[15] revealed an unexpected geometry.
It could be viewed as two ruthenaborane cages of 1, fused in a
transoid fashion with two common boron atoms, to give a
planar B8 fragment, and eight B-H-B bridges on the eight
available edges. It is, in fact, a structure analogous to those of
isoelectronic dinuclear pentalene complexes [Cp*M-
(C8H6)MCp*], M=Fe, Ru (Scheme 2).[10, 16] In 2 the ruthe-
nium atoms are bonded symmetrically to the Cp* ligands
(Ru�C 2.04 F av) but the binding to the five-membered
boron rings is not quite symmetric (Ru�B 2.15 F av versus
Ru�BH 2.10 F av). This asymmetry is also found in structures
of dinuclear pentalene complexes.[10]

Scheme 1. A selection of metallaboranes with borane fragments that
are analogous to p ligands in organometallic complexes. Cp=h5-C5H5.

Scheme 2. Schematic drawings of the structures of polyhedral [(Cp*Ru)2B8H12],
pentalene analogue 2, and [Cp*Ru(pentalene)RuCp*].
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There is another known ruthenaborane related to both 1
and 2. It has the formula Cp*2Ru3B8H20 and a structure
corresponding to commo-[{1-(Cp*Ru)(m-H)B4H9}2Ru] as
shown in Scheme 3.[17] Viewed as a pair of fused pentagonal
pyramidal clusters with one common atom, it is a structural
variation on 2. But a relationship to 1 follows from the retro
isolobal synthesis shown in Scheme 3 based on the following
connections: {Cp*Ru}+H is equivalent to BH; {1-
(Cp*Ru)B5H10} is an analogue of ruthenacene; and {2-

(Cp*Ru)B5H10} is an accessible isomer of {1-(Cp*Ru)B5H10}.
Hence, although the production of the pentalene analogue 2
from a ruthenaborane cluster and its conversion into a larger
ruthenaborane cluster may seem bizarre, the analysis in
Scheme 3 is a reminder that forms analogous to organome-
tallic complexes are just one structural guise available to
chameleonic metallaboranes.

In addition to conceptual connections to pentalene
dinuclear complexes, there are real chemical connections to
2. In its cyclic voltammogram, [Cp*Ru(C8H6)RuCp*] exhibits
one reversible oxidation wave and an irreversible wave at
0.29 V higher potential.[10] The irreversible behavior is
attributed to the oxidation reaction of the Cp* ligand and is
analogous to the behavior of [Cp*2Ru] on oxidation.[18]

Likewise 2 exhibits two successive one-electron oxidations
separated by approximately 0.8 V. The first redox event 20/2+

is quasireversible, but the second oxidation 2+/22+ is not
reversible as shown by the lack of a return wave. The larger
DE observed for 2 compared to the pentalene analogue may
result from a stronger interaction between the metal centers
as well as more extensive delocalization in the mixed-valence
2+ form.[19] If so, the greater delocalization found for the
borane analogue of [Cp*Ru(C8H6)RuCp*]+ is consistent with
a better match of frontier-orbital energies of the borane and
ruthenium fragment energies than of the pentalene and
ruthenium fragment energies.

The B8H14 fragment of 2 is a true analogue of the h5-h5-
pentalene ligand. However, comparison with two related
ruthenaboranes both containing eight boron atoms,
[(Cp*Ru)2B8H14] and commo-[{1-(Cp*Ru)(m-H)B4H9}2Ru],
reveals once more the versatility of the boron/hydrogen
element combination in accommodating the electronic
requirements of a set of metal fragments.

Experimental Section
1 and 2 : [(Cp*Ru)2B3H9] (0.19 g, 0.369 mmol) in toluene (25 mL) was
stirred with 10 equivalent of BH3·THF (3.7 mL, 3.69 mmol) for 20 h
at 100 8C. The solvent was removed in vacuo; the residue was
extracted in hexane/CH2Cl2, (2:8, v/v) and the filtrate was purified
by chromatography on silicagel TLC plates. Elution with pure hexane
yielded 1 (0.004 g, 4%) and 2 (0.05 g, 26%).

Selected data for 1: MS (FAB) P+(max) 293 (isotopic pattern for
1Ru and 5B atoms), exact mass; calcd for [C10H24B5Ru]+ fragment ion
as weighted average of isotopomers lying within the instrument
resolution 302.1465, obsd 302.1483. 11B NMR (C6D6, 22 8C, 128 MHz):
d=�0.6 ppm (d, JB-H= 151 Hz, 5B); 1H NMR (C6D6, 22 8C,
400 MHz): d= 2.71 (partially collapsed quartet (pcq), 5BHt), 1.80
(s, 15H, Cp*), �4.05 ppm (br, 5B-H-B); IR (hexane): ñ= 2502w,
2428w cm�1 (B-Ht). Several attempts to grow X-ray quality crystals of
1 failed. All attempts generated very thin hair-like crystals that gave
data sets with no viable solution.

Selected data for 2 : MS (FAB) P+(max) 567 (isotopic pattern for
2Ru and 8B atoms), exact mass; calcd for [C20H36B8Ru2]

+ fragment
ion as weighted average of isotopomers lying within the instrument
resolution 569.1727, obsd 569.1702; 11B NMR (C6D6, 22 8C,
128 MHz): d= 11.2 (d, JB-H= 147 Hz, 2B), �0.7 (d, JB-H= 143 Hz,
2B-Ht), �3.1 ppm (d, JB-H= 148 Hz, 4B-Ht); 1H NMR (C6D6, 22 8C,
400 MHz): d= 3.03 (pcq, 4BHt), 2.41 (pcq, 2BHt), 1.68 (s, 30H,
2Cp*), 0.02 (pcq, 4B-H-B); �4.44 ppm (pcq, 4B-H-B); IR (hexane):
ñ= 2508 w, 2478w cm�1 (B-Ht); elemental analysis calcd (%) for
C20H44B8Ru2, C 41.91, H. 7.74; found: C 40.95, H 7.42.

Figure 1. X-ray structure of 2. Selected interatomic distances [?] and
angles [8]: Ru1-B1 2.1115(10), Ru1-B2 2.1076(10), Ru1-B3 2.1067(10),
Ru1-B4 2.1491(9), B1-B2 1.8204(15), B2-B3 1.8233(15), B3-B4
1.8274(14), B1a-B4 1.8232(14), B1-B4a 1.8232(14), B4-B4a 1.8198(18);
B2-Ru1-B1 51.12(4), B2-Ru1-B4 85.39(4), B3-Ru1-B4a 88.55(4), B2-B1-
B4a 104.84(7), Ru1-B4-Ru1a 129.94(4), B3-B4-Ru1a 136.54(6), B4a-B4-
B3 109.22(8), B1a-B4-B3 141.75(7).

Scheme 3. A retro-isolobal analysis showing the relationship between
ruthenacene analogue 1, and the commo-cluster [Cp*2Ru3B8H20].
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The cyclic voltammetry of 2 was carried out in CH2Cl2/toluene
(8.5:1.5 v/v) as scan rates of 50–100 mVs�1 using a Pt working
electrode, Pt plate counter electrode, and Pt wire pseudo reference
electrode, and 0.1m Bu4NPF6 as supporting electrolyte. Under these
conditions the ferrocene/ferrocenium ion couple appears at 0.46 V.
For a scan from�0.8 to 0.6 Vat 50 mVs�1, the 20/2+ couple is found at
0.17 V (E1/2= 0.258, 0.085 V) and in a scan from �0.2 to 1.2 V at
50 mVs�1, the difference in the half wave potentials for 20!2+ and
2+!22+ is 0.76 V.
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The Hierarchical Architecture of Nacre and Its
Mimetic Material**

Yuya Oaki and Hiroaki Imai*

Biominerals fascinate many researchers because of their
seemingly well-designed morphologies and hierarchical struc-
tures, which provide versatile properties.[1–4] The architecture
emerging from self-organization under ambient conditions
provides a sophisticated model for materials science. The
design of nanostructured materials with tailored morpholo-
gies, such as particles, rods, wires, tubes, and sheets, has
attracted much interest because of their potential as func-
tional materials. Controlled assembly into a three-dimen-
sional architecture is an important challenge in the broad
application of these materials.

Living organisms make up hierarchically organized mate-
rials through self-organization from precursors in aqueous
solution, and scientists have developed various biomimetic
techniques to prepare and organize building blocks.[5, 6] It is
believed that an exquisite association of organic and inorganic
compounds is required for the construction of bioinorganic
superstructures; therefore, understanding the roles of macro-
molecules in the biomineralization process is a significant
challenge in biomimetic materials chemistry. Recent findings,
for example, the discovery of calcitic microlenses in brittle-
stars,[2] chiral morphologies with stereochemical recogni-
tion,[3] and the handedness of a snail-s shell,[4] bring out
hidden elaborate structures and properties of biominerals.

The nacreous layer (mother-of-pearl) has attracted the
interest of researchers in a broad range of chemistry
disciplines,[7–25] especially in terms of its detailed struc-
ture,[10,13,14] defects in different scales,[10] incorporated macro-
molecules,[15,16] mechanical strength,[17, 18] formation mecha-
nisms,[19,20] and mimetics.[21–25] The macroscopic assembly and
orientation of aragonite plates, 200–600-nm thick, has been
well investigated.[7–11] Although the presence of nanoscopic
surface roughness and nanograins was implied in microscopic
units reported previously,[13,14,18] morphology and orientation
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of the subunits were not clearly demonstrated. The emergent
function resulting from an aragonite–biopolymer nanohybrid
has never been investigated. An understanding of the real
hierarchically organized structure in biominerals is required
to advance to the next stage of chemistry, biology, and
materials science.

In this study, we show that the nacreous layer is a three-
level hierarchical architecture associated with two forms of
oriented assembly (Figure 1). Electron microscope analysis
determined the morphology of the nanobuilding blocks and
their oriented assembly into platy units. Storage, an additional
nanoscopic function leading to the incorporation of versatile
organic dye molecules, is attributed to the aragonite–bio-
polymer nanohybrid. Our results are beneficial to the under-
standing of the overall architecture in the nacreous layer from
the nanoscopic to the macroscopic scale. In addition, we
demonstrate herein that an organized architecture similar to a
real nacreous layer emerged from potassium sulfate (K2SO4)
in the presence of poly(acrylic acid) (PAA; Figure 2).

Although the formation of mother-of-pearl requires
several macromolecules, the two roles of PAA make up the
mimetic architecture through oriented assembly. The K2SO4–
PAA composite also generates nanostorage for the inclusion
of organic dye molecules, as is the case with the nacreous
layer. To gain a more comprehensive understanding of the
superstructures, we show the detailed structures of two
hierarchical architectures that have “nanostorage” properties
and discuss the mutual growth process associated with the two
respective roles of each polymer. The results imply that the
manipulation of crystals and polymers could lead to a novel
type of excellent inorganic–organic hybrid composites under
ambient conditions.

We investigated the nacreous layer (Japanese pearl
oyster: Pinctada fucata and its artificially induced pearl) by
using field-emission scanning electron microscopy (FESEM),
field-emission transmission electron microscopy (FETEM)
with selected-area electron diffraction (SAED), and powder
X-ray diffraction (XRD). In previous studies,[13,14] special
techniques were used for FESEM and FETEM. In this study,
fractured samples were used for the investigation of the actual
nanoscopic structures and morphologies.[26]

As shown in Figure 1a–h, mother-of-pearl has a hierarch-
ical structure, with tiers 1–3 mediating the oriented assembly
in two ways. As previously reported,[7–12] the layered structure
(tier 1, Figure 1a,d) consists of aragonite plates (tier 2,
Figure 1b,e) that are about 1–5-mm wide and 200–700-nm
thick. The magnified FESEM image (Figure 1b) clearly
indicates the presence of smaller components in each
aragonite plate. We took an FETEM image of such a
nanobuilding block, which had the pseudohexagonal habit
of aragonite (tier 3, Figure 1c,f). The appearance of the
nanobuilding blocks was neither attributable to the sample
preparation process nor to radiation damage arising from
FETEM as preceding FESEM clearly showed the presence of
nanobuilding blocks in a plate (see Supporting Information).
The high-resolution image on the fringe of the nanobuilding
block shows a lattice spacing of 0.423 nm, which corresponds
to the (110) plane of aragonite (see Supporting Information).
The lengths of the nanobuilding blocks were in the range of

20–180 nm, whereas the nanobuilding blocks in the mother-
of-pearl shell of the oyster were smaller (see Supporting
Information).

Oriented assembly mediated the formation of the hier-
archical architecture. We consider the layered structure of
mother-of-pearl (tier 1) to be an oriented assembly of the
aragonite units (tier 2) along the c axis (Figure 1d), although
the orientation of the a and b axes in a layer remains unclear.
The mineral-bridges model of SchCffer et al. implies that the a
and b axes should be perfectly oriented in all the layers in
tier 1.[19,20] However, DaiMasi and Sarikaya recently reported
dark-field TEM images showing that the a and b axes were
not perfectly aligned in all the layers.[11] Our XRD analysis
indicates that the layers are perpendicular to the c axis
(Supporting Information). Consequently, the oriented assem-
bly of the plates (tier 2) in the c axis make up the layered
structure (tier 1). A single unit (tier 2) is also an oriented
assembly of nanobuilding blocks (tier 3). The SAED pattern
of the fragment of a unit is spotted, which indicates that the
inside of a unit is a highly aligned assembly of nanobuilding
blocks (Figure 1 g). Aggregations of the nanobuilding blocks

Figure 1. Hierarchically organized structure of the nacreous layer.
a,b) FESEM and c) FETEM images of tiers 1–3; d–f) schematic repre-
sentations of tiers 1–3; g, h) FETEM images with an SAED pattern indi-
cating that the oriented assembly of the nanobuilding blocks make up
a unit; i) photoluminescence spectra of comminuted powder of the
nacreous layer (A) and with incorporation of EY (B), RB (C), and PY
(D) with excitation at 290 nm; j,k) FETEM and corresponding EFTEM
mapping image of the aragonite–biopolymer composite with the incor-
poration of EY. The bromine substituent in the EY molecule was
mapped by using an energy-filtering technique.
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that exhibit a hexagonal habit are commonly observed and
are roughly arranged in the same direction (Figure 1 h). The
peak broadening due to the crystallite-size effect is not
recognizable in the XRD profiles of the powdered sample
(Supporting Information). These results support the idea that
the nanobuilding blocks (tier 3) generate a unit (tier 2) with
oriented assembly. This concept has been implied in previous
reports,[13,14] but the presence of nanobuilding blocks and their
assembly were unclear.

Powdered samples of the nacreous layer were immersed in
ethanol solutions of organic dyes for one day. Anionic dyes,
eosin Y (EY) and rhodamine B (RB), and a hydrophobic dye,
pyrene (PY), were introduced into samples of the aragonite–
biopolymer composite (see Supporting Information). The
resulting powders were washed with acetone and dried at
room temperature. Photoluminescence spectroscopy revealed
an emission from each of the included dye molecules upon
excitation with UV light (Figure 1 i, white arrows); these
spectra show that the aragonite–biopolymer composite incor-
porated not only hydrophilic but also hydrophobic dyes, such
as PY. The luminescence of the aragonite–biopolymer
composite was blue, as previously reported (spectrum A,
Figure 1 i).[25] The aragonite–biopolymers with EY, RB, and
PY incorporated gave strong orange, yellow, and blue
luminescence, respectively (spectra B–D, Figure 1 i), which
suggests that the EY molecules formed a J aggregate[27] and
the PY molecules were included as a monomer,[28] whereas
the inclusion of the RB molecules is unclear.

The incorporation of dye molecules suggests that an
additional nanoscopic function resides in the aragonite–
biopolymer composite. To investigate the dispersion and
inclusion behavior of the EY molecules, we next performed
FETEM with energy-filtered mapping (EFTEM) and elec-
tron energy-loss spectroscopy (EELS). The bromine substitu-
ents in the EY molecules were apparent in the EELS spectra
(see Supporting Information) and EFTEM images (Fig-
ure 1 j,k). The images suggest that the EY molecules were
homogeneously dispersed and incorporated into the aragon-
ite–biopolymer composite on a nanoscopic scale. In the case
of RB and PY, similar homogeneous incorporation leads to a
strong emission. These results indicate that the aragonite–
biopolymer composite behaves as a host for organic mole-
cules. We have called this property “nanostorage”.

We found that a nacre-mimetic architecture with hier-
archy and nanostorage was formed spontaneously from a
precursor solution containing K2SO4 and PAAunder ambient
conditions (Figure 2). Herein, we clarify the structural
analogy between the K2SO4–PAA composite and natural
mother-of-pearl. The layered morphology of the prepared
material is composed of platy units (tier 1, Figure 2a,d) that
are about 0.5–1.0-mm thick (tier 2, Figure 2b,e). The layered
architecture (tier 1) is an oriented assembly of smaller units
(tier 2) along the b axis (Figure 2d,e); the top face of the
layered structure and the unit were inferred to be the (010)
face through XRD and SAED analyses. The a and c axes also
align in the layered structure in tier 1, as was the case in our
previous study.[29] Further FETEM observation shows that
nanobuilding blocks 20 nm in diameter (tier 3, Figure 2c,f)
made up a unit (tier 2, Figure 2b,e). FESEM and FETEM

images show that the inside of a unit is an aggregate of
nanobuilding blocks (Figure 2g,h). The corresponding SAED
pattern is spotted, which results from the oriented assembly of
nanobuilding blocks (inset of Figure 2 h). Because peak
broadening was not recognizable in the XRD profile of the
powdered sample (Supporting Information), we concluded
that the unit, like the nacreous layer, is an oriented assembly
of nanobuilding blocks.

Dye molecules were homogeneously introduced by two
methods. In the first method, EY and RB molecules were
dissolved in the precursor solution and incorporated into a
sample of the K2SO4–PAA composite as the crystals grew. In
the second method, the resultant K2SO4–PAA composite was
immersed in an ethanol solution of EY, RB, or PY. Photo-
luminescence spectra of samples with PY incorporated by the
second method, EY incorporated by the first method, and RB
also incorporated by the first method are given in Figure 2 i.
On the basis of a comparison of these spectra with previously
reported ones,[27,30] we surmise that EY and RB molecules
organize into a J aggregate within the K2SO4–PAA compo-

Figure 2. Hierarchically organized structure on a K2SO4–PAA compo-
site. a,b) FESEM and c) FETEM images of tiers 1–3; d–f) schematic
representations of tiers 1–3; g,h) FESEM and EFTEM images with an
SAED pattern indicating that the oriented assembly of the nanobuild-
ing blocks make up a unit; i) photoluminescence spectra of the nacre-
ous layer with the inclusion of RB (A), EY (B), and PY (C) with excita-
tion at 290 nm; j, k) FETEM and corresponding EFTEM mapping
image of the K2SO4–PAA composite with the incorporation of EY, simi-
lar to those of the nacreous layer shown in Figure 1.
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sites (spectra A and B, Figure 2 i). The incorporated PY
molecules exhibit monomer and excimer emissions around
392 and 466 nm, respectively (spectrum C, Figure 2 i).[28]

Results obtained by FETEM, EFTEM, and EELS also
suggest the homogeneous incorporation of EY molecules on
a nanoscopic scale (Figure 2 j,k and Supporting Information).
Therefore, we concluded that, as in the case of the nacreous
layer, the K2SO4–PAA composite has nanostorage properties.

The mutual growth process associated with the organic
polymers lies in the hierarchical structures. Two types of
polymers (types I and II) are required for the construction of
these architectures (Figure 3a). Soluble and insoluble organic

molecules that are incorporated into the nacreous layer play
the two respective roles in the mineralization process.[8–12, 15,16]

Since chitin and hydrophobic proteins (type I) form the
layered sheets,[19,20] a unit eventually forms that inhibits
further growth. The next layer is induced by the formation of
a mineral bridge through a small pore in the sheets
(Figure 3b).[19,20] The soluble acid proteins (type II) that
consist of amino acids with carboxy and hydroxy groups
strongly interact with carbonate crystals and produce mini-
aturized nanobuilding blocks, which have controlled poly-
morphism and orientation (Figure 3a,c). The nacre-mimetic
K2SO4–PAA architecture is similarily caused by the two
respective roles of the PAA molecules.[29] The strongly
interacting PAA molecules (type II) form the nanobuilding
blocks and direct the oriented assembly in tiers 2 and 3. The
excess PAA molecules (type I) concurrently limit the diffu-
sion of K+ and SO4

2� ions and inhibit further growth, so a
platy unit is eventually formed (Figure 3b). However, growth
is not perfectly inhibited by the PAA molecules. After the
concentrations of K+ and SO4

2� ions recover around the
surface of a platy unit, the next layer is mediated through the

formation of a mineral bridge. The mineral bridge can be seen
in the magnified FESEM image.[31]

In this way, the macroscopic periodic architecture is
ascribed to the repetition of growth inhibition and subsequent
restarting of the growth process. Switching between the two
growth modes results in the generation of platy units and their
layered assembly in tiers 1 and 2. An increase in the initial
PAA concentration strongly affects the assembly of the units
(tier 1),[29] whereas the morphologies in the nanoscopic
architectures in tiers 2 and 3 are not much influenced. These
results support the two roles played by the PAA molecules in
the mineralization process. Nanostorage for organic mole-
cules is generated by electrostatic interactions between the
crystals and type II polymer because the carbon main chains
not related to any interaction with crystals provide an
appropriate nanoscopic environment (Figure 3c). The emer-
gence of a hierarchical architecture associated with the
respective roles of polymers can be summarized as follows:
type I polymer generates the miniaturized nanobuilding
blocks, which strongly interact with the crystals, and subse-
quently mediates the oriented assembly in a platy unit. Since
the consecutive growth is inhibited by type II polymer, a
layered assembly is eventually produced through the forma-
tion of a mineral bridge. These two types of polymers are
combined in the crystal-growth process of real mother-of-
pearl and its mimetic material. Moreover, the hierarchy in a
bioinorganic superstructure emerges from the two types of
polymers that fulfill the respective roles in the mineralization
process.

In summary, we have elucidated the hierarchical archi-
tecture in nacre and identified its ability to host organic
molecules, which we have termed “nanostorage”. A nacre-
mimetic architecture in terms of hierarchy, oriented assembly,
and nanostorage has been generated through biomimetic
crystallization of K2SO4 and PAA. This model case suggests
that a hierarchy similar to that of nacre can be induced
through an appropriate combination of inorganic crystals and
organic polymers. The specific interaction of the two compo-
nents generates the nanoscopic architecture, and the switch-
ing between the modes of growth leads to the formation of
macroscopic structure. Furthermore, an improved under-
standing of real and mimetic biominerals holds promise for
the further development of chemical, biological, and materi-
als sciences.

Experimental Section
Nacreous layer: Samples of nacre comminuted by mortar were used
without further washing. For the incorporation of organic dyes,
nacreous powder (0.03 g) was immersed in an ethanolic solution of
RB (0.2 mm), EY (0.2 mm), or PY (10 mm). The reaction mixture was
subjected to ultrasound for 30 min, then left at 25 8C for 24 h. The
resulting powder was isolated by centrifugation and washed with
acetone.

K2SO4–PAA composite: A stock solution (100 gdm�3) of K2SO4

(Kanto Chemical, 99.0%) was prepared with purified water
(0.01 dm3) at room temperature. An aqueous solution of PAA
(Aldrich Chemicals, 35 wt% aqueous solution, M̄w= 250000) was
added to the stock solution and the PAA concentration was adjusted
to 10 gdm�3.[29] After these materials had completely dissolved, the

Figure 3. Schematic illustration of the mutual formation process for
both the nacreous layer and the K2SO4–PAA composite. a) Overview of
the architectures associated with polymers I and II; b) the role of poly-
mer I: growth inhibition and subsequent promotion through the for-
mation of a mineral bridge by polymer II; c) the role of polymer II: the
control of polymorphism, crystal size, and incorporation of organic
molecules (nanostorage).

Communications

6574 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6571 –6575

http://www.angewandte.org


sample bottle of the precursor solution was maintained at 25 8C for
several days without sealing. Crystal growth proceeded as water
evaporated from the solution. The soluble dye molecules EYand RB
were preliminarily dissolved in the stock solution and the concen-
tration was adjusted to 0.2 mm. Introduction of PY was carried out by
the same method as that described for the nacreous layer.

Characterization: The morphologies were observed by FESEM
(FEI Sirion, operating at 2.0 kV) and FETEM (FEI Tecnai F20,
equipped with an energy filter (Gatan Imaging Filter), operating at
200 kV). The samples for FESEM were coated by ultrathin osmium
films (plasma osmium coater, HPC-1S, Vacuum Device). For
FETEM, the powder samples were added in dehydrated ethanol or
purified water and subjected to ultrasound for 30 min to ensure a
good dispersion. The dispersion liquid was dropped on a cupper grid.
XRD was performed by using an X-ray powder diffractometer with
CuKa radiation (XRD, Rigaku RAD-C, 2q/q scanning). The photo-
luminescence spectra were measured at room temperature by using a
Shimadzu RF-5300PC spectrofluorophotometer with a xenon lamp
(150 W) as the light source.
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Catalytic Enantioselective Friedel–Crafts
Alkylation of Indoles with Nitroalkenes by Using
a Simple Thiourea Organocatalyst**
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The addition of aromatic substrates to electron-deficient
alkenes, which in many respects may be considered a Friedel–
Crafts type alkylation, is a key reaction in synthetic organic
chemistry for the formation of new C�C bonds.[1] Catalytic,
enantioselective versions of this fundamental transformation
have been reported,[2] which use metal-based chiral complex
catalysts[3] or an imidazolidinone organocatalyst.[4] Both
catalysts are capable of activating a,b-unsaturated carbonyl
compounds, through a Lewis acid/Lewis base interaction with
the carbonyl moiety in the former case, or through the
formation of an iminium ion intermediate in the latter case. In
sharp contrast with these remarkable achievements in the
enantioselective Friedel–Crafts alkylation of aromatic sub-
strates with a,b-unsaturated carbonyl compounds, to the best
of our knowledge there are no reports in which nitroalkenes
are employed. Nevertheless nitroalkenes are very attractive
Michael acceptors,[5] since the nitro moiety is a strong
electron-withdrawing group[6] that can be readily transformed
into a range of different functionalities.[7]

The double hydrogen-bonding motif is becoming a power-
ful tool in organocatalysis for the activation of carbonyl
groups and related compounds through weak hydrogen-bond
interactions.[8] Considering the various molecular scaffolds
that have proved effective as bidentate hydrogen-bond
donors, urea- and thiourea-derived catalysts are certainly
amongst the most competent structures,[9] and these are useful

for many enantioselective transformations.[10] Accordingly, we
have recently reported[11] the Friedel–Crafts alkylation of
aromatic and heteroaromatic compounds with nitroalkenes,
which are activated by the bidentate hydrogen-bonding motif
present in the bis[3,5-bis(trifluoromethyl)phenyl]thiourea
first developed by Schreiner for the Diels–Alder reaction.[9b,c]

Herein we present our results on the use of simply
obtainable thiourea organocatalysts for the first catalytic
enantioselective Friedel–Crafts alkylation of indoles 2 with
nitroalkenes 3 (Scheme 1). The indole skeleton is considered

to be one of the “privileged” structures in pharmaceutical
chemistry,[4b,12] and the present method provides an easy and
practical access to optically active 2-indolyl-1-nitro deriva-
tives 4. Taking into consideration the synthetic versatility of
the nitro group, these compounds are useful intermediates for
the synthesis of molecules of biological interest, such as
tryptamines[13] and 1,2,3,4-tetrahydro-b-carbolines,[14] con-
taining the indole framework in their structures.

The addition of indole 2a to trans-b-nitrostyrene 3a was
used as the test reaction to explore the feasibility of the
enantioselective Friedel–Crafts alkylation of indoles with
nitroalkenes catalyzed by chiral thiourea- and urea-based
derivatives. Besides the known C2-symmetric bis-thiourea
1a,[10c] we prepared and screened catalysts 1b–e, which were
easily obtained in one step and in nearly quantitative yields
from the coupling reaction between 3,5-bis(trifluoromethyl)-
phenyl isothiocyanate or isocyanate and the corresponding
amino alcohols, both of which are commercially available. All

four thiourea-based organocatalysts 1a–d were able to
increase the reactivity of trans-b-nitrostyrene 3a in the
Friedel–Crafts alkylation reaction with indole 2a, performed
at room temperature in toluene (Table 1, entries 2–5), with

Scheme 1. Addition of indole 2 to trans-b-nitrostyrene 3 to give access
to optically active 2-indolyl-1-nitro derivatives 4.
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respect to the noncatalyzed reaction
(Table 1, entry 1). However, only catalyst
1d, obtained from 3,5-bis(trifluoromethyl)-
phenyl isothiocyanate and (1R,2S)-cis-1-
amino-2-indanol, showed a moderate yet
promising asymmetric induction, as the
product 4a was produced in 35% ee
(Table 1, entry 5). Catalyst 1d was also the
most active in terms of conversion, the
reaction being complete in less than 60 h; as
predicted,[9c] the corresponding urea deriv-
ative 1e gave much poorer conversion and
lower enantioselectivity (Table 1, entry 6).
We found that ethereal solvents such as
THF had a negative influence on the
activity of the catalyst 1d (Table 1,
entry 7), whereas the use of CH2Cl2 led to
a slight improvement in the enantioselec-
tivity, giving 4a in 48% ee (Table 1, entry 8).
Finally, we were pleased to find that cooling
the reaction mixture to �24 8C had a
remarkable positive effect on the enantio-
selectivity; the product 4awas obtained in 85% eewhile good
levels of conversion were maintained (Table 1, entry 9).

We next explored the scope of this new enantioselective
Friedel–Crafts alkylation of indoles with nitroalkenes, under
the optimized reaction conditions (Table 2). We first tested a
few indoles 2a–d bearing different substituents in the reaction
with trans-b-nitrostyrene 3a catalyzed by 1d.[15] Whereas the
reaction of indole 2a afforded the corresponding product 4a
in good yield and optical purity (Table 2, entry 1), when
performed at �24 8C, the Friedel–Crafts alkylation of elec-
tron-rich 2-methylindole 2b and 5-methoxyindole 2c pro-
ceeded at a reasonable reaction rate even at lower temper-

atures, furnishing the corresponding derivatives 4b and 4c in
satisfactory yields and enantioselectivities at �45 8C (Table 2,
entries 2 and 3). Unfortunately, an electron-withdrawing
substituent such as chlorine in the 5-position of the indole
ring in 3d caused a considerable decrease in the yield of 4d,
though the enantioselectivity was only moderately lowered
(Table 2, entry 4). The generality of the reaction was further
demonstrated by variation of the nitroalkene partner. Nitro-
alkenes 3b and 3c, bearing heteroaromatic groups, reacted
smoothly with indole 2a affording the corresponding products
4e and 4 f in good yields and moderate enantioselectivities
(Table 2, entries 5 and 6). Finally we tested nitroalkenes
bearing aliphatic side chains such as 3d and 3e, and both gave
good results in terms of enantioselectivity as the expected 2-
indolyl-1-nitro derivatives 4g and 4h were produced in 83%
and 81% ee, respectively (Table 2, entries 7 and 8), although
the yield of the reaction turned out to be rather poor in the
case of the more hindered isopropyl-substituted nitroalkene
3e.[16]

The high synthetic potential of the present asymmetric
transformation was then demonstrated by the straightforward
conversion of the optically active product 4a into highly
valuable compounds such as tryptamine 5 and 1,2,3,4-
tetrahydro-b-carboline 7. As shown in Scheme 2, reduction

of the nitro group of 4a proceeded under mild reaction
conditions[17] giving tryptamine 5, which could be isolated in
good yield as the corresponding sulfonamide derivative 6.
Alternatively, crude 5 could be directly subjected to Pictet–
Spengler cyclization[18] with benzaldehyde to furnish a pre-
viously unreported 1,4-diphenyl-substituted 1,2,3,4-tetrahy-
dro-b-carboline as a 91:9 mixture of diastereoisomers. The
highly prevailing 1,4-trans isomer 7 was isolated in good yield
and in diastereomerically pure form after chromatography on
silica gel (Scheme 2). All reactions occurred without any loss
in the enantiomeric enrichment of the products, and the
relative stereochemistry of 7 was tentatively assigned as 1,4-

Table 1: Catalytic enantioselective Friedel–Crafts reaction of indole 2a
with trans-b-nitrostyrene 3a in the presence of catalysts 1a–e under
different reaction conditions.[a]

Entry Catalyst Solvent T [8C] t [h] Conversion [%][b] ee [%][c]

1 – toluene 20 65 17 –
2 1a toluene 20 64 40 7
3 1b toluene 20 64 63 13
4 1c toluene 20 45 41 13
5 1d toluene 20 60 >95 35
6 1e toluene 20 118 23 25
7 1d THF 20 110 74 27
8 1d CH2Cl2 20 66 >95 48
9 1d CH2Cl2 �24 72 92 85

[a] Experimental conditions: to a solution of trans-b-nitrostyrene 3a
(0.1 mmol) and catalyst 1 (0.02 mmol) in a solvent (100 mL), indole 2a
(0.15 mmol) was added. After the stated reaction time, the product was
purified by preparative TLC. [b] Determined by 1H NMR spectroscopy of
the crude reaction mixture. [c] Determined by chiral stationary phase
HPLC (See Supporting Information).

Table 2: Friedel–Crafts alkylation of indoles 2a–d with nitroalkenes 3a–d catalyzed by thiourea 1d.[a]

Entry Indole R1 R2 Nitroalkene R3 Product Yield [%][b] ee [%][c]

1 2a H H 3a Ph 4a 78 85
2 2b Me H 3a Ph 4b 82[d] 74[d]

3 2c H OMe 3a Ph 4c 86[d] 89[d]

4 2d H Cl 3a Ph 4d 35[e] 71[e]

5 2a H H 3b 2-furyl 4e 88 73
6 2a H H 3c 2-thienyl 4 f 70 73
7 2a H H 3d n-pentyl 4g 76 83
8 2a H H 3e iPr 4h 37[f ] 81[f ]

[a] Experimental conditions: Indole 2 (0.15 mmol) was added to a solution of nitroalkene 3 (0.1 mmol)
and catalyst 1d (0.02 mmol) in CH2Cl2 (100 mL), cooled to �24 8C. After 72 h, the product was isolated
by flash chromatography. [b] Yield of isolated product. [c] Determined by chiral stationary phase HPLC
(see Supporting Information). [d] Reaction performed at �45 8C. [e] Reaction time: 142 h. [f ] Reaction
time: 96 h.
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trans by means of NOE experiments. Furthermore, the
formation of the sulfonamide derivative 6 allowed the
assignment of the absolute configuration of the catalytic
product 4a as 2R, from the comparison of its optical rotation
and HPLC retention time with those of an authentic sample
of ent-6 (in 94% ee), which was synthesized by the ring-
opening at the benzylic position of (2S)-2-phenyl-1-p-tolue-
nesulfonyl aziridine[19] with indole 2a promoted by LiClO4.

[20]

The ability of thiourea 1d to promote the Friedel–Crafts
additions of indoles 2 to nitroalkenes 3may be interpreted on
the basis of the reversible formation of a complex involving a
double hydrogen bond between the thiourea hydrogen atoms
and the two oxygen atoms of the nitroalkene. The recognition
of the nitro group by urea moieties in solution as well as in the
solid phase, leads to crystal structures that clearly present this
type of interaction.[21] To gain some insight into the substrate–
catalyst interactions that lead to the observed stereoselectiv-
ity, we prepared catalyst 1 f, in which the hydroxy group was
protected by a sterically hindering trimethylsilyl group, and
thiourea 1g, which lacks the alcoholic function. Surprisingly,
both catalysts showed poor performances in the reaction
between indole 2a and trans-b-nitrostyrene 3a, not only with
regard to the enantioselectivity but also in terms of the
catalyst activity (Scheme 3).

On these grounds, but considering also the poor asym-
metric induction observed in the reaction of N-methyl
indole,[15] we envisioned that catalyst 1d would act in a
bifunctional fashion. Therefore, whereas the two thiourea

hydrogen atoms activate the nitroalkene, the free
alcoholic function will interact with the indolic proton
through a weak hydrogen bond, directing the attack of
the incoming nucleophile on the Si face of the
nitroolefin as depicted in Scheme 4.

In conclusion, we have developed the first catalytic,
enantioselective Friedel–Crafts alkylation of indoles 2 with
nitroalkenes 3, which provides optically active 2-indolyl-1-
nitro derivatives 4 in fairly good yields and enantioselectiv-
ities. The reaction is efficiently catalyzed by the simple
thiourea-based organocatalyst 1d, which can be easily
accessed in both enantiomeric forms from commercially
available materials. The extremely simple operational proce-
dure and the high synthetic versatility of the products render
this new approach highly appealing for the synthesis of
optically active target compounds such as tryptamines and
1,2,3,4-tetrahydro-b-carbolines.
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Valence Isomerization of 2-Phosphabicyclo-
[1.1.0]butanes**
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The unique electronic properties of the strained bicyclo-
[1.1.0]butanes[1] are enhanced by the heteroatoms in the
molecular frame. Illustrative is the bond-stretch isomerization
of the P2C2 and P2B2 bicycles.

[2] However, very few systems are
known with a single heteroatom,[3] probably because of their
high reactivity, which is only moderated when the heteroatom
occupies a bridgehead position as in the 1-aza derivatives.[4]

The increased reactivity of the hetero systems is due to the
valence isomerization to which the bicyclo[1.1.0]butanes are
prone. We now report on the first 2-phospha derivatives.

The carbene-like phosphinidene Ph-P=W(CO)5
[5] was

generated in situ by cheletropic elimination from 1 at 110 8C
in toluene and then allowed to react with cyclopropene 2a[6]

(Scheme 1). This led to the desired W(CO)5-complexed 2-
phosphabicyclo[1.1.0]butanes exo-3a (d 31P=�85.1 ppm) and
endo-3a (d 31P=�36.7 ppm)[7] in a 10:9 ratio, which were
isolated in 69% yield as colorless solids. The remarkably

Scheme 1. Synthesis of the 2-phosphabicyclo[1.1.0]butanes 3.
M=W(CO)5.
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stable products were characterized by single-crystal X-ray
analyses, which showed puckered geometries with P1-C1-C2-
C3 folding angles of �114.66(15)8 for exo-3a and
�120.65(14)8 for endo-3a, and transannular C1�C2 bonds
of 1.516(3) and 1.550(3) 7, respectively (Figure 1). The flatter

endo structure with the longer C1�C2
bond is the least stable of the two and
decomposes at about 130 8C. At this
temperature, the exo isomer under-
goes valence isomerization to give 3-
phosphacyclobutene complexes cis-5a
(d 31P= 46.3 ppm) and trans-5a
(d 31P= 55.2 ppm, 2J(H,P)= 9.5 Hz)[8]

in a 4:1 ratio (35%) besides the
phospholene complex 6 as the major
product (41%, d 31P= 37.9 ppm;
Scheme 2). Formation of the phospho-
lene was confirmed by crystal structure
analysis.

The BP86/6-31G*(LANL2DZ) calculations[9] on models
(labeled with an apostrophe (’), no C substituents) did not
demonstrate a direct path from 3 to 5,[10] but instead the
involvement of 1-phosphabutadiene 4 was established (see
Scheme 2). Isomerization of exo-3’ to give trans-4’ proceeds
by a concerted, asynchronous conrotatory ring opening (DE=

�18.4, DE�= 32.8 kcalmol�1; Figure 2). With subsequent
conrotatory electrocyclic ring closure, via the gauche form
of 4’ (DE= 3.7, DE�= 7.9 kcalmol�1), the more stable
phosphacyclobutene 5’ is formed (DE=�4.4, DE�=

19.2 kcalmol�1). This route implies that 1-phosphabutadiene
4 is a reaction intermediate. The small energy difference
between 4’ and 3-phosphacyclobutene 5’ is reflected in
Tran Huy and MatheyDs[11] use of derivatives of 5 as masked
1-phosphabutadienes.[12] These results highlight that the
stability order 3’! 4’< 5’ of the three valence isomers differs
from the established values for the hydrocarbons (3’’! 5’’!
4’’).[13]

To gain more insight into the formation of phospholene 6,
we resorted to the more gentle CuCl-catalyzed reaction of
1[5, 14] with 2a (55 8C, 15 h; Scheme 3). This reaction gave, with
the exception of 6, the same products as the noncatalyzed

Figure 1. The displacement ellipsoid plot of exo-3a (top) and endo-3a
(bottom) with ellipsoids drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths [D], angles [8] , and
torsion angles [8] for exo-3a : W1–P1 2.5013(6), P1–C1 1.808(2), P1–C2
1.811(2), P1–C6 1.820(2), C1–C2 1.516(3), C1–C3 1.515(3), C1–C4
1.500(3), C2–C3 1.512(3), C2–C5 1.505(3), C3–C12 1.488(3); C1-P1-C2
49.52(10), P1-C1-C2 65.35(12), P1-C1-C3 96.79(15),
C2-C1-C3 59.83(15), C2-C1-C4 139.6(2), P1-C2-C1
65.13(12), P1-C2-C3 96.78(15), C1-C2-C3 60.06(15),
C1-C2-C5 141.4(2), C1-C3-C2 60.11(15); P1-C1-C2-C3
�114.66(15). endo-3a : W1–P1 2.4851(5), P1–C1
1.801(2), P1–C2 1.792(2), P1–C6 1.823(2), C1–C2
1.550(3), C1–C3 1.511(3), C1–C4 1.502(3), C2–C3
1.521(3), C2–C5 1.500(3), C3–C12 1.495(3); C1-P1-C2
51.11(9), P1-C1-C2 64.13(11), P1-C1-C3 100.05(14),
C2-C1-C3 59.57(14), C2-C1-C4 135.80(19), P1-C2-C1
64.76(11), P1-C2-C3 100.08(13), C1-C2-C3 58.94(13),
C1-C2-C5 136.7(2), C1-C3-C2 61.49(13); P1-C1-C2-C3
�120.65(14).

Scheme 2. Valence isomerization of 3 to form 5 and, for R=Me, 6.
M=W(CO)5.

Figure 2. The relative BP86/6-31G* (LANL2DZ for W) energies (ZPE corrected, in kcalmol�1) for
the rearrangement of exo-3’ into 5’. Selected bond lengths [D], angles [8] , and torsion angles [8] of
exo-3’ (Cs): W1–P1 2.536, P1–C1 1.833, P1–C6 1.846, C1–C2 1.527, C1–C3 1.506; C1-P1-C2 49.2,
C1-C3-C2 60.9, P1-C1-C2-C3 120.2; TSexo-3’-trans-4’: W1–P1 2.541, P1–C1 2.709, P1–C2 1.801,
P1–C6 1.820, C1–C2 1.474, C1–C3 1.446, C2–C3 1.595; trans-4’ (Cs): W1–P1 2.515, P1–C2 1.703,
P1–C6 1.830, C1–C2 1.441, C1–C3 1.359; TStrans-4’-gauche-4’: P1-C2-C1-C3 95.2; gauche-4’: P1-
C2-C1-C3 31.0; TSgauche-4’-5’: W1–P1 2.568, P1–C2 1.774, P1–C3 2.558, C1–C2 1.391, C1–C3
1.419, P1-C2-C1-C3 26.4; 5’: W1–P1 2.539, P1–C2 1.838, P1–C3 1.915, P1–C6 1.848, C1–C2 1.355,
C1–C3 1.518.
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reaction, that is, exo- and endo-3a (4:1 ratio, 16%) and cis-
and trans-5a (7:8 ratio, 30%). Additionally, the vinyl-
phosphirane complexes anti-9 (d 31P=�157.1 ppm) and syn-
9 (d 31P=�150.2 ppm) were also produced in a 3:1 ratio
(6%). The vinyl-phosphiranes formed in this milder process
(55 8C vs. 110 8C) corroborates the role of phosphabutadienes
as reaction intermediates. Heating of isolated anti-9 at 110 8C
effected epimerization of the phosphorus center to give the
syn-9 isomer, which underwent the established [1,3]-sigma-
tropic shift[15] to phospholene complex 6. The presumed
reagent, the [PhP(Cl)W(CO)5]-Cu-alkene complex,

[14] is more
sensitive than Ph-P=W(CO)5 to steric congestion in the 1,2-
cycloaddition, which is reflected in the lower yield of the 2-
phosphabicyclobutanes 3a. The competitive reaction is, in our
opinion, the formation of zwitterion 7, for which there is
computational support on related systems.[16] Compound 7
can also rearrange to phosphabutadiene 4a in analogy to the
addition of dichlorocarbene to cyclopropenes.[17] Ring closure
then gives 5a,[8] while two known hydride shifts[18] lead, via the
secondary vinylphosphane complex 8, to vinyl-phosphirane 9
(Scheme 3). The 4’!9’ process is exothermic by �1.8 kcal -
mol�1 for the parent system (no phenyl substituent on the
diene).[9]

Valence isomerization is sensitive to the nature of the
bridgehead substituents, and this also applies to 3!4!5.
Reaction of cyclopropene 2b, which has phenyl instead of
methyl substituents, with the phosphinidene precursor 1 at
110 8C gave as sole products the 3-phosphacyclobutene
complexes cis-5b (d 31P= 43.8 ppm, 2J(H,P)= 6.2 Hz) and
trans-5b (d 31P= 53.4 ppm, 2J(H,P)= 9.6 Hz)[8] (5:1 ratio,
95%); cis-5b was characterized by X-ray crystallography.
Apparently, 3b isomerizes faster than 3a. In this case,
phospholene 6 cannot be formed because the phenyl sub-
stituents render a hydride shift (to give 8) impossible.

2-Phosphabicyclo[1.1.0]butanes exo-3b (d 31P=
�70.5 ppm) and endo-3b (d 31P= 3.8 ppm)[7] could be
obtained (4:1 ratio, 33%) by the milder CuCl-catalyzed
reaction (2 equiv of 1, 55 8C, 0.5 h). The X-ray crystal
structure of the exo isomer revealed two different triclinic
polymorphs with Z= 2 and Z= 6, respectively, and very
similar molecular structures. Polymorph I shows a folding
angle (113.27(10)8) and a transannular bond length
(1.510(2) 7) that are similar to those of exo-3a. Heating of
isolated 3b (exo+ endo, 4:1) in toluene at 50 8C for 60 h gave
the favored phosphacyclobutene cis-5b, indicating that

valence isomerization of the novel 2-phosphabicyclo-
[1.1.0]butanes is indeed directed by the bridgehead substitu-
ents (3b 50 8C; 3a 130 8C). This behavior parallels that
observed for the all-carbon analogue 2,2-dimethyl-bicyclo-
[1.1.0]butane, where the 1,3-diphenyl derivative isomerizes at
130 8C and the 1,3-dimethyl derivative at temperatures above
280 8C.[19]

In conclusion, W(CO)5-complexed 2-phosphabicyclo-
[1.1.0]butanes are remarkably stable compounds that
valence-isomerize to 3-phosphacyclobutenes via 1-phospha-
butadienes at elevated temperatures. In contrast to the
hydrocarbon analogues, the diene can be trapped as a
phospholene due to rearrangements that are specific for the
phosphorus compounds.

Experimental Section
3a and 6 : Compounds 1[5] (591 mg, 0.90 mmol) and 2a[6] (156 mg,
1.08 mmol) were heated in toluene (3 mL) at reflux for 17 h. Removal
of the solvents under vacuum and chromatography of the residue over
silica with pentane/toluene (9:1) as eluent gave endo-3a (155 mg,
30%) and exo-3a (200 mg, 39%) as colorless solids as well as 6
(20 mg, 4%) as a pale yellow solid together with minor amounts of
cis-5a (10 mg, 2%) and trans-5a (5 mg, 1%). exo-3a : m.p.: 115–
116 8C; 31P{1H} NMR (101.3 MHz, CDCl3): d=�85.1 (1J(P,W)=
263.7 Hz). endo-3a : m.p.: 79–828C; 31P{1H} NMR (101.3 MHz,
CDCl3): d=�36.7 ppm (1J(P,W)= 260.3 Hz); HRMS (EI, 70 eV):
m/z (%): 576 (9) [M]+; calcd for C22H17O5PW: 576.0323; found:
576.0325. 6 : m.p.: 107 8C; 31P{1H} NMR (101.3 MHz, CDCl3): d=
37.9 ppm (1J(P,W)= 240.4 Hz); HRMS (EI, 70 eV): m/z (%): 576
(30) [M]+; calcd for C22H17O5PW: 576.0323; found: 576.0329.

3b : Compounds 2b (122.6 mg, 0.46 mmol), 1 (598 mg,
0.91 mmol), and CuCl (10 mg, 0.1 mmol) in toluene (2 mL) were
heated at 55 8C for 30 min. The reaction was stopped at incomplete
conversion to ensure maximum yield of 3b. Removal of the solvents
under vacuum and chromatography of the residue over silica with
pentane/toluene (9:1) as eluent gave a 4:1 mixture of exo-3b and
endo-3b (107 mg, 33%) as a pale yellow solid. exo-3b : m.p.: 124 8C
(decomp.); 31P{1H} NMR (101.3 MHz, CDCl3): d=�70.5 ppm (1J-
(P,W)= 262.0 Hz); HRMS (EI, 70 eV):m/z (%): 700 (22) [M]+; calcd
for C32H21O5PW: 700.0636; found: 700.0634. endo-3b :

31P{1H} NMR
(101.3 MHz, CDCl3): d= 3.8 ppm (1J(P,W)= 271.8 Hz).

3a, 5a, and 9 : Compounds 1 (1.24 g, 1.90 mmol), 2a (410 mg,
2.84 mmol), and CuCl (10 mg, 0.1 mmol) in toluene (8 mL) were
heated at 55 8C for 15 h. Removal of the solvents under vacuum and
chromatography of the residue (an insoluble black residue remains)
over silica with pentane/toluene (9:1) as eluent gave endo-3a (40 mg,
4%), cis-5a (160 mg, 14%), exo-3a, and trans-5a in a 10:8 ratio
(310 mg, 28%), and syn- and anti-9 in a 3:1 ratio (65 mg, 6%) as
colorless oils. cis-5a : 31P{1H} NMR (101.3 MHz, CDCl3): d= 46.3 ppm
(1J(P,W)= 221.4 Hz). Crystallization of the mixture of exo-3a and
trans-5a from pentane at �80 8C afforded the pale yellow crystals of
trans-5a : M.p. 111 8C; 31P{1H} NMR (101.3 MHz, CDCl3): d=

55.2 ppm (1J(P,W)= 237.5 Hz); HRMS (EI, 70 eV): m/z (%): 576
(39) [M]+; calcd for C22H17O5PW: 576.0323; found: 576.0318. syn-9 :
31P{1H} NMR (101.3 MHz, CDCl3): d=�157.1 ppm (1J(P,W)=
255.2 Hz); HRMS (EI, 70 eV): m/z (%): 576 (20) [M]+; calcd for
C22H17O5PW: 576.0323; found: 576.0318. anti-9 : 31P{1H} NMR
(101.3 MHz, CDCl3): d=�150.2 ppm (1J(P,W)= 263.3 Hz).

5b : Compounds 1 (261 mg, 0.40 mmol), 2b (118 mg, 0.44 mmol),
and CuCl (10 mg, 0.1 mmol) in toluene (2 mL) were heated at 55 8C
for 38 h or, alternatively (without CuCl), at reflux for 16 h. Removal
of the solvents under vacuum and chromatography of the residue over
silica with pentane/toluene (4:1) as eluent gave cis-5b (215 mg, 77%)
as a pale yellow solid together with a trace of trans-5b (� 2%).

Scheme 3. The CuCl-catalyzed formation of 5a and 9. M=W(CO)5.
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Removal of the solvents under vacuum and chromatography of the
residue over silica with pentane/toluene (4:1) as eluent gave a 5:1
mixture of cis-5b and trans-5b (300 mg, 95%) as a pale yellow oil.
Crystallization from pentane at �20 8C afforded colourless crystals of
cis-5b : m.p.: 117–1188C; 31P{1H} NMR (101.3 MHz, CDCl3): d=
43.8 ppm (1J(P,W)= 230.9 Hz); HRMS (EI, 70 eV): m/z (%): 700
(23) [M]+; calcd for C32H21O5PW: 700.0636; found: 700.06486. trans-
5b : 31P{1H} NMR (101.3 MHz, CDCl3): d= 53.4 ppm (1J(P,W)=
247.0 Hz).

Crystal structure data (see Supporting Information): exo-3a
(C22H17O5PW): P21/c (no. 14); a= 6.8439(1), b= 21.3415(2), c=
14.4400(1) 7, b= 95.2844(3)8, V= 2100.13(4) 73; Z= 4; R [I>
2s(I)]: R1= 0.0178, wR2= 0.0406. endo-3a (C22H17O5PW): P21/c
(no. 14); a= 8.2108(1), b= 15.0945(1), c= 17.8628(2) 7, b=
99.0907(3)8, V= 2186.07(4) 73; Z= 4; R [I> 2s(I)]: R1= 0.0175,
wR2= 0.0403. 6 (C22H17O5PW): C2/c (no. 15); a= 37.996(3), b=
8.9553(4), c= 26.4314(15) 7, b= 110.813(5)8, V= 8406.9(9) 73; Z=
16; R [I> 2s(I)]: R1= 0.0213, wR2= 0.0462. cis-5b (C32H21O5PW):
P21/c (no. 14); a= 10.9428(1), b= 22.9359(2), c= 15.0824(1) 7, b=
133.2674(4)8, V= 2756.40(4) 73; Z= 4; R [I> 2s(I)]: R1= 0.0192,
wR2= 0.0474. exo-3b (polymorph I, C32H21O5PW): P1̄ (no. 2); a=
10.4005(8), b= 10.7789(8), c= 14.4436(12) 7, a= 83.618(6), b=
78.886(6), g= 61.670(5)8, V= 1398.2(2) 73; Z= 2; R [I> 2s(I)]:
R1= 0.0163, wR2= 0.0332. exo-3b (polymorph II, C32H21O5PW): P1̄
(no. 2); a= 10.4176(8), b= 17.1058(17), c= 23.9196(19) 7, a=
96.436(6), b= 92.693(7), g= 97.143(8)8, V= 4194.7(6) 73; Z= 6; R
[I> 2s(I)]: R1= 0.0246, wR2= 0.0444. CCDC 275002–275007 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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Uncatalyzed Mukaiyama–Michael Reaction:
Rapid Access to Simple and Complex
Enantiopure g-Butenolides**
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Access to enantiopure g-butenolides currently represents a
research area of great interest because of their presence as a
subunit in many natural products and, particularly, in com-
pounds with biological activity.[1] Elaboration of the commer-
cial 2-trimethylsilyloxyfuran (TMSOF) reagent by means of
an asymmetric Mukaiyama–aldol reaction has been, thus far,
the most efficient method for the formation of substituted
chiral g-butenolides.[2] The Mukaiyama–Michael reaction is
much less common and can be brought about through the use
of either chiral metal catalysts and alkenoyl oxazolidinones[3]

or chiral organocatalysts and enals, as was elegantly demon-
strated by MacMillan and co-workers.[4] In looking for novel
acceptor substrates, we focused on the suitability of enantio-
pure Fischer carbene complexes 1 as they are strongly
electrophilic in nature,[5,6] and are readily accessible by
condensation of methylcarbene complexes and chiral alde-
hydes.[7] Furthermore, the presence of both the acetal/ketal
moiety and especially the metal carbene functionality in the
Michael adduct permits further elaboration.[8]

We found that enantiopure tungsten carbene complexes 1
are reactive toward 2-trimethylsilyloxyfuran at low temper-
atures (Scheme 1). Thus, the treatment of carbene 1a with
TMSOF in toluene (�60 8C, 42 h) resulted in the formation of
the carbene complex 3a almost exclusively (92% yield). The
high anti/syn ratio (11:1) and face selectivity (97:3 d.r.) is
notable and allowed the isolation of pure 3a in 81% yield
after a single purification step by flash chromatography.
Under similar reaction conditions (toluene, �70 8C, 48 h), the
conjugate addition of TMSOF to the carbene complex 1b
afforded the adduct 3b with high selectivity (anti/syn= 8:1,

and > 98:2 d.r.) and yield (88% yield; 76% of pure 3b after
chromatographic purification). Both chiral subunits are
reactive and complement each other in terms of stereo-
selective induction as the configuration of the stereogenic
centers created in 3a and 3b each subunit are opposite.[9]

The stereoselectivity can be rationalized by assuming the
model calculated for the [4+2] cycloaddition of the corre-
sponding isolobal esters.[10] Thus, the less hindered approach
of TMSOF to the C=C bond of 1a from the minimum energy
conformation A would lead to the major isomer 3a. In the
same way, the adduct 3b would arise by the attack of TMSOF
at 1b through the conformation B (Figure 1).[11]

The potential of this facile approach to g-butenolides can
be stressed by taking advantage of the broad chemistry of the
metal carbene functionality. First, oxidative removal of the
metal from 3a through the action of pyridinium oxide yielded
the corresponding ester derivative 4 in 93% yield ([a]20D =

+ 74.7 (c= 0.17, CH2Cl2); Scheme 2). In turn, methylenation
of 3a with diazomethane afforded the enol ether 5, which was
transformed into the methyl ketone 6 in situ by hydrolysis
over silica gel (77% yield from 3a ; [a]20D =++ 70.2 (c= 0.55,
CH2Cl2)). These simple processes constitute efficient alter-
natives to the unknown Mukaiyama–Michael addition of
TMSOF to both esters and ketones (75% and 62% overall
yields of 4 and 6, respectively, from carbene 1a).[12,13]

The ease of synthesis of some complex enantiopure
architectures containing the butenolide nucleus is exemplified
in Scheme 3, which illustrates the transformation of 3a into
the fused lactone 8 (a process that formally involves an

Scheme 1. Stereoselective Mukaiyama–Michael reaction of TMSOF (2)
with carbene complexes 1.

Figure 1. Proposed TMSOF–carbene complex approach.
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umpolung Michael addition reaction and therefore requires a
metal catalyst). The intramolecular cyclopropanation of 3a is
carried out in acetonitrile (110 8C, 5 h, sealed tube) to furnish
7 as the sole stereoisomer (93% yield; [a]20D =�58.8 (c= 0.34,
CH2Cl2)). The subsequent Lewis acid promoted cyclopropane
ring opening of 7 gave the cis-fused g-lactone 8 (82% yield;
[a]20D =�21.5 (c= 0.55, CH2Cl2)).

The ketal chiral subunit is also useful for the formation of
further complex enantiopure molecules (Scheme 4). As a
result of the advantageous location of the protected diol
functionality of 3a, it might be possible, among other
transformations, to assemble both g-lactone and tetrahydro-
pyran cores which would therefore give access to linearly
fused furan–pyran–furan structures.[14] Simple deprotection of

the ketal functionality of 3a with acid and subsequent
intramolecular displacement of the methoxy group resulted
in the regioselective formation of the cyclic metal carbene 9
(69% yield). The carbene 9 was subsequently treated with
base (Et3N/CH2Cl2, 25 8C) to yield the enantiopure metal
complex 10 (81% yield) through a diastereoselective intra-
molecular Michael-type addition.[15, 16] Notably, the metal
carbene functionality does survive under acidic and basic
conditions, thus allowing its reactivity to be exploited at any
stage. The oxidative demetalation of 10 gave rise to the
enantiopure bislactone 11 in 92% yield ([a]20D =�94.2 (c=
0.48, CH2Cl2), which features, two g-lactone rings as well as a
highly functionalized central pyran ring with four stereogenic
carbon centers.

In conclusion, we reported herein the first uncatalyzed,
diastereoselective Mukaiyama–Michael addition reaction and
showed efficient access to a number of enantiopure buteno-
lide-based structures. This sequence is a successful combina-
tion of two major features: 1) Fischer alkenyl carbenes that
incorporate a chiral fragment at the b-carbon—readily
available from the chiral pool—undergo very rapid diaster-
eoselective Mukaiyama–Michael reaction with TMSOF,
2) these adducts can be transformed into valuable enantio-
pure molecules owing to the diverse reactivity of the metal
carbene function, as well as to the conventional functional
group transformations of the protected diol. Moreover, the
synthetic utility of this strategy could be enhanced as a
number of chiral pool derived aldehydes could provide
structurally diverse alkenyl carbene complexes.
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Finding Adiabatically Bound Anions of Guanine
through a Combinatorial Computational
Approach**

Maciej Harańczyk and Maciej Gutowski*

Anions of nucleic acid bases may be formed by trapping low-
energy electrons produced in living cells by high-energy
radiation. Recent experiments suggested that single- and
double-strand breaks develop in DNA exposed to low-energy
electrons.[1] Furthermore, charged nucleobases play a critical
role in electron and hole transfer in DNA.[2–4] Anionic states
of nucleic acid bases have been intensively studied both
experimentally and theoretically. On the basis of calculations,
guanine is believed to have the lowest electron affinity among
the nucleobases.[5–7] This is consistent with the results of
electron spin resonance experiments on g-irradiated DNA, in
which the anion is divided between the pyrimidine but not the
purine bases.[8]

Gas-phase experiments on guanine are scarce because this
nucleic acid base easily decomposes at elevated temperatures.
Burrow and co-workers reported a vertical electron affinity of
�0.49 eV for guanine and assigned it to a hydroxy (enol)
tautomer.[9] We have recently determined—at the coupled
cluster level of theory with single, double, and perturbative
triple excitations (CCSD(T))[10]—a negative adiabatic elec-
tron affinity (AEA) of �0.49 eV for the canonical tauto-
mer.[11] In contrast to earlier experimental and computational
predictions, we demonstrate here that guanine supports
anionic tautomers that are adiabatically bound with respect
to the neutral canonical tautomer by as much as 8 kcal
mol�1,[12] as calculated at the CCSD(T) level of theory. These
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tautomers do not result from proton transfer between the
electronegative atoms N or O, which were studied in the past
for the neutral and anionic species. Instead they result from
enamine–imine transformations, that is, a proton is trans-
ferred between the N and C atoms. Some of these anionic
tautomers do not require a proton transfer from the N9
position (see Figure 1). Thus, they might exist in DNA or
RNA, in which N9 is connected to a
sugar unit. The new anionic tauto-
mers might affect the structure of
DNA and RNA, and might initiate
chemical transformations leading to
lesions in nucleic acids.[13,14]

The unexpected positive values of
AEA for the new imine tautomers
were initially counterintuitive, and
their discovery was facilitated by
two factors. First, we recently dem-
onstrated that the most stable valence
anions of pyrimidine bases, such as 1-
methylcytosine[13] and uracil,[14] also
result from enamine–imine transfor-
mations, though a biologically rele-
vant adiabatically bound anion has
not been identified so far. Second, a
combinatorial computational
approach was invoked in the current
study to identify the most stable
anionic tautomers, without a bias dictated by stereotypes
developed from studies on neutral tautomers of nucleic acid
bases, that is, a proton being transferred between N or O
atoms.[15]

The computational screening of the anionic tautomers of
guanine was started from a buckled molecular framework of
heavy atoms among which five hydrogen atoms were

distributed. We imposed the follow-
ing constraints: zero or one hydrogen
atom on N1, C2, N3, C4, C5, C6, N7,
and N9; one or two hydrogen atoms
on N2 or C8; zero, one, or two
hydrogen atoms on O4 (Figure 1).
With these constraints we generated
499 initial structures including the E
and Z tautomers as well as rotamers
of imino and hydroxy groups. These
structures were divided into three
groups: 2N2 (amino tautomers), N2c,
and N2t (imino tautomers with a
hydrogen atom at N2 arranged cis
or trans with respect to N1). Addi-

tionally, each group was divided into two subgroups C8 and
2C8, depending on the number of hydrogen atoms attached to
C8. We use the notation Gb

a, where “a” is the group and
subgroup and “b” is a string of heavy atoms to which the
remaining hydrogen atoms are connected. The anionic species
bear a prefix aval.

We found that 2.81% of all screened structures are
adiabatically stable at the B3LYP/6-31++G** level of
theory, with the range of stability at 0.4–12.2 kcalmol�1. For

further studies we selected the following: 1) the most stable
valence anion avalG

C2,N3
2N2,C8, which has no hydrogen atom

attached to N9; 2) three valence anions that might be
biologically relevant because a hydrogen atom is attached
to N9 (avalG

N9
2N2,2C8, avalG

N3,N9
N2c,2C8, and avalG

N3,N9
N2t,2C8); and 3) the

valence anions avalG
N3,N9
2N2,C8 and avalG

N3,N7
2N2,C8, which are based on

the two most stable tautomers of neutral guanine (Figure 2).

These anionic structures were further optimized, and har-
monic frequencies were calculated at the second-order
Møller–Plesset level (MP2), and the final energies were
then calculated at the CCSD(T) level. The aug-cc-pVDZ
basis set[16] was used in the MP2 and CCSD(T) calculations.
The effects of hydration were included within the IEF-PCM
method with the cavity built up using the United Atom model
(UA0).[17] The calculations were performed using Gaus-
sian03[18] NWChem,[19] and Molpro software packages,[20]

and the molecular structures and orbitals were drawn with
the Molden program.[21]

We found that the four anionic tautomers that result from
enamine–imine transformations were adiabatically bound
with respect to both the neutral GN3,N9

2N2,C8 canonical tautomer
and the most stable neutral tautomer GN3,N7

2N2,C8. These gas-phase
results, presented in Figure 2, are based on the CCSD(T)
electronic energies and MP2 geometries and harmonic vibra-
tional frequencies. The most stable anion avalG

C2,N3
2N2,C8 is bound

with respect to GN3,N9
2N2,C8 by 8.50 kcalmol�1. This anion is

characterized by a large vertical detachment energy (VDE)
of 2.426 eV. Among the three anionic tautomers that have a
hydrogen atom on N9, the anion avalG

N3,N9
N2c,2C8 is 8.42 kcalmol�1

more stable than GN3,N9
2N2,C8. This value is much larger than our

estimation of uncertainties of the AEAs determined at the
CCSD(T)/aug-cc-pVDZ level, which is about 1 kcalmol�1.
The two other anions avalG

N9
2N2,2C8and avalG

N3,N9
N2t,2C8 are more

stable than GN3,N9
2N2,C8 by 7.00 and 3.81 kcalmol�1, respectively.

The values of VDE for the last three anionic tautomers are
similar, about 1.6 eV, and still much larger than the VDE
values of anions based on the most stable neutral tautomers.
We predict that there are many anionic enamine–imine

Figure 1. The heavy
atoms of guanine; the
cis and trans positions
for N2 and O4 are
shown.

Figure 2. The relative electronic energies of the various tautomers studied, corrected for energies
of zero-point vibrations (DE+ZPVE), as well as the electron vertical detachment energies (VDEs).
The adiabatially bound anions are on the left and right sides. In the middle, the two most stable
tautomers of the neutral and their accompanying valence anions are shown.
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tautomers that are adiabatically bound with respect to neutral
guanine.

The effect of an aqueous environment on the stability of
the new anionic tautomers was tested within the PCM model
(Table 1). The new imine tautomers are again more stable

than anions based on the two most stable tautomers of the
neutral molecule. Additionally, the three imine tautomers
with a hydrogen atom attached to N9 are more stable than
avalG

C2,N3
2N2,C8. Thus the tautomers with a hydrogen atom attached

to N9 might dominate in aqueous solution. These tautomers
might be susceptible to further transformations, and lesions in
the DNA might develop. For instance, the avalG

N9
2N2,2C8 and

avalG
N3,N9
N2c,2C8 tautomers cannot maintain Watson–Crick-type

hydrogen bonding with cytosine.
We suggest two formation pathways for the new anionic

tautomers. First, they might be formed through intermolec-
ular proton transfer, with acidic and basic sites interacting
with avalG

N3,N9
2N2,C8. Second, dissociative electron attachment[22,23]

to GN3,N9
2N2,C8 [Eq. (1)]—where (GN3,N9

2N2,C8)*
� denotes a scattering

GN3,N9
2N2,C8þ e! ðGN3,N9

2N2,C8Þ*� ! ðGN3,N9
N2c,C8Þ� þHC ð1Þ

state for an excess electron and (GN3,N9
N2c,C8)

� denotes a depro-
tonated guanine in the ground electronic state—can be
followed by attachment of a hydrogen atom to C8 [Eq. (2)].

ðGN3,N9
N2c,C8Þ� þHC ! ðGN3,N9

N2c,2C8Þ� ð2Þ

We have found that this step is barrier-free.

In summary, guanine supports many adiabatically bound
valence anions, which result from enamine–imine transfor-
mations of the most stable neutral tautomers. These stable
anionic tautomers were found using combinatorial computa-
tional prescreening at the B3LYP level of theory followed by
CCSD(T)/aug-cc-pVDZ calculations. The new anionic tau-
tomers might be formed by dissociative electron attachment
followed by attachment of a hydrogen atom to a carbon atom.
These tautomers may affect the structure and properties of
DNA and RNA exposed to low-energy electrons. Chemical
transformations of DNA triggered by the new anionic
tautomers will be explored in our future studies.
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The replication and transcription of
genetic information requires the step-
wise extension of DNA or RNA pri-
mers in sequence-specific, template-
directed reactions (Scheme 1). Tem-
plate-directed primer extension also
underlies PCR,[1] dideoxy sequencing,[2]

and attempts to recreate life from
inanimate materials.[3] Primer extension
presents a formidable chemical chal-
lenge. Four different, richly functional-
ized monomers (the mononucleotides)
have to be converted into good electro-
philes that react in sequence-selective
oligomerization reactions in aqueous
solution without polymerizing or
hydrolyzing rapidly. Nature employs
pyrophosphates as leaving groups and

enzymes with proofreading capabilities (polymerases) to
meet this challenge. Entirely chemical, non-enzymatic sys-
tems employing imidazolides as leaving groups show a certain
level of spontaneous primer extension, but successful repli-
cation has remained elusive.[3]

Known non-enzymatic replication reactions with mono-
mers are slow. For ribonucleotides and 2-methylimidazolides
as activated monomers, reaction times of days are required,
even if the monomers are employed near their solubility limit
(� 50 mm)[4] under extreme salt conditions (up to 1m Mg2+).[5]

Weakly base pairing nucleotides (A or U/Tas nucleobase) are
incorporated more slowly than those that form stable base
pairs (C or G as nucleobase).[6] Even the ligation of
oligonucleotides requires the templating of G and C resi-
dues.[7] This makes non-enzymatic primer extension seem-
ingly unattractive for practical applications, such as the
genotyping of single-nucleotide polymorphisms (SNPs) by
mass spectrometry.[8] Herein we demonstrate how these
reactions can be accelerated, so that the determination of
nucleotides at selected sites of DNA within hours becomes
feasible, starting from subpicomole quantities of analytes.

We first used 2-methylimidazolides[9] (LG=MeIm) of 2’-
deoxynucleosides 1a–t as activated monomers 2a–t
(Scheme 2), which were treated with 3’-amino-terminal
primers. Amines are known to react faster than alcohols
with activated nucleotides,[10,11] so that singly extended
primers rather than the product mixtures typical for chemical
replication reactions are formed. Assays were monitored by

quantitative MALDI-TOF mass spectrometry,[12] thus allow-
ing competitive reactions with all four activated nucleotides in
the same solution and selective detection of products in mass
spectra.[13] Second-order rate constants were derived from fits
to the kinetic data.[13] We tested whether non-enzymatic
primer extension was detectable with any of the four possible
bases (A, C, G, T) at the templating position of 40-mer
templates 4a–t (Scheme 3).

Sequence-selective extension was observed for each of the
four reactions (Table 1). Although this established that
chemical primer extension was sufficiently selective to

Scheme 1. Primer extension.
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identify a templating nucleotide in DNA, the assay was not
attractive for genotyping or analyzing epigenomic methyla-
tion patterns,[14, 15] as it requires 1.8 nmol of template for a 5-
mL assay, that is, more template than is available in typical
clinical samples after PCR. We therefore decreased the
concentration of template and primer tenfold and reduced the
concentration of the activated monomers from 19.3 mm to
3.6 mm. Dilution favors hydrolysis of the activated nucleo-
tides, an unavoidable competing reaction, and disfavors the

association of monomers and template. Under these condi-
tions, even a strongly base pairing nucleotide at the templat-
ing position, when offered the matched monomer alone, gave
a second-order rate constant that was almost an order of
magnitude lower than that measured at higher concentration
(compare Table 1, entry 3 with Table 2, entry 1). In the
absence of competing reactions and/or changes in binding
equilibria, second-order rate constants should, of course, be
independent of concentration.

We then focused on identifying alternative leaving groups
for the activated deoxynucleotides. Ferris and co-workers had
previously shown that oligomerization of ribonucleotides on
mineral surfaces can be accelerated through judicious choice
of leaving groups,[16] but template-directed reactions have
proven to be a challenge to accelerate.[17] With EDC[18] alone,
template 4a gives non-sequence-selective extensions.
Attempts to improve extension reactions through activation
in situ with EDC in the presence of possible leaving groups or
through addition of organic catalysts to methylimidazolides
failed (see Supporting Information). Proflavine[19] increased
the conversion with 2c–MeIm minimally from 16 to 21%
after 4 h, and this effect was observed only at the highest
concentration tested (0.67 mm).

Therefore, we focused on the activation of 1c in organic
solvents and the addition of the activated monomers to 3/4g
in aqueous buffer. The tetrazolide of 2c gave a slight
acceleration over 2c–MeIm, but the only substantial accel-
eration was observed after activation with HATU[20] and
HOAt, reagents originally developed for peptide coupling.
Optimized activation conditions gave an active ester in
satisfactory yield after precipitation (see Supporting Infor-
mation). Azabenzotriazolide 2c–OAt reacts four times faster
than 2c–MeIm with 3/4g (Table 2) and does not undergo
significant side reactions with the primer. Interestingly, an
even more dramatic acceleration of primer extension is
observed in an all-RNA system when switching from meth-
ylimidazolides to azabenzotriazolides, even though the nucle-
ophile is a hydroxy group in that case.[21]

Scheme 2. Activated monomers 2a–t.

Scheme 3. Primer-extension system employed.

Table 1: Results from primer extension reactions with a mixture of the
four 2-methylimidazolides 2a–t/MeIm.[a]

Primer/
template

k’
[h�1m�1][b]

Product ratio
(primer+C/T/A/G)

3/4a 46 3:84 :5:8
3/4c 84 4:5:8:83
3/4g 38 84 :5:10:1
3/4 t 43 6:9:74 :11

[a] [2a–t]=19.3 mm ; primer/template: 360 mm; pH 7.9; buffer: HEPES
(200 mm), NaCl (400 mm), MgCl2 (80 mm). [b] k’= second-order rate
constant for the formation of desired product; oligonucleotide
complexes treated as one reactant, activated nucleotide as the other.
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Next, we studied whether an additional or helper oligo-
nucleotide 5 that binds immediately downstream from the
templating base would create a tighter binding site for the
incoming monomer (Scheme 3). The rate was accelerated
several fold for both 2c–MeIm and 2c–OAt (Table 2). For
azabenzotriazole-activated 2c–OAt, the rate enhancement
over the helper-free reaction with 2c–MeIm is 22-fold. A
further twofold acceleration resulted from purification of the
azabenzotriazolide 2c–OAt by HPLC prior to use in our
assay, an effort invested only for the kinetic study. The
azabenzotriazolide-driven primer-extension reaction benefits
further from elevated pH values. At pH 9.5, the acceleration
of the helper-assisted reaction over that of the unassisted
reaction with 2c–MeIm is 79-fold (Table 2). A pH value of 8.9
gives a similar effect, but lowers the risk of losing sequence
selectivity through deprotonation of dT and dG.

We then established HATU/HOAt activation for mono-
mers 1a, 1g, and 1t (CH3CN was required as solvent for 1t as
cleaner activations were observed when starting from slur-
ries). Hydrolysis of OAt esters, despite their reactivity
towards amino and ribo primers,[21] is sufficiently slow. An
exploratory study of the hydrolysis of 2t–OAt in the assay
buffer in D2O by NMR spectroscopy shows a half-life of
16.2 h (see Supporting Information). Mixtures of all four OAt

esters employed in competitive reactions
give rapid primer extension and acceptable
sequence selectivities for all four templates
4a–t (Table 2).

To make the chemical primer extension
reactions more attractive for biomedical
applications, we investigated one-pot acti-
vation/primer-extension protocols. When
solutions of 1a–t (0.4m) were treated with
EDC (5 equiv)[16] and HOAt (3 equiv) at
pH 5, the solution contained > 90% of OAt
esters after 2 h, as determined by 31P NMR.
Dilution and adjustment of the pH value to
8.9 followed by addition of DNA strands led
to reactions similar to those with HATU-
activated OAt esters (Table 2), at least in
the presence of 5. Because the excess of
activation reagents allows reactivation of
nucleotides, the kinetics of these reactions
are more complex, but the one-pot proce-
dure makes assays easier to perform by
personnel not trained as synthetic chemists.

The lower reactivity and selectivity of
the reaction templated by adenine was then
addressed. We increased the concentration
of 2t–OAt fivefold to compensate for the

Table 2: Effect of activation of monomers, helper, and pH shift on the rate of non-enzymatic single-
nucleotide-extension reactions.[a]

Oligomers Monomer(s)/
LG/reagent[b]

pH k’ [h�1m�1][c] Product ratio
(primer+C/T/A/G)[d]

t1/2 primer [h]

noncompetitive reactions
3/4g 2c/MeIm 7.9 5 – 38.5
3/4g 2c/OAt 7.9 19 – 10.0
3/4g/5 2c/MeIm 7.9 20 – 9.5
3/4g/5 2c/OAt 7.9 112 – 1.7
3/4g/5 2c/OAt[e] 7.9 205 – 0.9
3/4g/5 2c/OAt[e] 8.9 381 – 0.5
3/4g/5 2c/OAt[e] 9.5 393 – 0.5

competitive reactions
3/4a/5 2a–t/OAt 8.9 94 4:64 :14:18 2.0
3/4c/5 2a–t/OAt 8.9 259 1:1:5:93 0.7
3/4g/5 2a–t/OAt 8.9 212 86 :1:8:5 0.9
3/4 t/5 2a–t/OAt 8.9 217 1:1:89 :9 0.9

competitive reactions, one-pot activation/extension
3/4a/5 2a–t/OAt/EDC 8.9 81 4:75 :18:3 2.4
3/4c/5 2a–t/OAt/EDC 8.9 177 1:3:1:95 1.1
3/4g/5 2a–t/OAt/EDC 8.9 230 97:1:1:1 0.8
3/4 t/5 2a–t/OAt/EDC 8.9 134 1:1:97:1 1.4

competitive one-pot assays with dT-boosted monomer mixture
3/4a/5 2a–t/OAt/EDC 8.9 47 2:90 :5:3 0.8
3/4c/5 2a–t/OAt/EDC 8.9 146 1:1:1:97 1.3
3/4g/5 2a–t/OAt/EDC 8.9 217 97:1:1:1 0.9
3/4 t/5 2a–t/OAt/EDC 8.9 117 1:1:97:1 1.6

[a] Template and primer: 36 mm ; activated 2 : 3.6 mm ; aqueous solution; buffer:
HEPES (200 mm), NaCl (400 mm), MgCl2 (80 mm). [b] LG= leaving group;
MeIm=2-methylimidazolide; OAt=oxyazabenzotriazolide, EDC=excess carbo-
diimide from one-pot activation/extension assay. [c] k’= second-order rate con-
stant; oligonucleotide complexes treated as one reactant, activated nucleotide as
the other. [d] Perfectly matched primer-extension products are highlighted in
boldface. [e] Activated monomer purified by HPLC.

Figure 1. MALDI-TOF mass spectra from competitive primer extension
reactions with 3/4a–t/5 and a dT-boosted mixture of 2a–t/OAt at
pH 8.9, 8 h. a) Template 4a, b) template 4c, c) template 4g, d) tem-
plate 4t. The asterisk denotes the peak for unconverted primer.
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lower target affinity. The dT-boosted mixture gives sequence-
selective reactions for all four templates 4a–t in which the
correctly extended primer constitutes � 90% of the elonga-
tion products. Furthermore, the half-life of the reactions is
� 1.6 h and within a factor of 2 for all four reactions (Table 2).
More-refined reactivity-adjusted mixtures may make the rate
differences even smaller. Representative MALDI spectra and
kinetics are shown in Figures 1 and 2.

Finally, we performed exploratory primer extension
reactions with the microarray system shown schematically in
Figure 3. It consists of capture oligonucleotide 7, immobilized
on spots of flame-smoothed gold surfaces background-
passivated by oligo(ethylene glycol ether) self-assembled
monolayers.[22] The spots were exposed to solutions contain-
ing one of two different DNA 60-mers 8 or 9 (which contain
either nucleotide A (8) or G (9) at the site of primer
extension), primer 10, and helper 11. After hybridization,
template-directed reactions were induced that employed
EDC-activated mononucleotides (3.6 mm each) in the exten-
sion buffer at pH 8.9 and 8 8C. After 160 min, the surface was
washed, treated with MALDI matrix solution, and subjected
to mass-spectrometric analysis. Figure 4 shows spectra
obtained in assays starting from solutions containing tem-
plates 8 or 9 (500 fmol). Even at 50 fmoles, an SNP call could
be made for the A-template (see Supporting Information).

Our optimized activation of nucleotides is a one-step
process employing commercial reagents. No significant non-
nucleoside extensions of primers have been detected. Given
the rate accelerations observed, practical applications of
chemical-primer extension, such as SNP genotyping[23] can be
envisioned. Chemical-primer extension on a chip does not
require purification after the elongation step and avoids
sample transfer, as all steps are performed on the same

surface. This should lower the cost of high-throughput assays.
Heavily modified nucleotides, including those that form non-
natural base pairs, may be incorporated into primers without
the constraints imposed by active sites of polymerases. An
extension of this work to assays with fluorophore-labeled
monomers that allow optical detection on DNA microarrays

Figure 2. Kinetics of competitive primer-extension reactions with 3/4a–t/5 and
dT-boosted mixture of 2a–t/OAt at pH 8.9. a) Template 4a, b) template 4c,
c) template 4g, d) template 4 t. ~ 6c, * 6 t, + 6a, ~ 6g.

Figure 3. System for determining single-nucleotide identity on DNA
microarrays for on-chip MALDI-TOF mass spectrometry.[22] DNA
strands used: 7 (capture strand): 5’-taaaagataccatcaa-3’; 8 (dA tem-
plate): 5’-cagcgtgaaattagggtAagaacagaatgattgatggtatcttttaggaacctt-
taggtc-3’; 9 (dG template): 5’-cagcgtgaaattagggtGagaacagaatgattgatgg-
tatcttttaggaacctttaggtc-3’; 10 (3’-amino-primer): 5’-tcattctgttct-3’; 11
(helper): 5’-accctaatttcacgctg-3’. Lower-case letters denote
deoxynucleotides, SNP sites are highlighted as upper-case letters.

Figure 4. MALDI-TOF mass spectra from primer extensions performed with the
system shown in Figure 3 and 60 mer templates 8/9 featuring the nucleotides
A (left) or G (right) at the SNP site after 160 min. Spectra were obtained
directly from the surface on which the primer-extension reaction had been
performed. Surfaces had been incubated with 500 fmol of template 8 or 9. See
Supporting Information for further details.
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is being actively pursued in these laboratories. A fluorophore-
labeled form of activated 1t suitable for non-enzymatic
primer extension reactions was recently described.[24] Explor-
atory experiments with 3’-Cy3-labeled 2c–OAt, and 3/4g/5
gave 42 % primer conversion after 1 h and 72 % conversion
after 3.5 h,[25] demonstrating the feasibility of fluorophore-
based genotyping.
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co-workers report how new reactions were developed through semirational design.

Bioelectronics
In their Communication on page 6668 ff., R. F. Saraf and V. Berry describe the
dependence of the conductivity of lysine-coated gold nanoparticles assembled on
Bacillus cerius, a Gram-Positive bacterium, on humidity.

Screening Techniques
A fast and straightforward approach to the preparation of functional membrane
arrays with a variety of lipid compositions is described by M. Mayer and S. Majd in
their Communication on page 6697 ff.



News
Organometallic Chemistry: P. Braunstein
Elected 6614

Surface Chemistry: Science Academy
Membership for J.-M. Basset 6614

Organic Chemistry: P. Metrangolo
Honored 6614

Books
Life Saving Drugs John Mann reviewed by O. Prien 6615

Fundamentals of Molecular Symmetry Philip R. Bunker, Per Jensen reviewed by H. Bettermann 6616

Highlights

Metallomesogenic Polymers

L. Oriol, J. L. Serrano* 6618 – 6621

Metal-Containing Nanostructured
Materials through In Situ Polymerization
of Reactive Metallomesogens

Asymmetric Catalysis

K. Mu-iz* 6622 – 6627

Bifunctional Metal–Ligand Catalysis:
Hydrogenations and New Reactions
within the Metal–(Di)amine Scaffold

Contents

6602 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6602 – 6611

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. Drago, L. Caggiano, R. F. W. Jackson*
Vanadium-Catalyzed Sulfur Oxidation/Kinetic-Resolution
Process for the Synthesis of Enantiomerically Pure Alkyl Aryl
Sulfoxides

Q. Qing, F. Chen, P. Li, W. Tang, Z. Wu, Z. Liu*
Finely Tuning the Metallic Nanogap Size with Electrodeposition
Utilizing High-Frequency Impedance in Feedback

X. Rocquefelte,* S. E. Boulfelfel, M. B. Yahia, J. Bauer, J.-Y. Saillard,*
and J.-F. Halet*
The Structural Preferences of Boron and Carbon within MB2C2

(M=Mg,Sc,Ca,Y,Ln) Phases: The “Coloring Problem” Revisited
by DFT Calculations

G. C. Lloyd-Jones,* R. G. Margue, J. G. de Vries
Rate Enhancement by Ethylene in the Ru-Catalyzed Ring-Closing
Metathesis of Enynes: Evidence for an “Ene-then-Yne” Pathway
that Diverts through a Second Catalytic Cycle

S. Klaus, H. Neumann, A. Zapf, D. Str3bing, S. H3bner, J. Almena,*
T. Riermeier, P. Groß, M. Sarich, W.-R. Krahnert, K. Rossen,
M. Beller*
A General and Efficient Method for the Formylation of Aryl and
Heteroaryl Bromides

N. Mart6n,* 7. Mart6n-Domenech, S. Filippone, M. Altable,
L. Echegoyen,* C. M. Cardona
Retro-Cycloaddition Reactions of Pyrrolidinofullerenes

A challenging strategy for the design of
metal-containing polymeric systems with
a controlled nanostructure is the intro-
duction of polymerizable groups that are
both compatible with the mesomorphic
order and reactive in the presence of
metals. 1,3-Diene groups have recently
been reported to offer such compatibility
and reactivity, leading to efficient poly-
merization (see picture).

No metal–substrate interactions : A tran-
sition-metal complex of a primary amine
can serve as an efficient bifunctional
metal–ligand catalyst that functions
without direct interaction of the metal and
the substrate. The example shows the
transition-state structure of the enantio-
selective reduction of acetophenone at the
molecular surface of a ruthenium hydride
complex bearing a diamine with one free
NH2 group (O red, Ru green, N blue).
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Ru complexes emerged from obscurity to
become accepted as ideal catalysts for
diverse C�C bond-forming reactions
beyond the more-well-known redox and
metathesis processes. These reactions are
highly selective and atom-economic pro-

cesses for the synthesis of complex
molecules (see scheme). Mechanistic
principles provide the basis for the semi-
rational design of new reactions, notably
for C�C coupling.

24-Carat bacteria : A bacteria/nanoparticle
composite device is operated by applying
a bias of 10 V across a bacterial bridge,
which is coated with gold nanoparticles
and spans two gold electrodes, and
measuring the current (see image). A
change in humidity from 0 to 20% causes
swelling of the bacteria membrane which
results in a 40-fold decrease of the current
although the interparticle distance
increases less than 0.2 nm.

Shrinkage factor : The ligand ppca (4-
(pyridin-4-yl)pyridine-2-carboxylic acid)
has enabled the synthesis of a new 3D
framework material, [{[Co2(ppca)2(H2O)-
(V4O12)0.5]·3.62H2O}n] , which exhibits so-
called “dynamic structural changes”.

Temperature changes lead to the reversi-
ble removal of guest molecules and/or
ligands (e.g. H2O) bound to the frame-
work with a concomitant reversible struc-
ture change (see scheme).
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Iron aggregates are arranged into a close-
packed structure through coordination
bonds to give a material that displays a
structural and magnetic hierarchy. The
tripodal proligand nitrilotripropionic acid
(H3ntp=N(CH2CH2COOH)3) success-
fully traps {Fe13} aggregates, thus produ-
cing a lattice that displays three levels of
organization (see picture of its 3D packing
arrangement; Fe green; O red; N blue;
C black; H white).

Quick on the uptake : A 20-mer DNA
oligomer modified with 5-[(6-guanidinio-
hexylcarbamoyl)methyl]-2’-deoxyuridine
(Tg) shows efficient cellular uptake (blue
arrow) in HeLa cells without any other
reagents. The fluorescence microscopy
image reveals FAM-labeled DNA oligomer
(green) and stained nuclei (blue).
FAM=6-carboxyfluorescein.

Controlling blood loss : The synthesis of a
series of arylamide oligomers 1, which
interact with heparin is described. The
heparin–small molecule interaction inhi-
bits the heparin’s ability to activate
antithrombin. These arylamide oligomers
are the first example of low-molecular-
weight antagonists that inhibit the anti-
coagulant function of heparin.

Correlated bond rotations within bicon-
cave molecules that comprise a semirigid
C3-symmetric core and pendant m-ter-
phenyl groups (see figure) assist
mechanical coupling between the two
vertices such that structural changes on
one side of the molecule are effectively
transmitted to the other side. Self-assem-
bly of one such compound affords a
nonporous solid from which entrapped
guests can completely escape in the
absence of channels that connect inter-
stitial voids.
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Grand designs : DNA sequence symmetry
is explored as a tool for designing DNA
nanostructures. The resulting symmetric
DNA motifs can self-assemble into two-

dimensional arrays as wide as 1 mm (see
picture). The DNA arrays can be used as
templates to fabricate nanostructures of
other materials, such as gold.

Stamping on fat : Agarose gel stamps were
used to create �100 membrane arrays
(see picture) by using only picomolar
amounts of lipids. This constitutes a rapid
and straightforward method for the fabri-
cation of functional membrane arrays with
a variety of lipid compositions which can
be used for screening assays, for example,
for drug–membrane interactions.

Inexpensive aromatic feedstocks are sub-
strates for highly enantioselective acyla-
tive Mannich reactions catalyzed by a
thiourea chiral hydrogen-bond donor 1.
This methodology provides access to
useful 1-substituted dihydroisoquinolines

(see scheme; TrocCl=2,2,2-trichloroethyl
chloroformate, TBS= tert-butyldimethyl-
silyl), which serve as precursors to enan-
tioenriched 1-substituted tetrahydroiso-
quinolines.

Modular materials composed of concen-
tric functional “shells” with independently
tuneable properties are prepared from the
self-assembly of DNA and linear-dendritic
hybrid polymers (see scheme;
PAMAM=poly(amidoamine), PEG=

poly(ethylene glycol)). These ligand-tar-
geted systems demonstrate serum stabi-
lity, low toxicity, and transfection efficien-
cies that exceed those of the most efficient
commercially available polymer poly-
(ethylenimine).
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What a radical target! Two key hydrogen-
atom adducts of 1-methylcytosine have
been prepared by the targeted chemical
generation of cytosine radicals. Femto-
second collisional transfer of electrons to
gas-phase tautomers of protonated 1-
methylcytosine using molecular electron
donors (dimethyl disulfide and trimethyl-
amine) produces stable radical adducts
with the hydrogen atoms positioned at N3
and C5 of the cytosine ring, respectively.

With high quality and in high yield : The
synthesis presented here affords CdSe
and CdTe semiconductor nanocrystals
without the need of a precursor injection.
It allows the detailed control of the size
and shape of the nanocrystals, as can be
seen from the tetrahedral CdSe nanocrys-
tals that have been prepared (TEM
image). The method is suitable for
industrial-scale preparations.

Antipodal relationship: A convergent syn-
thetic pathway leading to 4-hydroxy-2-
pyridinones was involved in the synthesis
of apiosporamide (1) and YM-215343 (2).
Both have an antipodal relationship to the
natural metabolites, whose relative and
absolute configurations have been estab-
lished. Activated b-alanine enolate
equivalents derived from b-lactams were
the key to the synthesis.

Between the sheets : The structure of the
titanosilicate Ti-YNU-1 reveals a much
larger spacing along the c axis between
the MWW sheets than its lamellar pre-
cursor and 3D Ti-MWW (see picture).
Formation of twelve-membered rings
would explain this cell expansion, which
results in increased steric accessibility
and may explain the higher catalytic
activity of Ti-YNU-1 relative to other
titanosilicates.
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Killing by stealth : The highly specific
mutual affinity of estrogen receptor and
17b-estradiol (ES) allows apoptotic genes
to be targeted at primary human breast
adenocarcinoma cells through the use of

stealth liposomes. Cells are transfected
with a cationic lipoplex containing a
targeting lipid (see picture; DPPE=1,2-
dipalmitoyl-Sn-glycero-phosphatidyletha-
nolamine, PEG=poly(ethylene glycol)).

Double agent : Controlled sulfonation of
polystyrene hollow spheres gives hydro-
philic layers with sulfonic acid groups that
allow the formation of a wide variety of
functional composites. In this way,
double-shelled hollow spheres have been
prepared in one step by using such
sulfonated polystyrene hollow spheres as
templates (see TEM image of titania
sphere).

In the beginning : Mixed carboxylic phos-
phoric anhydrides 3, formed from 3’-
nucleotides 1 and amino acid N-carb-
oxyanhydrides 2, undergo competing
rearrangement to 2’-aminoacyl esters 4
and cyclization to 2’,3’-cyclic phosphates

5. The intramolecular aminoacyl transfer
is faster than the cyclization despite the
ease with which 2’,3’-cyclic phosphates
are formed through any other form of
phosphate activation.

Domino-cyclization of two phosphinidene
molecules : Methylation of the nucleophi-
lic phosphinidene 1 with MeOTf (OTf=
triflate) affords the unusual phosphonium

cage 2, which implies the formation of the
novel phosphenium ion 3 as a reactive
intermediate.
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Even the electropositive element silicon
initiates electron-transfer processes in
amido-bis(enolate) complexes: This is
shown by the reactions of halides RSiX3
with HN[CH2C(O)tBu]2 in the presence of

a base. While small substituents (R=H,
Cl, Br, Ph) furnish the dinuclear penta-
coordinate complexes 1, the bulkier tBu3Si
group favors formation of the dinuclear
tetracoordinate complex 2.

The proteins DesI and DesII are proposed
to catalyze a C4 deoxygenation reaction to
give the key intermediate 1 in the biosyn-
thesis of d-desosamine. Biochemical
characterization of purified DesII showed

that it is a member of the S-adenosylme-
thionine (SAM) family of radical enzymes.
The involvement of a SAM radical in the
reaction with DesII identifies a new strat-
egy for deoxygenation reactions of sugars.

Matrix-isolation IR, electronic-absorption,
and Au L3-edge EXAFS (extended X-ray
absorption fine structure) data have pro-
vided the first experimental evidence that
the ground-state structure of AuCl3 is not
D3h symmetric (trigonal-planar), but
rather has a Jahn–Teller-distorted T-
shaped geometry (see picture).

Combining kinetic, structural, and com-
putational studies on complex dynamic
feedback systems may lead to the field of
“systems chemistry”. The approach is
exemplified by the analysis of a simple
organic self-replicating system that has
the potential to express both homochiral
autocatalysis and heterochiral cross-cata-
lysis (see picture).
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More active and selective catalysts of
alkane metathesis (see scheme) that are
based on well-defined tungsten carbyne
and hydride complexes supported on
alumina have been developed through a
structure–activity relationship. The

improvement of activity on changing from
Ta in 2 to W in 1 and the product selectivity
show that olefin metathesis is probably
the key process in C�C bond formation in
the alkane metathesis reaction.

A dramatic enhancement of the reactivity
of the C4- and C8-hydroxy groups of sialic
acid has been demonstrated by 1,5-lactam
bridging. Sialyl-a(2!4)sialoside and
sialyl-a(2!8)sialoside were made avail-

able in high yields through direct sialyla-
tion (see scheme). Furthermore, the
glycan parts of the new gangliosides
Hp-s6 and HLG-2 were synthesized for
the first time.

Showdown at the OK corrole : The direct
borylation of corroles under iridium cata-
lysis through C�H activation proceeds
with perfect regioselectivity and excellent

yields. 2-Borylated corroles allow an easy
access (two steps) to directly linked
corrole–porphyrin conjugates and other
functionalized corroles (see scheme).

Spinning around : The sensitivity of MRI
contrast agents can be increased through
multilocus binding. This restricts the
internal motion and therefore increases
the relaxivity of a bound protein multimer
(see picture; A) relative to a single binding
group (B), whose flexibility and internal
motion limits the relaxivity gain. Protein-
targeting groups (TG) can be used to
anchor the multimer.
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Addition of Bi prevents deactivation of
Pd–Sb catalysts in the acetoxylation of
toluene. The presence of Bi hinders the
formation of an inactive Pdd� state and
the blockage of the active Pd sites by
carbon species from coke deposits (see
the photoelectron spectrum). The mod-
ified catalyst displays extremely high
selectivity for benzyl acetate (�95%) at
higher toluene conversions.

Reduction on the spot : Planarly adsorbed
thiolated porphyrin molecules (purple)
incorporated in an insulating alkanethiol
monolayer (blue) function as nanoelec-
trodes for the local reduction of metals
(gray). This approach was applied for the
in situ synthesis of nanoparticles of a
predetermined size.

Influential neighbors : 1,2-Chirality trans-
fer provides the basis for a novel asym-
metric synthesis of cyclopropanes by
irradiation of enantiomerically pure alkyl
phenyl ketones bearing a leaving group X
in the a position. The photochemically
excited carbonyl group is able to distin-
guish between the diastereotopic posi-
tions g and g’ in terms of a desymme-
trization. In some cases the configuration
is influenced by the temperature.
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P. Braunstein Elected

Pierre Braunstein (Universit� L. Pas-
teur, Strasbourg, France) was elected to
the Deutsche Akademie der Natur-
forscher Leopoldina (Halle), Germany(s
oldest science academy (founded in
1652). He is also the first Frenchman

to be elected to the Council
of the Royal Society of
Chemistry in London,
whose membership was
recently reduced from 50 to
a maximum of 18. The
research in his group is
devoted to polytopic phos-
phorus ligands, enolate com-
plexes, heteronuclear com-
plexes with silicon ligands,
and molecular clusters.
Recently, he reported in
Angewandte Chemie on

hydrogen bonds in supramolecular
metal carbonyl complexes and on ori-
ented one-dimensional organometallic
molecular wires with silver–palladium
bonds. He also co-edited a multivolume
handbook on metal clusters.[1] Braun-
stein has been a corresponding member
of the French Academy of Science since
1993 and was a recipient of the
Grignard–Wittig Award of the French
and German Chemical Societies (SFC
and GDCh).

Braunstein studied chemistry at the
Ecole Sup�rieure de Chimie in Mul-
house, France, and earned a PhD under
the guidance of J. Dehand at the Uni-
versity of Strasbourg in 1971. As a
postdoc, he worked with R. S. Nyholm
at Imperial College (London). Having
received a Doctorat d(Etat in Stras-
bourg in 1974, he joined E. O. Fischer(s
group at the Technische UniversitAt
MBnchen. He is currently a CNRS
research director as well as director of

the Laboratoire de Chimie de Coordi-
nation at the Universit� L. Pasteur
(Strasbourg, France).

J.-M. Basset Elected to the French
Academy of Science

Jean-Marie Basset (Ecole Sup�rieure de
Chimie Physique Electronique de Lyon,

CPE) was elected
member of the
Acad�mie des Sci-
ences (Paris) and
recently received
his member(s
sword during a col-
loquium in Lyon.
Basset(s research
group focuses on
organometallic
chemistry at inter-
faces. In Chemistry
– A European Jour-

nal, he recently reported on the grafting
of [Mn(CH2tBu)2(tmeda)] (tmeda:
N,N,N’,N’-tetramethylethylenediamine)
on silica and on structure–activity rela-
tionships of heterogeneous tungsten
catalysts for alkane metathesis.[2]

Basset received his PhD under the
guidance of M. Prettre at the Catalysis
Research Institute in Lyon, France, in
1969. Subsequently, he worked as a
postdoc in the research groups of W.
Graydon (University of Toronto,
Canada) and G. Wilkinson (Imperial
College). When he returned to Lyon, he
was appointed assistant professor at the
Universit� C. Bernard, and, later,
deputy director of the Catalysis
Research Institute. In 1983, he founded
the surface organometallic chemistry
group at the CPE and has been its
scientific director since 1994.

P. Metrangolo Receives Ciamician
Medal

Pierangelo Metrangolo (Politecnico di
Milano, Italy) was awarded the SocietE
Italiana di Chimica(s Giacomo Ciami-
cian Medal, an award for young organic
chemists. Metrangolo received his PhD
in industrial chemistry in 2001 under the
guidance of G. Resnati (University of
Milan). In 2001, he was a guest professor
at the Universit� Paul Sabatier in Tou-
louse, France. In 2002 he was appointed
assistant professor and was promoted to

associate professor at the Politecnico di
Milano in 2005. His research interests
include supramolecular chemistry, in
particular halogen bonding as a new
principle of self-assembly, for which he
was cited and that
he presented in a
Concept article in
Chemistry – A
European Journal.
Recently, he
reported on halo-
gen bonds between
nitrogen and bro-
mine in infinite
one-dimensional
chains of dibromo-
tetrafluorobenzene
and bipyridyl deriv-
atives.[3] In addition, he works on fluo-
rinated reagents for organic synthesis,
such as the oxidation properties of
perfluorinated heterocycles, and self-
assembled thin films for nonlinear
optics.
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Metal-Containing Nanostructured Materials through
In Situ Polymerization of Reactive Metallomesogens
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Metallomesogens, or metal-contain-
ing liquid crystals, have been widely
studied over recent years as a new type
of mesomorphic material. Most of the
work in this field has involved structural
studies as the rich coordination chemis-
try of metals affords fascinating new
geometries for the design of liquid
crystals (LCs).[1] Furthermore, the high
level of interest in these materials also
arises from the potential properties
derived from the presence of metal ions
within anisotropic phases. Metal ions
can be redox active, photosensitive,
display magnetic or catalytic properties,
and may, in general, extend the proper-
ties of organic LCs, which are based on a
small range of different atoms. Never-
theless, the stability and processability
of metallomesogens is lower than that of
similar organic compounds and this
drawback has restricted the develop-
ment of these materials.

One strategy to improve their proc-
essability with the aim of fabricating
useful devices is the incorporation of
metals into liquid-crystalline polymeric
assemblies. Metallomesogenic polymers
have been studied to a much lesser
extent than low-molecular-weight met-
allomesogens, but such systems combine
in a unique material the anisotropy of
LCs, the new properties derived from
the presence of the metal, and the
favorable processing properties of poly-

mers. The design of metallomesogenic
polymers generally employs similar ap-
proaches to those used for organic
liquid-crystalline polymers.[2] In addi-
tion, supramolecular polymeric struc-
tures can be envisaged by means of
metal complexation to give rise to new
functional and dynamic liquid-crystal-
line polymers.[3] Accordingly, both lyo-
tropic (temperature- and concentration-
dependent phase transitions) and ther-
motropic (temperature-dependent
phase transitions) metallomesogenic
polymers have been reported with
main-chain, side-chain, or cross-linked
architectures.

Metallomesogenic polymers can be
processed into films or other morphol-
ogies with controlled macroscopic ori-
entation and a high metal content.[4]

Orientation is mainly achieved by
means of mechanical forces, as polymers
are difficult to orient by other techni-
ques that are successful with low-molec-
ular-weight liquid crystals. In this sense,
an excellent method to fix the orienta-
tion of liquid-crystal phases into poly-
meric films is the bulk polymerization of
reactive LCs.[5] The polymerization of
these materials in situ at the mesophase
temperature converts the fragile struc-
ture of a self-organized molecular as-
sembly into a polymeric material that
displays good mechanical tractability
and a structure that corresponds to the
organization of the mesophase in which
the polymerization takes place.[6] In the
design of these reactive mesogens, moi-
eties that undergo radical polymeri-
zation (mainly acrylates or methacry-
lates) have generally been chosen be-
cause radical polymerization is more
tolerant of organic functional groups
than other polymerization techniques.

Furthermore, if the polymerization is
photochemically initiated, the process-
ing is decoupled from the temperature
— a situation that allows prior macro-
scopic orientation of the liquid crystal
into monodomains and subsequent irra-
diation to yield highly oriented poly-
meric nanostructured films that are
useful, for example, as optical devices[7]

or low-dimensional ion conductors.[8]

In Situ Polymerization of
Lyotropic Metallomesogens

The advantageous processability of
reactive LCs has also been applied to
metallomesogens, mainly in lyotropic
systems but also in some thermotropic
ones. The templated polymerization of
lyotropic mesomorphic materials gives
rise to nanostructured materials that
have been used as biomembrane mod-
els, drug-delivery systems, and templates
for nanocomposites.[9] A number of
different lyotropic mesomorphic aggre-
gates are known, but the inverted hex-
agonal (HII) system has probably re-
ceived most attention in the polymeri-
zation of lyotropic reactive metallomes-
ogens. The specific interest in this sys-
tem is due to the architecture of this HII

phase, which is highly reminiscent of
zeolites or mesoporous sieves — mate-
rials that are investigated in different
areas such as nanotechnology or catal-
ysis. As a consequence, it is clear that the
combination of tunable organic ana-
logues and functional metal ions in the
nanometric channels is a field of in-
creasing interest.[10]

Gin and co-workers have described
several examples of reactive lyotropic
metallomesogens for different applica-
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tions. For example, a series of reactive
amphiphiles that contain transition-met-
al or lanthanide ions, which form strong-
ly bonded chelates with carboxylate
moities, was prepared using the organic
monomer shown in Figure 1 as the

reactive ligand.[11] HII phases were pre-
pared by combining these monomers
with water and a solution of a radical
photoinitiator in xylene. Subsequent
irradiation of the sample at room tem-
perature gave rise to a cross-linked
material that retained the HII structure.
Selection of an appropriate metal ion
enables both the dimensions and the
properties of the nanostructured poly-
mer network to be controlled. For
example, EuIII-containing anisotropic
networks exhibit intense luminescence
and were used to prepare nanocompo-
sites by polymerizing 1,4-phenylenevi-
nylene in the nanochannels of the HII

phase.[12]

The confinement of metal ions with-
in the nanometric channels of HII poly-
meric networks also provides the possi-
bility of using these materials as nano-
reactors. This strategy has been applied
to the preparation of heterogeneous
catalysts based on polymeric networks
that contain nanoparticles of PdII [13] or
ScIII [14] as catalytic metal entities. How-

ever, in these cases the best strategy to
prepare the desired materials was not
polymerization of the PdII or ScIII metal-
lomesogenic materials but the photo-
chemical polymerization of the HII mes-
ophase of an ionic NaI salt of a reactive

amphiphile (e.g. as shown in Figure 1)
followed by ion exchange. Gin and co-
workers also synthesized a series of
metal carboxylates derived from a mix-
ture of regioisomers of p-styryloctade-
canoic acid (Figure 2), and these com-

pounds exhibit mesomorphic behavior
that is dependent on the nature of the
metal ions.[15] An interesting application
of these materials is the generation of
CdS nanoparticles in nanometric chan-
nels by exposing a photopolymerized HII

network of the CdII metallomesogen to
H2S vapor.

In Situ Polymerization of
Thermotropic Metallomesogens

The polymerization of thermotropic
organic liquid crystals in situ yields ani-
sotropic materials that have applications
in different optical technologies.[7] De-
spite this fact, reactive thermotropic
metallomesogens have hardly been
studied so far, probably as a conse-
quence of the problems encountered in
the polymerization of metal-containing
monomers, and those compounds stud-
ied have generally been limited to
acrylate derivatives.

The first results in this field were
reported by Drenth and co-workers,
who described the synthesis of a CuII

phthalocyanine that contained eight ter-
minal acrylate groups and attempted the
production of low-dimensional conduc-
tors through locking a hexagonal col-
umnar organization by polymerization
of the acrylates in situ.[16] Attempts at
photochemically initiated polymeri-
zation were unsuccessful but thermal
polymerization using AIBN as initiator
gave rise to a thermally stable polymeric
network in which the columnar organ-
ization was maintained. Later, Maldivi
and co-workers pointed out that transi-
tion-metal centers that have unpaired
valence electrons can inhibit radical
polymerization.[17] They described a ser-
ies of metal complexes based on carbox-
ylates that mainly incorporated closed-
shell metal cations (Figure 3). Inhibition
of photochemical polymerization was
observed in the case of the CuII complex.

Figure 1. Structure of the reactive amphiphiles prepared by Gin and co-workers, and schematic
representation of the “locking” of the inverted hexagonal (HII) mesophase by in situ polymeri-
zation of the acrylic groups.

Figure 3. The series of reactive metal com-
plexes described by Maldivi and co-workers.

Figure 2. Lyotropic metallomesogens based
on regioisomers of p-styryloctadecanoic acid.
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Nevertheless, the ZnII and MgII com-
plexes could be polymerized in a man-
ner similar to that for the organic
monomers, whose polymerization kinet-
ics depend on the ordering effect of
polymerizable groups, anisotropic mo-
bility, and diffusion in a liquid-crystal-
line medium. Another remarkable re-
sult of this study was the observation of
reduced mesomorphic properties of
these monomers in comparison with
the nonreactive complexes which was
attributed to the steric and dipolar
effects introduced by the acrylate
groups.

Metal complexes of N-alkyl[18] or N-
aryl[19] salicylaldiminates (Figure 4)
have also been studied, and conclusions
similar to those mentioned above were
drawn. The CuII complexes did not
polymerize, but the ZnII (nonmesogen-
ic) or PdII complexes could be polymer-
ized in situ upon both thermal and
photochemical initiation (note, poly-
merization was more efficient with the
ZnII complex). As an alternative, the
photopolymerization of homologous re-
active metallomesogens that contain
vinyl ethers was also attempted by a
cationic mechanism promoted by free-
radical species. However, evidence for

polymerization was not found in these
systems. Similar problems were encoun-
tered in the photopolymerization in situ
of mesogenic acrylates based on dicar-
bonylrhodium(i) salicylaldiminate com-
plexes, whereby the presence of the
metal ions inhibited the polymerization
of the acrylates.[20]

1,3-Diene Tails as an Alternative
in the Preparation of Reactive
Metallomesogens

The drawbacks of thermotropic met-
allomesogens mentioned above, which
are mainly based on acrylates, can be
avoided by using different reactive
groups. To this end, Attard and Templer
proposed the preparation of oriented
networks by irradiation with UV light of
highly ordered crystalline fibers, proc-
essed from an unusual lamellar discotic
phase of a CuII carboxylate that bears
diacetylene groups in the linear carbox-
ylate chains.[21] The authors suggested
this topochemical polymerization as an
easy way to obtain macroscopically
ordered single crystals of good optical
quality with a view to using the materials
in nonlinear optics.[21] Nevertheless, this

polymerization took place in the crys-
talline phase.

As far as the polymerization of
mesogens in situ is concerned, reactive
1,3-diene groups located at the end of an
aliphatic terminal chain have proved to
be an interesting alternative for the
preparation of cross-linkable liquid-
crystal monomers.[22] This kind of mono-
mer can be polymerized in situ by either
using a conventional radical photochem-
ical initiator or thermally. In the case of
thermal initiation, 1,3-dienes have a
tendency to undergo [4+2] cycloaddi-
tion with one another. Furthermore, the
replacement of acrylate terminal groups
by 1,3-dienes improves the mesomor-
phic properties of the reactive mono-
mers because these tails more closely
resemble the conventional terminal n-
alkyl or n-alkoxy chains generally used
in the design of low-molecular-weight
LCs. Several series of thermotropic LCs
that comprise a bent core[23] or a poly-
catenar structure,[24] as well as lyotropic
monomers,[25] have been described using
this kind of polymerizable group.

Very recently, Gin and co-workers
described the first examples of reactive
metallomesogens that contain these
kinds of groups as an alternative to
acrylate-containing metallomesogens
for the formation of anisotropic net-
works.[26] The PdII and NiII metallomes-
ogens shown in Figure 5 were synthe-
sized, and the properties of diene- and
acrylate-containing and nonreactive
metallomesogens were compared. The
comparison highlighted several advan-
tages for the diene derivatives: First,
reactive diene groups have a less
marked destabilizing effect on the mes-
omorphic state than the acrylate groups
do. Second, thermally induced cyclo-
addition of the diene monomers yielded
metallopolymeric networks that re-

Figure 4. Examples of thermotropic reactive metallomesogens based on salicylaldiminates,[19]

and schematic representation of their polymerization in situ.

Figure 5. Structures of the reactive and nonreactive thermotropic metallomesogens described by Gin and co-workers.
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tained the structure of the mesophase in
which polymerization took place. In
contrast, attempts to obtain a cross-
linked anisotropic network from diene
or acrylate derivatives by radical photo-
polymerization failed as a consequence
of either the reduction of PdII ions or
chain transfer to thioester ligands in the
case of NiII metallomesogens. Conse-
quently, diene groups seem to be more
compatible with redox-active metal ions
or functional groups than acrylates are
in the design of metallomesogens.

In conclusion, the polymerization of
reactive metallomesogens in situ opens
up new possibilities for the processing of
nanostructured metal-containing mate-
rials. Nevertheless, metals may have an
adverse effect on the efficiency of the
polymerization, especially in the free-
radical polymerization of acrylates —
the most widely studied polymerizable
groups used to design both lyotropic and
thermotropic reactive metallomesogens.
Recent research has demonstrated that
1,3-dienes offer new possibilities rela-
tive to the acrylates: on the one hand,
dienes have a higher compatibility with
mesomorphic ordering than acrylates,
and, on the other hand, they can react by
an alternative mechanism to the free-
radical route to undergo efficient poly-
merization and consequently avoid the
inhibition or retardation introduced by
metal ions and some organic groups.
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The observation of the ligand-associat-
ed heterolytic splitting of H2 dates back
to pioneering work by Fryzuk et al. on
organometallic amide complexes of rho-
dium and iridium.[1] The general impor-
tance of the reversible storage of dihy-
drogen within a transition metal/ligand
framework was later proposed by Crab-
tree but remained restricted to the
stoichiometric formation of hydrides of
iridium–amide complexes.[2] Starting in
1995, Noyori disclosed novel ruthenium
diamine complexes that enabled a con-
ceptually new enantioselective hydro-
genation process and thereby marked
that start of the rational design of chiral
catalysts with unprecedented activity in
the reduction of prochiral ketones and
imines.[3] In principle, the basic task of
the catalyst consists of the concerted
transfer of dihydrogen within a hydride–
ruthenium–diamine assembly. If the di-
amine or the remaining coordination
sphere of the metal center bears defined
stereochemical information, an enantio-

selective process is possible (e.g., struc-
ture A, Scheme 1).

For this purpose, two types of reac-
tions were envisioned. Transfer hydro-
genation of both ketones and imines
used 2-propanol or formic acid/triethyl-
amine as the hydrogen source.[3a,c,d] The
overall reaction pathway was deter-
mined in a seminal study in which all
active metal complexes involved in the
catalytic cycle were isolated.[4] Typically
the actual catalyst is generated in situ
through interaction of base which causes
elimination of HCl from precatalyst 1.
The resulting low-coordinate rutheni-
um–amide complex 2 interacts with 2-
propanol (A, R1=R2=Me) and within
a concerted process takes up hydride
and proton to generate the hydride
catalyst 3. Reduction of the carbonyl is
then accomplished via transition state A
(R1¼6 R2) without metal–carbonyl inter-
action to yield the chiral alcohol or
amine product and 2. In principle, the

reaction turns endlessly at the Ru–NH
surface of the two catalytically active
species 2 and 3 (Scheme 1).

For transfer hydrogenation in formic
acid/triethylamine azeotrope, the work-
ing mode of catalyst formation was
addressed recently by Ikariya et al. ,
who published an extensive investiga-
tion including the first structural eluci-
dation of a transition-state analogue for
this step.[5] Reaction of the isolated
ruthenium–amide complex 2[4] with for-
mic acid at�40 8C in THF generated the
formate complex 4a as a single diaster-
eoisomer. This confirms once again that
the formation of the actual hydride
catalyst proceeds with complete stereo-
selectivity.[4] As expected for an imme-
diate catalyst precursor of high reactiv-
ity, 4a was found to be rather unstable
and no crystal structure could be ob-
tained. Instead, the related acetate 4b
was characterized by X-ray structure
analysis. The structure is in accordance

Scheme 1. Catalytic enantioselective transfer hydrogenation of ketones.
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with the expected absolute configura-
tion at the Ru atom, and the distance
between the carbonyl group and the
NH2 entity is only 2.77 5. Kinetic NMR
studies on the decarboxylation of 4a
revealed a first-order rate dependence
in substrate. Activation parameters of
DH�= 76 kJmol�1, DS�=

�38 Jmol�1K�1, and DG�= 87 kJmol�1

were obtained, and the negative entropy
value suggests that the active hydride
catalyst 3 is formed from 4a by an
intramolecular process. Within this con-
text, a remarkable study on the transfer
hydrogenation of arometic ketones in
water was reported recently, which sug-
gested a dramatic pH dependence of
both catalyst performance and regener-
ation mode.[6]

In contrast to transfer hydrogena-
tion, the direct enantioselective hydro-
genation of ketones requires the use of
ternary ruthenium complexes made up
of a bisphosphine, a diamine, and a
ruthenium(ii) center, which are usually
provided as preformed dichlorides such
as 5 (Scheme 2). In view of catalyst
efficiency, these compounds are unpar-
alleled. Peak turnover rates reach 62 per
second, while enantioselectivities of up
to 99% ee can generally be obtained.[3b,c]

Since the ternary composition allows for
selective replacement of the individual
ligands, the catalyst can be fine-tuned.[3b]

For example, a binap–RuII complex with
a 1,4-diamine ligand acts as a precatalyst
for the enantioselective hydrogenation
of tetralones,[7a,b] a substrate class which
proves problematic for the conventional
1,2-diamine-chelated catalysts such as 5.
Application of pyridinyl amines has

recently led to an efficient catalyst class
for the enantioselective hydrogenation
of tert-alkyl ketones.[7c,d]

These extremely efficient catalyses
have stimulated ongoing mechanistic
investigations.[8] The exact working
mode of the uniquely enantioselective
catalyst derived from 5 was uncovered
by Noyori et al. in 2003.[9a] The structur-
ally defined hydride–borohydride–
ruthenium precursor 6[9b] was found to
initiate catalysis even without addition
of base and therefore served as the
molecular basis for the unambiguous
determination of the underlying kinetics
and the influence of solvent, base, and
hydrogen pressure on the overall reac-
tion profile. Two cycles turned out to be
of importance. Borohydride dissociation

from 6 gives the cationic complex 10
(Scheme 3). In protic solvents such as 2-
propanol this intermediate originates
from protonation of the basic imido
function in neutral 8. Complex 10 then
accomodates dihydrogen to yield the
cationic dihydrogen complex 11, which
represents the resting state of the cata-
lyst and is the immediate catalyst pre-
cursor. Dihydride catalyst 7 is formed
from 11 by loss of a proton (Scheme 3,
cycle II).

In an elegant experiment Bergens
et al. showed that 11 can be generated
directly from the cationic binap–Ru–
hydride complex 12 (with tetrafluoro-
borate as the counterion) by addition of
the diamine ligand under 1 atmosphere
of hydrogen.[10] The general structure of
11 was determined by NMR spectrosco-
py as was the absence of deuterium
scrambling between the h2-bound dihy-
drogen and the hydride ligand. How-
ever, when generated this way 11 is not
an active catalyst precursor in the ab-
sence of base. This shows that 2-prop-
anol itself is not sufficiently basic to
deprotonate the dihydrogen ligand in 11
and that the nature of the formal
counterion is of high importance. For
reactions in aprotic solvents, 6 generates
the dihydride catalyst 7, which reduces
the ketone substrate to give amide
complex 8. This complex splits dihydro-

Scheme 2. Enantioselective hydrogenation of ketones. R=phenyl, 4-tolyl, xylyl.

Scheme 3. Catalytic cycles for ketone hydrogenation and the transition-state structure.
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gen in a heterolytic manner (!9) to
regenerate catalyst 7 (Scheme 3, cy-
cle I).

Thus, the mechanistic scenario for
the occurrence of peak turnover fre-
quencies in bifunctional metal–ligand
hydrogenation is based on a well-bal-
anced overall neutral environment with
only a local appearance of acidic and
basic species as provided by 6. Com-
plexes 6 and 12 are the only direct
catalyst precursors isolated to date,
since the exact formation of 7 either
from 6 under nonprotic conditions or
from the dichloride 5 or related mono-
hydrides through base interaction re-
mains to be determined. Significant
contributions by Morris et al. include
the isolation of various ruthenium dihy-
drides related to 7, hydride chlorides,
and amide complexes which all show the
expected catalytic activity in ketone and
imine hydrogenation.[11] An extensive
comparative study on some dihydrides
from monophosphine complexes aimed
to clarify the preferential geometrical
arrangement of these catalysts.[12] In the
predominant catalysts the two hydrides
were found to adopt a trans arrange-
ment, a result that in agreement with the
suggested geometry for 7.[9a]

The enantiofacial differentiation of
the substrate is accomplished kinetically
on the molecular surface of the chirally
modified RuH2 catalyst. The final hy-
drogen transfer proceeds through a six-
membered transition state and involves
simultaneous transfer of a proton from
an amino moiety of the chiral diamine
ligand to the carbonyl oxygen atom and
hydride transfer from ruthenium to the
carbonyl group. A molecular model of
the active trans-RuH2 species from the
hydrogenation is depicted in Scheme 3;
it shows how the hydride and the amine
proton (H-Ru-N-Hax) are involved in
the transition state. The prerequisite
diamine ligand plays a dual role: it
contributes to the chiral environment
of the catalyst and takes part actively in
hydrogen transfer.

Although the two catalytic systems
with hydride and dihydride catalysts (3
and 7, respectively) apparently share the
mode of hydrogen transfer, they differ
from each other in catalyst regeneration.
The decisive step of the hydrogen trans-
fer from the polarized donor molecules
2-propanol or formic acid consists of a

concerted addition across the polar Ru–
amide bond. The ionic character of the
hydrogen-transfer reagent is necessary,
since direct activation of Ru–amide 2
with hydrogen requires a pressure of
80 bar.[4] In contrast, cationic ruthenium
complexes such as 10 can activate dihy-
drogen heterolytically by h2 coordina-
tion. The subsequent deprotonation of
this dihydrogen ligand is rapid and
results in the high productivity of the
overall reaction, that is, the kinetic
preference of cycle II over cycle I.

In what represents a significant
structural alternative in this area of
hydrogenation catalysts, GrCtzmacher
et al. introduced a novel rhodium–
amide system for the heterolytic activa-
tion of hydrogen activation.[13] Starting
from the bistropylidenylamine 13, a two-
step sequence led to the formation of a
defined rhodium complex in which the
bistropylidenylamine acts as a tridentate
ligand. The amino hydrogen displays the
expected acidity (pKa,DMSO= 15–20) and
can be removed upon addition of base
(Scheme 4). The resulting rhodium–

amide complexes 14a,b are sufficiently
stable. Complex 14b was characterized
by its solid-state structure, which re-
vealed a Rh�N bond length of 2.0 5. In
addition, the observed sawhorse struc-
ture of the four-coordinate 14b is unique
among this type of complexes and
appears to be a geometrical prerequisite
for dihydrogen splitting. Compounds
14a,b readily induce heterolytic H2

splitting at�78 8C under 1 atm of hydro-
gen and are transformed into the corre-
sponding rhodium hydrides 15a,b. Com-
pound 15b was again characterized by
X-ray structure analysis, and its struc-
ture was very similar to that of 14b. This
result indicates that the accommodation
of hydrogen in this systm is readily
reversible; this was confirmed by the
observation of selective and reversible
deuterium incorporation under D2.

The structure and reactivity of the
resulting rhodium hydrides thus match
that required for bifunctional metal–
ligand hydrogenation catalysts. Compa-
rative DFT calculations confirm a high
preference for the heterolytic dihydro-
gen cleavage, which yields the amino
rhodium hydride by an exothermic path-
way (DHR=�67 kJmol�1), while the
conventional homolytic splitting to yield
a rhodium dihydride would proceed by
an endothermic pathway (DHR=

71 kJmol�1) and via an higher energy
transition state (DH�= 61 kJmol�1 for
heterolytic vs DH�= 75 kJmol�1 for
homolytic cleavage). Under 100 bar of

hydrogen, both the crystalline amide
and the isolated hydride catalyze hydro-
genation of ketones and imines with
TONs of up to 650. No further additives
are required; that is, the reaction pro-
ceeds under neutral conditions. Aside
from the borohydride complexes of type
6, this is a rare example of a base-free
bifunctional metal–ligand hydrogena-
tion catalyst.[14]

Scheme 4. A structually novel rhodium amide complex for the heterolytic cleavage of dihydro-
gen. cod= cyclooctadiene.
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Apart from their unmatched effi-
ciency in the enantioselective hydroge-
nation and transfer hydrogenation of
carbonyl compounds, bifunctional met-
al–ligand complexes have been em-
ployed recently for other processes as
well. Sadler et al. described a structur-
ally closely related cationic (h6-arene)-
Ru(en) unit for the recognition of nu-
cleoside and nucleotide binding sites.[15]

In the area of transition-metal catalysis,
Ikariya et al. reported the catalytic hy-
drogenolysis of epoxides in 2-propanol
in the presence of an aminophosphine
ligand and a pentamethylcyclopenta-
dienyl (Cp*) ruthenium precursor.[16]

The catalyst formed in situ was suggest-
ed to be the ruthenium hydride 17,
which at S/C= 100 gave yields from 79
to 99% and a 99:1 ratio in favor of the
branched alcohol over the linear
(Scheme 5).

Hartwig et al. employed catalysts of
ternary composition for lactone forma-
tion from the dehydrogenative cycliza-
tion of 1,4-butanediol. Among various
catalysts screened for this purpose, 18
performed best and converted the diol
quantitatively. The reaction could be
performed on a large scale; 22 g of diol
was converted into the lactone in 100%
yield with as little as 5.4 mg of catalyst,
which corresponds to an overall TON of
17000.[17]

The successful ruthenium diamine
motif was used to develop an enantio-
selective Michael addition.[18] Here, the
addition of dimethyl malonate across
prochiral cyclic enones such as cyclo-
pentenone and cyclohexenone was cat-
alyzed by 2 with selectivities of up to
99% ee.[18a–c] The reaction is believed to

start from an a-metalated structure 19
and to proceed through a highly organ-
ized transition state 20 with hydrogen
bonding toward the carbonyl oxygen
and olefin-face selection through the
imposing stereochemical environment
of the catalyst surface (Scheme 6).

The identical transformation was
accomplished by Morris et al. using
ternary catalysts of the binap–rutheni-
um–aminophosphine composition.[18d]

Here, the borohydride complex 21
proved to be the most efficient catalyst
precursor, leading to the Michael addi-
tion with 96% ee at S/C= 100. Since
complexes derived from binap, rutheni-
um, and aminophosphines have proven
to be versatile hydrogenation catalysts
as well,[19] 21 can be used for a domino
catalysis.[18d] Thus, when the Michael

addition was complete, application of
28 bar of hydrogen pressure led to con-
comitant reduction of the ketone to the
corresponding alcohol with 30:1 selec-
tivity in favor of the trans-configured
cyclohenanol. An identical sequence
with slightly lower selectivities (90% ee
for the Michael addition and 10:1 selec-
tivity at 99% yield) was observed for
related ruthenium complexes based on
binol-derived bisphosphinites.[18e]

A ruthenium–amine moiety proved
successful for the isomerization of allylic
alcohols to ketones.[20] Again, the estab-
lished Cp* ruthenium catalyst 17 from
epoxide hydrogenolysis was employed
and was generated in situ with KOtBu.
Various allylic alcohols could be isomer-
ized to give the corresponding ketones
(Scheme 7).

Isotopic labeling provided the first
information about the mechanism. Ap-
parently the reaction is initiated by
alcohol dehydration to give the unsatu-
rated ketone together with a ruthenium
hydride or deuteride. Regioselective
conjugate addition of this complex fur-
nishes the simple ketone product with
the observed deuterium incorporation
in the 3-position. This observation
matches the chemoselectivity observed
in related Michael addition processes
(Scheme 6). The fact that the reaction
proceeds with complete chemoselectiv-
ity for substrates containing further C=C
bonds led to the development of an
enantioselective allylic isomerization

Scheme 5. Ruthenium catalysts for the hydrogenolysis of epoxides and for the conversion of
diols to lactones.

Scheme 6. Enantioselective Michael additions employing bifunctional ligand–metal catalysts.
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with a proline-derived ligand. At
5 mol% loading, catalyst 22 selectively
converted the shown triene into the
corresponding enantioenriched ketone,
which within two subsequent steps gave
the natural product (S)-muscone.

While the original Noyori transfer-
hydrogenation catalyst displayed high
chemoselectivity for the preferential
reduction of C=O over C=C bonds,
Deng et al. have now found that this
preference can be reversed for strongly
polarized olefinic substrates.[21] In addi-
tion, application of the triethylamine/
formic acid protocol led to an efficient
saturation of the C=C bonds for a
variety of unsaturated nitriles when a
slightly modified diamine ligand was
employed (precatalyst 23). Enantiomer-
ic excesses of up to 89% could be
obtained, and experiments with deuter-
ated formic acid suggest that the reac-
tion involving the polarized amine–
ruthenium hydride catalyst follows a
conjugate reduction pathway related to
the Michael additions from Scheme 6.

Bifunctional metal–ligand catalysis
had originally been conceived as a
synthetic methodology for the enantio-
selective hydrogenation of ketones and
imines. The first transition metal em-
ployed, ruthenium, is still the most
broadly applicable, but similar reactivity
has been shown for other metals as well.

Certainly future interest in this area will
focus on the elucidation of the few
remaining mechanistic questions, for
example, the exact mode of catalyst
formation, and the development of
structurally new systems such as the
rhodium catalyst 15. Apart from this,
bifunctional metal–ligand catalysis may
develop into a more general concept for
enantioselective catalysis. In view of the
first examples of enantioselective Mi-
chael additions and the isomerization of
allylic alcohols, and considering the yet
unexplored hydrometalation[22] and the
recent detection of highly reactive
ruthenium and iridium alkoxides,[23]

one expects further exciting reactions
to emerge in due course.
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1. Introduction

The synthetic chemical community has been put under
increased pressure to produce, in an environmentally benign
fashion, the myriad of substances required by society. Thus,
green chemistry has emerged as a discipline that permeates all
aspects of synthetic chemistry. A major goal of this endeavor
must be to maximize the efficient use of raw materials and
simultaneously to minimize waste. Thus, synthetic efficiency
has to address not only selectivity (i.e. chemo-, regio-,
diastereo-, and enenatioselectivity) but also atom econ-
omy.[1, 2] That is, in chemical transformations of the general
form A + B!C + D, if the desired product is C, then the by-
product D must be as small and innocuous as possible if no
use for it can be found. In an ideal scenario D would vanish all
together, and the general scheme would simplify to A + B!
C, with anything else needed only catalytically. In other
words, the use of simple addition reactions must be empha-
sized if we are to make chemical manufacturing more
efficient.

Several reactions of this type have been developed, with
the Diels–Alder reaction perhaps representing the ideal
reaction in that C�C bonds may be formed, not only with a
high degree of chemo-, regio-, diastereo-, and enantioselec-
tivity, but also atom economically. Few industrial processes
make use of the exquisite power of the Diels–Alder trans-
formation, even though it is an invaluable tool in the synthesis
of complex molecules.[3] Hydroformylation, on the other
hand, is an atom economic reaction that enjoys widespread
industrial use, but sees only limited use in typical research
laboratories.[4, 5] Finally, catalytic hydrogenation represents an
almost ideal reaction that is extensively used both industrially

and academically. Unfortunately, few reactions in multistep
synthetic sequences are simple addition reactions, and as a
result few types of molecular transformations are possible in
an atom-economic fashion. Expanding the synthetic toolbox
to include more addition reactions will certainly change this
picture. In this context transition-metal catalysts have occu-
pied and continue to occupy a central role, both in improving
existing processes and, more importantly, in discovering new
ones. In this regard our research program directed at the
development of non-metathesis ruthenium-catalyzed reac-
tions has been a particularly fruitful avenue of investigation.

A comprehensive treatment of this area goes well beyond
the scope of this Review.[6] Rather, we illustrate that by
approaching the development of reactions in a semirational
way, one can discover, indeed invent, new reactions guided by
the mechanistic underpinnings of these transformations. An
understanding of the mechanisms of these reactions continues
to provide the basis and impetus for the discovery of new
reactions, even if the proposed hypothesis does not always
turn out to be the actual mechanism! This Review is roughly
divided into sections along the lines of the proposed operating
mechanisms, with special care being taken to guide the reader
through the reasoning behind the design of the reactions.
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Department of Chemistry
Stanford University
Stanford, CA 94305-5080
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The demand for new chemicals spanning the fields of health care to
materials science combined with the pressure to produce these
substances in an environmentally benign fashion pose great challenges
to the synthetic chemical community. The maximization of synthetic
efficiency by the conversion of simple building blocks into complex
targets remains a fundamental goal. In this context, ruthenium
complexes catalyze a number of non-metathesis conversions and allow
the rapid assembly of complex molecules with high selectivity and
atom economy. These complexes often exhibit unusual reactivity.
Careful consideration of the mechanistic underpinnings of the trans-
formations can lead to the design of new reactions and the discovery of
new reactivity.
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2. Additions via Vinylidene Complexes

A number of reactions have been reported in which
alkynes were reported to be converted either thermally into
carbenes,[7,8] or in the presence of a metal into the corre-
sponding metal complexed carbenes.[9] There were, however,
several issues with the generation of these carbenes. First, the
thermal route [Eq. (1), path A], required extremely high

temperatures, which made the synthetic usefulness of this
method doubtful. The formation of metal vinylidenes
[Eq. (1), path B], on the other hand, proceeds under
extremely mild conditions, but unfortunately these complexes
were generally too stable to be synthetically useful.[10–16]

The work disclosed by Bruce and co-workers in which
various ruthenium vinylidene complexes (e.g. 2) were report-
edly synthesized from [CpRu(PPh3)2Cl] (1) [Eq. (2); Cp=

cyclopentadienyl],[17–21] stimulated a search for how such
complexes may function as reactive intermediates in a
catalytic cycle. These complexes are remarkably stable
towards nucleophiles, for example, complex 2 must be
heated at reflux in methanol to obtain the addition product.
Moreover, higher alcohols do not react with this complex at
all.[19]

To overcome the inherent low reactivity of 2 towards
alcohols, the possibility of precoordinating the nucleophile
may offer a viable option. In such a scenario the double bond
of an allylic alcohol would coordinate to the metal, and hence
deliver the hydroxy group in an intramolecular fashion
(Scheme 1). Thus, the reaction of a coordinatively unsatu-

rated Ru complex such as 3 with a terminal alkyne was
expected to generate the corresponding vinylidene complex 4.
Ligand exchange would form the complex 5 in which the
nucleophilic hydroxy group is proximal to the vinylidene
carbon atom. Nucleophilic attack then generates ruthena-
diene 6, which may undergo sigmatropic rearrangement
followed by reductive elimination to give the b,g-unsaturated
ketone 8 via allyl complex 7.

Initial studies in this program focused on the reaction
between complex 1 and various terminal alkynes. These
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Scheme 1. Mechanistic rationale for the reconstitutive addition of
alkynes and allylic alcohols.
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revealed that in contrast to other aliphatic alcohols, various
allylic alcohols reacted cleanly with terminal acetylenes in the
presence of catalytic amounts of complex 1 and ammonium
hexafluorophosphate to form the desired b,g-unsaturated
ketones in good yield [Eq. (3)].[22] The reaction tolerates

branching at the allylic position, but not substituents on the
double bond, presumably due to steric factors. Mechanistic
studies lent strong support for the proposed mechanism.[23]

First, the coordination of the allylic alcohol is proposed to
take place by ligand exchange with triphenylphosphane in the
second step of the catalytic cycle. Several results support this
rationale. For example, the rate of reaction between 9 and
allyl alcohol is significantly retarded in the presence of excess
triphenylphosphane (> 1 equiv/Ru). Moreover, the use of a
bidentate ligand such as dppe (1,2-bis(diphenylphosphanyl)-
ethane) instead of triphenylphosphane completely shuts
down the reaction, presumably due to the reluctance of the
dppe ligand to dissociate from the ruthenium center, which in
turn precludes coordination of the olefin.

Labeling experiments cast light on other aspects of the
proposed mechanism [Eq. (4) and Eq. (5)]. Treatment of 1-

ethynylnaphthalene (12) with deuterated allylic alcohol 13 led
to addition products 14 and 15 (� 7:1). The carbon atom that
bears the allylic hydroxy group preferentially formed the new
C�C bond with the terminal alkyne carbon atom [Eq. (4)].
Similarly, treatment of 12 with trans-dideuterated allylic
alcohol 16 gave the with a 11.5:1 ratio [Eq. (5)]. The retention
of the geometry of the alkene demonstrates the intervention
of a p-allyl species (e.g. 7) in the catalytic cycle, in which
isomerization is slower than reductive elimination. More-
hindered allylic alcohols show complete scrambling of the
olefin geometry, thus indicating that h3~·h1~·h3 isomerization
now competes with reductive elimination.

This reaction exhibits excellent chemoselectivity and
allows the presence of acetals, esters, conjugated ketones,

internal alkynes, as well as alcohols to be present in the
acetylenic coupling partner.[24] Moreover, it lends itself well to
synthesis. For example rosefuran (22), the essence of rose oil,
was synthesized in 23% overall yield in a concise six-step
sequence starting with acetylene 19 and allylic alcohol 20. In
this case, the Ru-catalyzed reaction generates the 1:1 adduct
21, which is readily converted into the target furan 22
(Scheme 2).[25]

Later, a second-generation catalyst system with In(OTf)3
as a halophilic cocatalyst allowed a decrease in the amounts of
allylic alcohol required for complete conversion into a nearly
equimolar ratio with respect to the alkyne coupling part-
ner.[24,26] The role of the cocatalyst is probably to remove
chloride ion, thus generating a coordinatively more unsatu-
rated Ru cation.

The potential susceptibility of vinylidene complexes
towards nucleophilic attack by precoordinated nucleophiles
prompted an examination of the possibility of intercepting
such species by a tethered nucleophile [Eq. (6)]. In this

Scheme 2. Reconstitutive condensation in the total synthesis of rose-
furan (22).
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scenario a homopropargylic (23, n= 1) or higher alcohol (24,
n= 2) was expected to attack the vinylidene complex 25 to
form the oxacarbene species 26. An oxygen heterocycle may
then be released upon oxidative decomplexation, for exam-
ple, in the form of a lactone 27.

The synthesis of Fischer oxacarbene spe-
cies such as 26 has been known since the early
1970s, and systems containing five-,[27] six-,[28]

and seven-membered rings[29] have been pre-
pared. The development of preparatively
useful methods that make use of the Fischer
oxacarbene complexes has been hampered by
the perceived difficulty of the decomplexation
step.[30] Many useful transition-metal-medi-
ated methods for alkynol cycloisomerization have neverthe-
less been developed.[31]

The logical extension of this work has been the develop-
ment of viable catalytic methods for alkynyl cycloisomeriza-
tion-type reactions. In this regard McDonald and co-workers
developed elegant catalytic versions of their tungsten-medi-
ated endo cycloisomerization, which provides access to
structurally diverse dihydropyrans in a highly efficient
manner [Eq. (7)].[32–36] This methodology has been extensively

utilized in the synthesis of biologically significant glyco-
sides.[37–40]

The key to using the ability of Ru vinylidene complexes to
be trapped by a homopropargylic alcohol is the design of a
decomplexation pathway of Ru–oxacarbene complexes. One
approach considers a subsequent oxidative decomplexation
step, which would lead to g-butyrolactones (see 27, n= 1
[Eq. (6)]). Literature precedent indicated that the latter step
had been effected by strong oxidants such as cerium
ammonium nitrate[41, 42] and dimethyl dioxirane.[43] The critical
issue seemed to be the discovery of an oxidant that would be
chemoselective and would maintain the catalytic cycle. The
choice of oxidant (N-hydroxysuccinimide) and a small

electron-poor phosphine (trifurylphosphane) was critical for
achieving the catalytic reaction as shown in the transforma-
tion of substrate 30 into product 32 catalyzed by Ru complex
31 [Eq. (8)].[44]

This methodology was applied in a short asymmetric
synthesis of (�)-muricatacin, a natural product with antitu-
mor properties (Scheme 3).[45,46] The chemoselectivity of this
oxidative cyclization of 35 for the formation of a five-
preferentially to a six-membered ring is noteworthy.

This synthetic methodology can be extended to 5-
hydroxy-1-alkynes. Initial forays in this direction met with
limited success owing to significant competitive exo cycliza-
tion, rather than cyclization in the desired endo mode.
Considerable experimentation revealed a most intriguing
divergence. When a 5-hydroxy-1-alkyne (e.g. 37) was exposed
to catalytic [CpRu(Ar3P)2Cl] with electron-donating phos-
phine ligands (e.g. tris(para-methoxyphenyl)phosphane) the
lactone 39 formed exclusively [Eq. (9)]. In contrast, the
catalyst bearing electron-withdrawing phosphine ligands (e.g.
tris(para-fluorophenyl)phosphane) led to clean conversion
into the dihydropyran 41 [Eq. (10)].[47] Slightly higher catalyst
loadings are necessary to reach complete conversion in the
former case.

This interesting dichotomy can be explained by consider-
ing the proposed mechanism (Scheme 4). The initial stages of
the catalytic cycle are common for both pathways. Thus,
vinylidene 43 is formed, and nucleophilic attack of the
hydroxy group at the vinylidene carbon atom leads to the
pivotal intermediate 44. In the case of the cycloisomerization
(Scheme 4, cycle A), the electron-deficient ligand favors
ligand exchange to form anionic intermediate 45, which
upon protonation liberates the dihydropyran 46 and Ru-
complex 47. Simple ligand exchange liberates N-hydroxysuc-
cinimidate and regenerates the catalyst 42. An electron-rich
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phosphine is used in the oxidative cyclization (Scheme 4,
cycle B), in which protonation of the ruthenadihydropyran 44
is preferred and affords the cationic complex 48. Attack at the
anomeric center by the nucleophilic oxidant gives complex 49,
followed by protonation to liberate the lactone 50 and
regenerate the catalyst 42. The formation of the dihydropyran
is particularly interesting as some groups have reported the
attempted formation of dihydropyrans from the ruthenium
intermediates and noncoordinating bases.[48] In the case at
hand the choice of a coordinating base, specifically N-
hydroxysuccinimide, is critical for turnover, as other bases
failed entirely to give the hydropyrans.[49]

The divergent reaction lends itself well to
synthetic applications. For example, iterative cyclo-
isomerization, akin to the elegant application of
tungsten-catalyzed cycloisomerization by McDo-
nald and Wu,[39] opened up an approach to narbo-
sine A (51), an antiviral bistetrahydropyran natural
product isolated from Streptomyces (Scheme 5).[50]

Thus, alcohol 52 was converted into the dihydro-
pyran 53 under the standard conditions. Stereo-
selective formation of the anomeric ether 54
preceded the second cycloisomerization, which
afforded the glycal 55 in very good yield. Finally,
acid-catalyzed addition of methanol followed by
deprotection gave narbosine A (51).

Likewise, the oxidative cyclization is also useful
for the synthesis of natural products, for example, in
the concise formal synthesis of the mosquito

pheromone 56 (Scheme 6).[51,52] In this case, oxidative cycli-
zation of 57 under the standard conditions revealed the
hydroxylactone 58 (64% yield), an intermediate in the
synthesis by Kotsuki et al.[53]

The marine ladder toxins represent a structurally fasci-
nating class of natural products.[54] With the efficient Ru-
catalyzed cycloisomerization in hand, an iterative approach to
the trans-fused tetrahydropyran ring systems found in the
BCD ring fragment of yessotoxin,[55] a polyether toxin
implicated in diarrhetic shellfish poisoning, was envisaged
(Scheme 7). Readily available alcohol 59 was subjected to the
standard cycloisomerization conditions to afford glycal 60 in

Scheme 3. Total synthesis of (�)-muricatacin (36) by Ru-catalyzed cycloisomeriza-
tion/oxidation; cod=1,5-cyclooctadiene.

Scheme 4. Postulated mechanism for the cycloisomerization (cycle A) and oxidative cyclization (cycle B).
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excellent yield. This was readily converted into the alkynyl
alcohol 61 in two steps, thus setting the stage for a second
cycloisomerization reaction, which proceeded uneventfully to
give bicycle 62. Straightforward manipulations again deliv-
ered the requisite 5-hydroxy-1-alkyne 63. A third cyclo-
isomerization then gave tricyclic glycal 64 in excellent yield.

Alternative methods for the interception of ruthenium
vinylidene complexes by nucleophiles have also led to

catalytic cycles. For example, Liu and co-workers recently
described an efficient Ru-catalyzed synthesis of functional-
ized furans (e.g. 65) from propargylic epoxides (e.g. 66) in
very good yield [Eq. (11); Tp= tris(pyrazolyl)borate].[56]

Ruthenium vinylidene 67 is proposed to be the key inter-
mediate in this reaction, and evidence for this mechanism was
supported by deuterium-labeling experiments. Similarly,
carbon nucleophiles have also been used to trap ruthenium
vinylidenes. Merlic and co-workers demonstrated that dienyl

Scheme 5. Iterative cycloisomerization in the total synthesis of narbosine A (51); PMB=para-methoxybenzyl; TBS= tert-butyldimethylsilyl ;
Ts=para-toluenesulfonyl; CSA=10-camphorsulfonic acid; DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

Scheme 6. Formal total synthesis of insect pheromone 56 by a Ru-cat-
alyzed oxidative cyclization reaction.

Scheme 7. Iterative Ru-catalyzed cycloisomerization in the synthesis of trans-fused tetrahydropyrans.
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alkynes (e.g. 68) could be cyclized to the corresponding furan
(e.g. 69) in high yield in the presence of [RuCl2(p-cy-
mene)PPh3] and NaPF6 [Eq. (12)].[57]

A ruthenium vinylidene species is also invoked as an
intermediate in the cyclization of 1-alkyne-6-allyl silanes 70 to
produce 1,4-dienes 71. Echavarren demonstrated that enyne
70 cyclized smoothly to diene 71 in the presence of the
[CpRu(PPh3)2Cl] precatalyst and NaPF6. The silane is pro-
posed to stabilize the positive charge that develops during
ring closure [Eq. (13)].[58] Ruthenium catalysis was also used

to mediate the alkenylation of pyridine to give 2-alkenyl
pyridines 72–74 in high yield. The pyridine species is thought
to undergo ligand exchange with one phosphine ligand,
thereby placing the heterocycle proximal to the vinylidene
moiety and thus enabling regioselective alkenylation
[Eq. (14)]. Evidence for this mechanism was found by switch-
ing to a bidentate phosphine, dppe, which led to no
alkenylation.[59]

Ruthenium vinylidenes can also participate in carbame-
talation reactions, and a number of these have emerged in the
literature.[60] A particularly interesting example was revealed
by Yi and co-workers: vinylidene complex 75 was found to
catalyze the cross-coupling of tert-butyl acetylene (76) with a
variety of alkynes (e.g. 77) to give the addition products (e.g.
78 and 79) in excellent yield [Eq. (15)].[61] Notably both

electron-poor and electron-rich alkynes functioned equally
well in this cross-coupling reaction.

3. Additions via Allenylidene Complexes

Transition-metal–allenylidene complexes have attracted a
great deal of attention in recent years owing to their
interesting structural features as well the multitude of trans-
formations they undergo.[62,63] Most syntheses are based on
the spontaneous dehydration of propargylic alcohols first
reported by Selegue, or on variations thereof.[64] Several
stoichiometric metal–allenylidene complexes have been de-
scribed, and their chemistry has been well documented.[13]

Their use in non-metathesis catalytic applications, however,
are less developed.

It was the potential for the activation of three carbon
atoms that primarily evoked our interest in the use of Ru–
allenylidene complexes in catalytic processes. At the outset,
complexes had been utilized in stoichiometric amounts in
several interesting settings, but no catalytic applications had
been developed. The use of ruthenium–vinylidene complexes
in the reconstitutive condensation (see Section 2) encouraged
exploratory studies with allenylidene complexes. Specifically,
the use of tethered nucleophiles could potentially trap the
allenylidene complex, thereby generating a vinylidene com-
plex that could undergo the standard reconstitutive addition,
thus giving rise to a tandem cyclization–reconstitutive addi-
tion process (Scheme 8). The allenylidene complex 80 is
expected to form readily from Ru complex 3 and the
propargylic alcohol. The tethered hydroxy group would lead
to concomitant formation of the tetrahydrofuran 81 as well as
the vinylidene complex, which would undergo a standard
reconstitutive addition (via 82–85) as described previously.

w-Hydroxypropargylic alcohols participated well to form
both five- and six-membered cyclized products in good yield
when exposed to catalytic [CpRu(Ph3P)2Cl] and NH4PF6

[Eq. (16)]). For example, diol 86 cyclized smoothly to give

bicycle 87 in very good yield (57%).[65] Similarly, the
spiroketal subunit of calyculin A was accessed readily by
subjecting propargylic alcohol 88 to the tandem cyclization–
reconstitutive addition protocol [Eq. (17); Piv= pivaloyl][66]

to give ketone 89, a precursor for 90.
More recently, Ru–allenylidene intermediates have been

invoked in several fascinating reactions. For example, Hidai,
Uemura, and co-workers have published extensively on the
use of thiolate-bridged bimetallic ruthenium complex 91 in
several Nicholas-type addition reactions to terminal prop-
argylic alcohols.[67] They isolated the allenylidene complex 92
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in 84% yield by treating 91 with 1,1-ditolylpropargylic
alcohol. Complex 92, in turn, underwent substitution at the
Cg position when heated in ethanol to afford ether 93 in 89%
[Eq. (18); Cp*=pentamethylcyclopentyl, Tol= tolyl].

The precatalyst 91 was screened in a number of different
propargylic substitution reactions and found to be a very
efficient and general catalyst system for the addition of a
number of nucleophiles, including alcohols [Eq. (19)],
ketones [Eq. (20)],[68] aromatic groups [Eq. (21)],[69] 1,3-

dicarbonyl compounds [Eq. (22)],[70] as well as
amides, amines, phosphine oxides,[67] phenols,[71]

and olefins.[72] Hidai, Uemura, and co-workers
expanded the scope of this reaction to include
thiols as nucleophiles as well as internal propar-
gylic alcohols as electrophiles. In this case, a
different mechanism to that proceeding through
allenylidene complex (such as 92) has been
invoked.[73,74]

Another notable application by this group of
researchers is the one-pot sequential Ru- and Pt-
catalyzed formation of furans and pyrroles. Prop-
argylic alcohols undergo Ru-catalyzed propargylic
substitution by a ketone followed by Pt-catalyzed
hydration/cyclization to give the desired hetero-
cycle (e.g. 99) in good yield [Eq. (23)].[74] This
methodology is also amenable to the synthesis of
pyrroles (e.g. 100) by the addition of 1 equivalent
of aniline [Eq. (24)]. In the latter case, a higher
catalyst loading is required for complete conver-
sions.

Notably, the synthetic chemist is not limited to
Ru catalysis, as several groups have reported
metal-catalyzed propargylic substitutions. For
example, Mahrwald and co-workers developed aScheme 8. Tandem cyclization/reconstitutive addition of propargyl alcohols with allyl alco-

hols.
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titanium-catalyzed propargylic substitution.[75] Toste and co-
workers described the rhenium-catalyzed addition of alco-
hols,[76] allyl silanes,[77] and electron-rich aryl groups[78] to
terminal and internal alkynes in excellent yields. Finally,
Matsuda and co-workers reported the iridium-catalyzed
alkylation of propargylic esters with enoxysilanes.[79]

4. Redox Isomerization

The adjustments of oxidation levels are transformations of
fundamental importance in organic synthesis. These processes
often suffer from poor atom economy, as they frequently
require multiple steps and stoichiometric amounts of
reagents. Thus, much effort has been expended on developing
more-atom-economical ways to effect this transformation.
The transformation of unsaturated alcohols (e.g. allylic
alcohols) into their corresponding ketones or aldehydes
represents an attractive one-step alternative to traditional
reduction–oxidation procedures. Many catalyst systems based
on transition metals have been developed.[80, 81] Among these,
Ru-catalysis has occupied a central role ever since early work
by Strohmeier and Weigelt[82] and later Pascal and Dedieu[83]

demonstrated the utility of RuCl3·3H2O as a catalyst for the
isomerization of allylic alcohols (e.g. 101) into the corre-
sponding aldehydes (e.g. 102) [Eq. (25); TFE= trifluoroetha-
nol].

The studies on the reconstitutive addition reaction
revealed that some allylic alcohols were isomerized to
saturated ketones by certain Ru complexes. This interesting
observation warranted further examination, especially as the
complexes in question had exhibited high chemoselectivity,
which might overcome the inherent problems of chemo-
selectivity usually observed in transition-metal-catalyzed
isomerization reactions. Indeed, compounds that contain
isolated olefins (such as 103) [Eq. (26)] undergo clean
isomerization to yield the corresponding ketones 104 in
excellent yield simply by exposing the allylic alcohols to

catalytic [CpRu(Ph3P)2Cl] (1) and triethylammonium hexa-
fluorophosphate in hot dioxane; the isolated double bond is
not affected.[84] Chemoselectivity was also demonstrated by
the compatibility with free alcohols, esters, carbonyl groups,
alkynes, and terminal alkenes.

Cyclic substrates along with sterically encumbered allylic
alcohols reacted sluggishly with the cyclopentadienyl com-
plex. The lower rates were attributed to the slower coordi-
nation of a sterically demanding olefin to the catalyst as well
as the to the requirement that a coordination site must be
liberated for b-hydrogen elimination. The dissociation of a
phosphine group to free such a coordination site would be
disfavored in this case as phosphine–Ru bond is stronger than
the olefin–Ru bond. A decrease in the hapticity of the
cyclopentadienyl ligand from h5 to h3 would also achieve the
same result [Eq. (27)]. Thus, changing to a ligand that would

more readily undergo a switch of hapticity was expected to
enhance the reactivity in the isomerization of more-difficult
substrates.[85] Indeed, the indenyl complex 105[86–88] proved to
be much more reactive and afforded the isomerized product
108 in excellent yield in only 2 h [Eq. (28)]. However, the
increased reactivity is offset by some loss in chemoselectivity.

Scheme 9 outlines the mechanism for the redox isomer-
ization of allylic alcohols. Initial coordination of the olefin
and the allylic hydroxy group would give rise to a complex
such as 109. Subsequent b-hydride elimination leads to the
ruthenium hydride 110. Migratory insertion gives the ruth-
enaenolate 111, which is readily protonated to give the
aldehyde 112 with regeneration of the catalyst 3. Deuterium-
labeling experiments support this mechanism.[89]

Ru complexes that give the critical 14-electron species 3
more readily would probably serve as more-reactive isomer-
ization catalysts. Indeed, complexes that bear more-labile
ligands (e.g. [RuCp(PR3)(MeCN)2][PF6]) have been exam-
ined and found to be more reactive; they allow the reaction to
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be carried out at lower temperatures.[90] Concomitant with
increased reactivity, however, is lower chemoselectivity.
Finally, other Ru complexes, including several Ru hydride
species,[80] tetrapropylammonium perruthenate (TPAP),[91]

and the Grubbs vinylidene-metathesis catalyst[92] have been
found to catalyze the redox isomerization of allylic alcohols
effectively.

The Ru-catalyzed isomerization distinguishes itself from
other isomerization reactions as it is not limited to allylic
alcohols. In fact, propargylic alcohols function equally well in
the redox isomerization to form a,b-unsaturated carbonyl
compounds. This transformation is normally effected by the
Meyer–Schuster rearrangement, in which a propargylic
hydroxy group is transposed.[93] Transition-metal-catalyzed
isomerizations based on Pd,[94–96] Rh,[97] Ir,[98] and Ru[99] have
been described. The latter employs tris(triphenylphosphane)-
ruthenium dichloride precatalyst in combination with a
trialkyl phosphine. This reaction did not show good reprodu-
cibility in our hands. Inspired by this and our success in the
isomerization of allylic alcohols catalyzed by [CpRu-
(Ph3P)2Cl] and triethylammonium hexafluorophosphate, we
applied this methodology to the isomerization of propargylic
alcohols. In the event, the indenyl catalyst 105 effected the
redox isomerization of propargylic alcohols (e.g. 113), coca-
talyzed by indium(iii) chloride and sodium hexaflurophos-
phate. Enals 114 [Eq. (29)], and enones 116 [Eq. (30)] are
readily available by using this methodology.[100] The reaction
is highly chemoselective and allows the presence of carbonyl,
hydroxy, alkyne, and alkene groups.

The apparent analogy of the isomerization of propargyl
alcohols into enones with that of allyl alcohols into saturated
ketones is completely misleading. Mechanistic work indicates
that an intramolecular 1,2-hydride migration is the critical
step (Scheme 10) that gives rise to the presumed vinyl–

ruthenium species 118 from 117, in stark contrast to the
mechanism of the redox isomerization of allyl alcohols. The
exact role of the indium(iii) salt is not entirely clear; most
likely it functions as a halophile, and enables the formation of
the coordinatively unsaturated ruthenium cation. The mech-
anistic proposal has been supported by deuterium-labeling
experiments.[100]

5. The Ruthenium-Catalyzed Alkene–Alkyne
Coupling Reaction

5.1. Background

The Alder-ene reaction[101,102] is a prime example of an
atom-economic reaction that only involves a simple addition
of an alkene 119 with allylic protons to an enophile acceptor,
which is typically another unsaturated compound such as an
alkyne 120, to give the corresponding 1,4-diene 121
[Eq. (31)].

Scheme 9. Postulated mechanism for the redox isomerization of allylic
alcohols.

Scheme 10. Redox isomerization of propargylic alcohols.
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In a classical sense, this reaction is promoted by heat and
is believed to take place through a supra-suprafacial endo or
exo six-electron electrocyclization.[103] Electron-withdrawing
groups on the enophile accelerate the coupling, and strong
Lewis acids accentuate this effect.[104] Conversely, electron-
rich alkenes can also greatly accelerate this reaction.[105–107]

Although the thermal ene reaction has found some use in
synthesis,[105,106] the generally harsh conditions required have
limited its synthetic utility.

The expansion of the synthetic utility of this reaction
requires the development of a catalyst that could selectivity
carry out this type of transformation. It has long been known
that palladium can mediate[108] and even catalyze[109] sigma-
tropic reactions, and similar ene-type reactions were known
with dienes catalyzed by rhodium[110–113] and palladium.[114] A
major advance arose from discovery of the palladium-
catalyzed formal Alder-ene-type reaction of enynes
[Eq. (32)],[115, 116] the alkene–alkyne addition.

For example, enyne 122 is readily cyclized to 1,4-diene 123
in 71% yield in the presence of [(Ph3P)2Pd(OAc)2] (5 mol%).
Previous to this work, several references to the oligimeriza-
tion of alkynes and alkenes had appeared,[117–119] along with
one case of allyl halide–alkyne coupling, which results in a 1,4-
diene.[120] Related palladium-catalyzed alkene–alkyne cou-
pling to yield 1,3-dienes have been noted,[121] as well as
ruthenium-catalyzed alkyne–diene coupling to yield 1,3-
enynes.[122] The mechanism of the palladium-catalyzed
alkene–alkyne coupling reaction is clearly different from
that of the thermal Alder-ene reaction, and thus selectivity
can often be different.[123] The conditions of the catalytic
reaction are generally mild, and its utility has been demon-
strated in synthesis.[116] Palladium can be quite effective for
the catalytic cycloisomerization of enynes, but, importantly,
the intermolecular alkene–alkyne coupling reaction is not
feasible under these conditions. Furthermore, 1,4- versus 1,3-
diene formation is often substrate-controlled.[124] For exam-
ple, a 1,3-diene is generally the major product if an allylic
oxygen functionality or a tertiary carbon atom is present at
the allylic position [Eq. (33)]. Catalytic palladium rapidly
converts enyne 124 into the diene 125 as a single geometrical

isomer in 91% yield. In a related reaction, 1,3-dienes can also
be obtained by using ruthenium catalysis in an intermolecular
fashion from alkynes and a,b-unsaturated olefins
[Eq. (34)].[125]

Given the factors listed above, the development of a
general catalytic system that carries out the inter- and
intramolecular alkene–alkyne coupling reaction with control
of olefin geometry and regiochemistry would constitute an
important synthetic development.

5.2. Intermolecular Alkene–Alkyne Coupling Reactions To Form
1,4-Dienes

Inspired by our successful development of the Ru-
catalyzed reconstitutive addition reaction (see Section 2) in
which a coordinatively unsaturated Ru complex derived from
[CpRu(PPh3)2Cl] catalyzes the addition of an alkyne and an
allylic alcohol,[22] we were interested to examine the effect of
replacing the phosphine ligands with more-labile ligands,
thereby generating a coordinatively more-unsaturated
{CpRu} cationic complex that can catalyze alkene–alkyne
coupling reactions.[126] This reaction could give rise to two
regioisomeric products, a “branched” (131) and a “linear” 1,4-
diene (132) [Eq. (35)].

Mechanistically, two scenarios may account for the
addition reaction. First, an insertion of an alkyne into a p-
allyl ruthenium hydride species generated through C�H
activation could lead to the coupled products 131 and 132.
Alternatively, a mechanism that involves a ruthenacyclopen-
tene intermediate, analogously to the well-known Pauson–
Khand reaction[127] and the [2+2] addition of strained olefins
and alkynes,[128] could be involved. Both mechanisms appear
reasonable. Although the C�H activation mechanism was
originally proposed,[129] it has since been found that the
ruthenacycle mechanism explains many key features of this
reaction more accurately (Scheme 11).

As alkynes are better ligands than alkenes, coordination
of two molecules of alkyne and formation of ruthenacyclo-
pentadiene is both possible and likely. However, no product
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formation is seen though this pathway, presumably due to the
reversible nature of the oxidative cyclization and the lack of
productive pathways leading from the ruthenacyclopenta-
diene. Following coordination and cyclization to either of two
ruthenium(iv) species, 136 and 137, syn b-hydride elimination
yields two different regioisomeric vinyl ruthenium species 138
and 139, which undergo reductive elimination to yield the
observed products 140 and 141 along with regeneration of the
catalyst 133. The coordination and subsequent cyclization of
the alkyne can proceed in two distinct ways: 1) Coordination
such that the R group on the alkyne is adjacent to ruthenium
(i.e. 134) leads to ruthenacyclopentene intermediate 136,
which thus results in “linear” product 140. 2) Coordination
and cyclization in the opposite regioisomeric sense (i.e. 135)
leads to “branched” product 141. Presumably the olefin may
coordinate in two different orientations, but the product
derived from ruthenacyclopentene A is not observed. The
principal reason for this is that the geometrical constraints of
the endocyclic syn b-hydride elimination step are difficult to
achieve in such a cyclic species.

To render this reaction truly synthetically useful, control
of the two regioisomeric products is necessary. Indeed, when
simple unfunctionalized monosubstituted alkenes and
alkynes are subjected to a catalytic amount of {CpRu}, the
“branched” isomer is typically favored, with ratios ranging
from 5:1 to 10:1.[129] 1-Octyne (142) is coupled to 1-octene
(143) to give “branched” 1,4-diene 144 selectively in a 5:1
ratio with “linear” 1,4-diene 145 [Eq. (36)]. Remarkably, no
homocoupling products from either alkyne 142 or alkene 143
partner are isolated.

There are several factors that explain
the observed isomeric products (i.e. 144 and
145), of which the simplest is based on steric
arguments (Scheme 12). Thus, in the path
to branched products, steric interactions
occur during the C�C bond-forming event,
146, whereas in the pathway to linear
products, steric interactions occur between
the {CpRu}+ moiety and the R group on a
monosubstituted alkyne in the intermediate
138 following b-hydride elimination, rather
than in the transition state 147. Thus, the
kinetically formed ruthenacycle is 136,
whereas 137 can lead to the major product
under thermodynamically controlled con-
ditions (i.e. when b-hydride elimination is
slow). The inherent selectivity for branched
products with simple alkenes and alkynes
can be explained by assuming that the
ruthenacyclopentene formation is fast and
reversible when both isomers 137 and 136
(Scheme 12) are accessible (as should be
the case with simple alkenes and alkynes).

Transition state 146 contains significant
steric interaction in the formation of the
ruthenacyclopentene 137. The product for-
mation, however, is not determined until

the b-hydride-elimination step, which is slower than the
ruthenacyclopentene formation. As b-hydride elimination is
disfavored in the path towards linear products owing to the
accumulating steric strain resulting from b-elimination (i.e.
138), the branched product is favored with simple unbranched
alkenes and alkynes (Curtin–Hammet situation). However,
this inherent selectivity can be modified through various
pathways. Most simply, if the rate of b-hydride elimination is
increased relative to ruthenacycle formation, then the kineti-
cally formed ruthenacyclopentene 136 leads to the formation
of predominantly “linear” products. Other factors that
influence the inherent selectivity are discussed in this section.

The original catalyst discovered for this reaction was
[CpRu(cod)Cl], which is a precatalyst for the presumed active
species (CpRuL2Cl or [CpRuL3]Cl; L= solvent). The typical
reaction conditions for this catalyst system involve the
ruthenium catalyst (5 mol%) in a mixture of DMF (N,N-
dimethylformamide) and water at 100 8C. Before any alkene–
alkyne coupling takes place, cyclooctadiene reacts with one
molecule of alkyne in an unusual ruthenium-catalyzed

Scheme 11. Mechanistic rationale for the alkene–alkyne coupling reaction. L=solvent.
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[2+2+2] cycloaddition reaction.[130] This reaction
results in a coordinatively more-unsaturated and
thus more reactive ruthenium catalyst. The second-
generation catalyst [CpRu(CH3CN)3]PF6

[131, 132] is
generally much more active, and under typical
conditions the reaction is carried out at room
temperature in acetone or DMF. Presumably the
enhanced reactivity is due to the greater coordinative
unsaturation provided by the absence of a chloride
ion in the precatalyst and the rate of ligand exchange
of the bound acetonitrile molecules.

The power of this methodology to assemble
complex building blocks rapidly from simple alkenes
and alkynes was demonstrated in the formal synthesis of
alternaric acid (148)[133] (Scheme 13). In this example, the
coupling of the unbranched alkyne 149 and the highly
functionalized alkene 150 under standard conditions leads
to predominantly branched product 151 (4.9:1 ratio). Inter-
estingly, this ratio increased to 8.9:1 when the reaction was
conducted under higher pressure.

The introduction of propargyl substituents leads to lower
amounts of branched products. For example, propargylic
oxygen substituents effectively reverse the observed regio-
chemistry such that linear products are favored. This result
can be rationalized by assuming that both ruthenacyclopen-
tanes must be readily accessible in order to produce branched
products. If the rate of ruthenacyclopentene formation is
retarded significantly owing to the presence of extreme steric
interactions during C�C bond formation (i.e. 146), then the b-
hydride elimination is no longer the rate-limiting step, and the
major product is determined by the kinetic ratio of ruthena-
cyclopentene intermediates 136 and 137. An illustration of
this effect is presented in Equation (37) (Bn= benzyl, TIPS=

triisopropylsilyl) in the coupling of differentially protected
alcohols 152 and 153 with alkene 154.

In this case, changing the steric bulk of the propargylic
protecting group from benzyl (i.e. 152) to TIPS (i.e. 153) alters
the ratio of branched to linear products from 1:2 to 1:4. While
the explanation for the propargylic oxygen effect could be

thought of as a coordination effect, the fact that a non-
coordinating propargylic oxygen functionality (OTIPS) also
promotes the formation of the linear product reinforces the
notion of a primarily steric effect.[129]

Nearly exclusive formation of the linear product is
possible when a tetrasubstituted center is adjacent to the
alkyne. For example, 2-methyl-3-butyn-2-ol (157) reacts with
monsubstituted olefin 158 in the presence of the second-
generation catalyst to give the linear product 159 in excellent
yield (91%) in a 32:1 ratio with respect to the corresponding
branched isomer [Eq. (38)].[134]

Scheme 12. Steric interactions in alkene–alkyne coupling.

Scheme 13. Formal synthesis of alternaric acid (148). Fmoc=9-fluorenylmethoxycarbonyl.
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Not surprisingly, the choice of solvent also plays a major
role in determining the product ratios. For example, DMF
generally favors production of the branched isomer, whereas
acetone tends to produce a large fraction of linear product.
This disparate behavior is due to the greater ligating ability of
DMF relative to acetone. First, this would make the effective
size of the ruthenium center larger, thus enhancing the steric
effect present in 138 (Scheme 12). Furthermore, a more fully
ligated ruthenium center decreases the rate of b-hydride
elimination, as the latter requires an open coordination site.
Essentially, the use of DMFas solvent decreases the rate of b-
hydride elimination to the extent that the thermodynamic
pathway (Scheme 12) becomes the major route. This effect is
further enhanced in the presence of the chloride-free catalyst
[CpRu(CH3CN)3]PF6. For example, the reaction between 5-
hexynenitrile (160) and alkene 161 in acetone with this
catalyst leads to branched and linear products in a 1:1 ratio.
However, switching the solvent to DMF resulted in a much
improved ratio of 8:1 [Eq. (39)].[132]

The possibility of using disubstituted alkynes would
dramatically expand the power and scope of this method.[135]

The selectivity issue becomes even more complicated with
unsymmetrical alkynes, as the regiodifferentiation with
respect to the alkyne is greatly diminished. As was seen
with monosubstituted alkynes, the selectivity is dominated by
the presence of propargylic substituents. In the case at hand,
the determining factor in product formation is not the
propargylic alcohol moiety but rather the tert-butyl group of
the alkyne 164 ; the linear product 165 is formed almost
exclusively [Eq. (40)].[135] This example demonstrates that a
tert-butyl group is a more powerful director than an unhin-
dered propargylic alcohol.[135] This is plausible due to the

greater steric bulk of the tert-butyl group and again reiterates
that coordination is not a major factor in determining the
regiochemistry.

The propargylic alcohol may still be a significant directing
group in simple disubstituted alkynes. For example, when but-
2-yn-1-ol (166) is coupled to a monosubstituted olefin 161,
there is seemingly little steric difference between the two
propargylic positions. Still the propargylic hydroxy group
directs the C�C bond formation at the alkyne carbon atom
distal to the hydroxy group and results in a 6:1 ratio in favor of
the isomer 167 [Eq. (41)].

Clearly, the steric difference between a methyl group and
a primary propargylic alcohol is minimal, and thus the
selectivity arises from the differing electronic properties.
The electron-withdrawing nature of the hydroxy group
preferentially promotes the formation of linear products.
This effect has been exploited successfully in a key step in the
total synthesis of callipeltoside A (168) (Scheme 14).[136,137]

The functionalized propargylic ether 169 was treated with
protected alcohol 170 to give the 1,4-diene 171 as a single
regioisomer in 85% yield, as a result of carbon–carbon bond
formation distal to the propargylic oxygen atom.

The carbon–carbon bond formation can also be directed
to the distal carbon atom to a lesser degree by homopropar-
gylic alcohols. The ratio for simple homopropargylic alcohols
is generally approximately 4:1 in favor of linear products. If
some steric bias is included (secondary or tertiary alcohol),
then this selectivity can be raised to excellent levels
[Eq. (42)].[135] For example, cyclohexanol 172 gave almost
exclusively linear product 174 when coupled to alkene 173.

In general, the effect of simple steric and electronic
factors can be summarized as follows: In the absence of
propargylic substituents, branched isomers are favored.
However, when propargylic substituents are present, then
the steric demand at the forming C�C bond leads to larger
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proportions of linear products. When proximal polar func-
tional groups are present on the alkyne, linear products are
favored.

Yet another way that the selectivity rules can be modified
is with a change to the more sterically demanding catalyst
[Cp*Ru(CH3CN)3]PF6, in which the cyclopentadienyl ligand
has been replaced with the sterically encumbered pentam-
ethylcyclopentadienyl (Cp*) ligand. This was elegantly illus-
trated in the synthesis of the proposed structure of amphidi-
nolide A (175).[138, 139] The target molecule was rapidly assem-
bled through an intermolecular followed by an intramolecular
alkene–alkyne coupling reaction (Scheme 15).[140]

As one would anticipate from the above discussion, with
either of the standard catalysts, the selectivity in the first
alkene–alkyne coupling between 176 and 177 tends towards
the linear product because of the propargylic oxygen sub-
stituent. The branched product 178 can be favored, however,
if a bulky catalyst is used, which disfavors alkyne substituents
near the ruthenium center (see 136). The steric interaction of
the {Cp*Ru} moiety is more severe in the potential inter-
mediate 136 ; thus the pathway towards branched products
predominates. The [Cp*Ru(CH3CN)3]PF6 catalyst resulted in
a 3.5:1 ratio of branched to linear isomers (46% yield of
isolated product, 76% based on recovered 178). Although it is
unclear that the same factors that govern intermolecular
reaction would also be applicable to a macrocyclization, the
second alkene–alkyne coupling reaction of 179 proceeds to
favor the branched product 180 in 58% yield; this result was
anticipated given that neither alkyne nor alkene partner has
severe bulk or functionality that could readily coordinate. The
efficiency of this macrocyclization is noteworthy, as it is
significantly more effective than either Stille cross-cou-
pling[141] or olefin metathesis[142] in the formation of the
same ring system. More recently, the robust nature of the
ruthenium-catalyzed alkene–alkyne coupling reaction as well
as the extraordinary chemoselectivity was demonstrated in
the determination of the correct structure of amphidino-
lide A.[143] Nine different amphidinolide diastereomers were
synthesized by using this chemistry, finally resulting in the
identification of the natural isomer.

Scheme 14. Total synthesis of callipeltoside A (168). Troc= trichloro-
ethoxycarbonyl.

Scheme 15. Total synthesis of amphidinolide A (175). Fm= fluorenylmethyl; brsm=based on recovered starting material.
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Another member of the amphidinolide family of natural
products, namely apmhidinolide P (181), was recently synthe-
sized by using an alkene–alkyne coupling reaction
(Scheme 16). In the key step, monosubstituted olefin 182
was coupled with enyne 183 with complete selectivity for

formation of the branched product 184, which was isolated in
75% yield. Apparently, conjugation increases the rate of the
equilibration of the ruthenacycles and thus results in a greater
selectivity for the branched product. The synthesis of
amphidinolide P (181) highlights several features of the Ru-
catalyzed alkene–alkyne coupling: 1) the remarkable chemo-
selectivity of the Ru catalyst—four double bonds are present
in the two partners, but only the monosubstituted alkene
function reacts; 2) the sensitive b-lactone is also tolerated
under the reaction conditions; 3) an enyne may participate in
the coupling reaction.

The propargylic steric effects alluded to earlier can be
utilized to an even greater extent through the use of alkynyl
silanes. The bulky silyl group on the alkyne 185 acts in a
similar fashion to the tert-butyl group, but the vinyl silane
products have further synthetic utility owing to the variety of
subsequent transformations possible, including cross-cou-
pling,[144] ipso substitution with halides,[145] and oxidation.[146]

A wide variety of silyl groups can be used to give exclusively
products resulting from carbon–carbon bond formation distal
to the silyl group 187 [Eq. (43)].[147] This effect can be thought
of in purely steric terms, but an electronic factor could also be
contributing: Silicon is well known to stabilize positive charge
in the b position, and in this case one could visualize attack of
the olefin at this partially positive alkyne terminus (i.e. 188),
which would lead to the branched regioisomer 189.

The ability of alkynyl silanes to give exclusively branched
products opens up a wide range of potential synthetic
applications, exemplified by the formal synthesis of (�)-
mycalamide A (190) (Scheme 17).[148] In the key step for the
construction of the pyran moiety 191, the functionalized
alkyne 192 was coupled to b,g-unsaturated alkene 193 to
afford the 1,4-diene 194 in 63% yield as a single regioisomer.
The coupling is noteworthy as the b,g-unsaturation is
isomerized into conjugation with the ester as a result of the
reaction. In the case at hand, the trimethylsilyl group was

simply protodesilylated, thereby unmasking the delicate exo
methylene functionality present in the target molecule 190.
However, the trimethylsilyl group served two important roles
in this synthesis. First, the TMS group controlled the
regioselectivity of the coupling reaction, and secondly it also
stabilized the olefin in the desired exo position until this
sensitive functionality could be revealed later in the synthesis.

The highly selective coupling reaction with alkynyl silanes
may be combined with other metal-catalyzed processes, such
as the palladium-catalyzed cyclization of nitrogen and oxygen
nucleophiles onto p-allyl species. This tandem process could
give access to a wide variety of heterocycles in an expeditious
manner.[145] For example, the N-protected alkynylsilane 195 is
readily coupled to para-nitrophenyl-protected homoallyl
alcohol 196 to give 197 as a single regioisomer [Eq. (44);
Ns= 4-nitrophenylsulfonyl, PNP= 2,6-bis(diphenylphospha-
nylmethyl)pyridine, DBU= 1,8-diazabicyclo[5.4.0]undec-7-
ene]. The diene 197 may be added without isolation to an
asymmetric palladium catalyst (derived from ligand 198
under basic conditions) to afford the pyrrolidine 199 in
90% yield with 91% ee. This process also gave access to six-
membered nitrogen heterocycles as well as five- and six-
membered oxygen heterocycles.[145] In this case, the alkyne–

Scheme 16. Synthesis of amphidinolide P (181).

Scheme 17. Synthesis of (�)-mycalamide A (190).
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alkene coupling isomerizes the homoallyl ether 196 to the
allylic ether 197, thereby setting the stage for Pd-catalyzed p-
allyl formation and subsequent trapping with the tethered
nucleophile.

If a chiral homopropargylic alcohol (200, Scheme 18) is
utilized as the coupling partner, either diastereomer 201 and
202 of the target heterocycles may be accessed, by simply
switching the chirality of the ligand, 198 or ent-198, used in the
second Pd-catalyzed step (Scheme 18). The ruthenium-cata-
lyzed alkene–alkyne coupling reaction has also been coupled
by means of Prins and Friedel–Crafts cyclizations to form
various medium-sized rings in an expeditious fashion.[149] For
example, silylpropargyl alcohol 203 was coupled to allyl ether
204 with complete regioselectivity to yield acetal 205 in good
yield. Subsequently, a Sn-mediated Friedel–Crafts-type cyc-
lization gave tricycle 206 in excellent yield [Eq. (45)].

The convergence of steric and electronic effects observed
with alkynyl silanes can also be seen when alkynoates are
used in the alkene–alkyne coupling reaction. Normally,
addition of these Michael acceptors occurs at the b-carbon
atom. This is also true for Lewis acid catalyzed ene reactions.
In contrast, the major products in the presence of a ruthenium
catalyst result from addition to the a-carbon atom. Moreover,
in the case of g-hydroxybutynoates such as 207 or 208, the
product reacts further under the conditions of the reaction to
give the unsaturated lactone 209 [Eq. (46)].[150]

Both the ester and the hydroxy
group contribute to the observed selec-
tivity. The ester group potentially sta-
bilizes a partial negative charge b to
the ruthenium center in the initially
formed ruthenacyclopentene 137
(Scheme 12). Whereas a simple unhin-
dered substrate 207 leads to moderate
levels of selectivity (2.9:1) in favor of
addition a to the ester when coupled to
olefin 161, an increase in steric bulk at
the propargylic position with two
geminal methyl groups (i.e. 208)
results in excellent levels of selectivity
(12.2:1).

This strategy was used in the synthesis and assignment of
configuration of (+)-ancepsenolide (211; Scheme 19).[150,151]

Its expedient assembly utilized a bidirectional coupling of
propargylic alcohol 212 and diene 213 to afford the bislactone
214 in excellent yield. The latter, in turn, was transformed into
the target molecule 211 by hydrogenation. A similar alky-
noate–alkene coupling was also used in the synthesis of the
squamocins, exemplified by squamocin E (215 ;
Scheme 20).[152,153] Alkene 216 was coupled with alkynoate
212 regioselectively to produce 217, which was readily

Scheme 18. Diastereoselective formation of heterocycles.
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converted into the target molecule 215 in only four steps.
Similarly, squamocin K was produced in a single step from 217
by simple hydrogenation of the disubstituted double bond.
Another related butenolide natural product, (+)-solamin, was
also synthesized by using this methodology.[154]

Pyrrolinones such as 218 [Eq. (47)] are also readily
accessible in a two-step protocol by this method.[155] In this
case, propargylic amine 219 was coupled to triene 220, which
gave the unsaturated amine 221 in good yield. Lactamization
of 221 upon treatment with a suitable Lewis acid gave lactam
218. This example demonstrates the regioselectivity (4.2:1
ratio of a :b regioisomers) obtained with alkynoates, as well as

the remarkable chemoselectivity for monosubstituted olefins.
No reaction was seen at the 1,3-diene portion of 220, even
though 1,3-dienes are generally more reactive than isolated
olefins [Eq. (47)].

When the seemingly related a,b-unsaturated ynone 222 is
used in this reaction, no 1,4-diene product is isolated.
Interestingly, the half-open ruthenocene compound 223 is
the only isolable product [Eq. (48)].[156] It is unclear why there

is such a marked difference between alkynoates and alky-
nones. Not only is catalytic turnover not seen, but the
regiochemistry of the coupling is reversed as well.

With the first-generation catalyst, disubstituted olefins are
unreactive; however, the cationic catalyst [CpRu-
(CH3CN)3]PF6 enables these substrates to react well. In a
similar fashion for the propargyl alcohols for which steric bulk
at the propargylic position is key for high regioselectivity, the
more sterically hindered 1,1-disubstituted alkenes lead pre-
dominately to linear products. The steric bulk that directs the
reactivity towards the linear product in this case comes from
the olefin partner and not from the alkyne [Eq. (49)].[157]

Unhindered alkynoate 224 is cleanly coupled with 1,1-
disubstituted olefin 225 to furnish the 1,4-diene 226 in 79%
yield as a mixture of regioisomers (4.4:1 ratio).

The 1,4-diene products of alkene–alkyne coupling reac-
tion can also be obtained in related, but less-atom-economic
reactions, for example, indium-mediated allyl halide addition

Scheme 19. Total synthesis of (+)-ancepsenolide (211).

Scheme 20. Total synthesis of (+)-squamocin E (215).
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to alkynes,[158–161] Lewis acid catalyzed addition of allyl silanes/
stannanes,[162–164] or palladium-catalyzed addition of allyl
halides to alkynes.[165]

5.3. Ruthenium-Catalyzed Alkene–Alkyne Coupling Reactions
That Do Not Result in Simple 1,4-dienes

Besides all the above-mentioned reactions and applica-
tions, the principles of alkene–alkyne coupling can be applied
to several more specialized systems that give rise to products
other than 1,4-dienes. Exposure of allyl alcohols to a
phosphine-free {CpRu} catalyst system results in an alkene–
alkyne coupling reaction to give g,d-unsaturated ketones or
aldehydes.[126] When this coupling reaction is attempted with
simple alkynes, mixtures of branched and linear products
are obtained; however, the same principles discussed
above can be used to tune the reaction to give largely a
single product. An explanation for the increased produc-
tion of linear isomer when allyl alcohols and ethers are
used may lie in the weaker allylic C�H bond in these
substrates which should increase the rate of b-hydride
elimination, thus resulting in the formation of more
linear/kinetic product (see Section 5.2). A combination
of this effect with the tendency of tertiary propargylic alcohols
227 to promote linear product as well, leads to the generation
of a single product 228 [Eq. (50)].[126] In this case, both
electronic and steric factors lead primarily to the linear
product. Dixneuf and co-workers also developed such a
reaction.[166]

As detailed in Section 5.2, this inherent selectivity for
linear product in the case of propargyl alcohols can be
overcome with the more sterically bulky [Cp*Ru(cod)Cl]
catalyst.[167] For example, the propargyl alcohol 229 can be
coupled with excess allyl alcohol to yield tetrahydropyran 230
in excellent yield [Eq. (51)]. In contrast, when the less
sterically encumbered [CpRu(MeCN3)3]PF6 catalyst system
is utilized in combination with a silyl-protected allyl alcohol

231, exclusive formation of the linear silyl enol ether 232 is
observed [Eq. (52)].[168] This contrasting product distribution
is quite remarkable. In a further extension of this principle,
enamides can be constructed in an expeditious fashion from
allyl amides [Eq. (53); Boc= tert-butoxycarbonyl].[169] Func-

tionalized propargyl ether 233 reacts with Boc-protected allyl
amine 234 to yield carbamate 235 in 65% yield as a mixture of
regioisomers (2.5:1). In the presence of the standard {CpRu}
catalyst used in these cases, the propargylic heteroatom
functions as the directing element for the generation of
primarily linear products. The ratio is lower mainly because
the alkyne substrate is a secondary propargylic ether.

5.4. Multicomponent Alkene–alkyne Coupling Reactions

The indication that ruthenacyclopentenes are key inter-
mediates in alkene–alkyne coupling reactions led to the
investigation of whether nucleophiles could participate in
addition reactions when no protons were available for b-
hydride elimination. These reactions were designed to differ
from the previously mentioned examples in that the proposed
ruthenacyclopentene would be trapped by the addition of an
external nucleophile (Scheme 21, path A) analogously to the
alkyne/carboxylate addition chemistry to form vinyl esters
developed by Dixneuf and co-workers.[170] Either water or HX
could attack the ruthenacyclopentene 236 formed from an
alkyne and a vinyl ketone to give ruthenacyclopentane
intermediate 237; b-hydride elimination and reductive elim-
ination would then give ketone 238 or vinyl halide 239
(Scheme 21, path A).

The same products could also be produced through a cis or
trans Wacker-type addition to the alkyne 240, either by water
to produce intermediate 241 or by halides to give intermedi-
ates 242 or 243. Subsequent 1,4-addition to an acceptor alkene
(Scheme 21, path B) would then yield 238 or 239. The first of
these processes explored was a three-component addition of a
vinyl ketone, an alkyne, and water to form 1,5-diketones
[Eq. (54)].[171] 4-Pentyn-1-ol (245) is coupled with methyl
vinyl ketone (MVK) to yield 1,5-diketone 246 as the sole
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identifiable product. This reaction works with a variety of
terminal alkynes and vinyl ketones to serve as a versatile
synthesis of 1,5-diketones. A related addition reaction with
enones and propargylic alcohols (e.g. 247) was developed to
provide a,b-unsaturated 1,5-diketone products 248 [Eq. (55)].

The absence of any branched product, which would be
anticipated at least in minor amounts, may lead one to
propose a tandem Wacker/Michael non-ruthenacycle mech-
anism.

During the course of the development of the intermolec-
ular hydrative alkyne/alkene coupling, side products contain-
ing vinyl chlorides were isolated. It was postulated that these
products arose from competitive addition of chloride, which
originates from the precatalyst, to the alkyne. This observa-
tion was explored, and the process was optimized
(Scheme 22).[172, 173] This reaction works well for a variety of
mono- and disubstituted alkynes and monosubstituted vinyl
ketones to give E vinyl chlorides and Z vinyl bromides in
generally good yields. [CpRu(cod)Cl] was used as the catalyst
for optimization of the chloride addition, but [CpRu-
(CH3CN)3]PF6 can also be used and leads to similar yields
and E/Z selectivities.

For the chloride addition reaction, the observed isomeric
mixtures can be rationalized by assuming that both cis- and

trans-chlororuthenation are possible in a
Wacker-type mechanism. A less-polar sol-
vent such as acetone leads predominately
to Z products—presumably due to the
lower polarization of the Ru�Cl bond,
thus leading to more internal attack and
therefore the observed Z products. Even
though the Ru�Cl bond is stronger than the
Ru�Br bond,[174] increased amounts of Z
products during bromide addition can be
explained by the weaker nucleophilicity of
bromide relative to that of chloride in
aprotic solvents.[175] As a consequence,
excellent Z/E ratios can be attained with
bromide addition in acetone
(Scheme 22).[176] The potential utility of
this methodology has been demonstrated
in an expeditious synthesis of various
cyclopentanoids, for example, that of tetra-

hydrodicranenone (252) from the vinyl ketone 253 and
alkyne 254 via vinyl bromide 255 (Scheme 23).[177,178]

We were drawn towards the possibility of expanding the
scope of the three-component coupling to include a fourth
component. Indeed, if the proposed tandem Wacker/
Michael mechanism (Scheme 21, path B) is at play, then
the addition of a vinyl ketone to the vinyl ruthenium species

256 should lead to a ruthenium enolate 257 [Eq. (56)].
Support for this mechanism could be gained if the enolate
could be trapped with any species other than a proton, for
example, an aldehyde. In fact, when alkyne 142, halide source
(Me4NCl), vinyl ketone, and aldehyde 158 were combined

under the standard reaction conditions the corre-
sponding keto alcohol 259 was obtained
[Eq. (57)].[179] The diastereoselectivity in the aldol
addition step is generally quite high. The main
limitation is that the inability to suppress completely
the proton-quenched three-component coupling

Scheme 21. Mechanistic rationale for three-component coupling reactions.

Scheme 22. Vinyl halides through ruthenium-catalyzed three-compo-
nent coupling.
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leads to slightly lower yields. The resulting syn relationship
following the aldol reaction indicates the preferential for-
mation of the Z enolate.

More recently, it was shown that terminal alkynes can be
added to vinyl ketones in a 1,4-fashion, thus showing the
mechanistic diversity that can be obtained through the use of
various ruthenium catalysts.[180,181] Furthermore, recent work
demonstrated that treatment of strained olefins (such as 260)
with propargyl alcohol in the presence of a ruthenium catalyst
give the corresponding cyclopropanes 261 in excellent yield
[Eq. (58)].[182] The mechanism of this reaction is proposed to
proceed via a ruthenacyclopentene, and diverges from the
known [2+2][128]and [4+2] reactions[130] because of the pres-
ence of the propargyl alcohol moiety.

5.5. Cycloisomerization of Enynes To Form 1,4-Dienes

In a test of the synthetic versatility of the alkene–alkyne
coupling reaction, the possibility of an intramolecular cou-
pling reaction was also examined. Ruthenium has been shown
to mediate a large variety of ring-closing reactions, including
the widely used metathesis reactions,[183–185] many of which

have been thoroughly reviewed.[6] Furthermore, many metals
have been shown to promote ene-type cyclizations or the
related isomerizations to 1,3-dienes: palladium,[115] rho-
dium,[186,187] iridium,[188] titanium,[189] and other ruthenium
systems.[190, 191]

In fact, the ruthenium catalyzed alkene–alkyne coupling
reactions to form 1,4-dienes can be applied very successfully
in an intramolecular sense,[192] and a wide range of substrates
function extremely well, including trisubstituted olefins 262 as
well as electron-poor alkynes, to give the corresponding
cycloisomerized product 263 in good yield [Eq. (59)]. This

method is complementary to the palladium-catalyzed reac-
tion as selectivities are often different, and 1,4-dienes are
almost always obtained with the {CpRu} catalysts. One of the
biggest differences between the palladium- and the ruthe-
nium-catalyzed systems is that allylic silyloxy functionality
(i.e. 264) leads to geometrically defined 1,4-dienol silyl ethers
265 [Eq. (60)],[193] in a similar manner to the intermolecular
version (see [Eq. (52)]).

When unsymmetrical trisubstituted olefins are used, two
possible b-hydride abstractions are possible which lead to two
different products. However, in this system, one pathway is
preferred to a large degree based on the original geometry of
the olefin. As illustrated in Scheme 24, E-olefin 266 under-
goes cycloisomerization to 1,4-diene 267 in moderate yield
and good selectivity for formation of the trisubstituted double
bond.[192] On the other hand, Z olefin 269 produces 1,1-
disubstituted olefin 270 selectively.

This selectivity can be explained through analysis of
intermediates 268 and 271. In both cases, the pseudoequato-
rial substituent, which is determined by the starting geometry
of the olefin, has a b-hydrogen atom adjacent to the metal
such that the required overlap is easily obtained. These results
are in contrast to the thermal ene reaction in which the olefin
geometry has little effect on the allylic proton abstracted.[102]

Generally, this cycloisomerization to 1,4-dienes is effective for
the formation of five- and six-membered rings. Although the
asymmetric version of the enyne cycloisomerization is not yet
feasible with ruthenium catalysis, Zhang and co-workers have
demonstrated that rhodium in combination with chiral
phosphines can be quite effective for this task with a limited
range of substrates.[194,195] The groups of Trost,[196] Ito,[197] and

Scheme 23. Synthesis of tetrahydrodicranenone B (252).
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Mikami[198–200] have also developed palladium-
catalyzed systems for asymmetric enyne cyclo-
isomerization.[201]

When the Ru-catalyzed enyne cycloisome-
rization is attempted with alkynoate substrates
272 that contain a tetrasubstituted propargylic
center, an alternate reaction takes place to
yield a seven-membered ring 273
[Eq. (61)].[202, 203] In general, this reaction func-
tions well for 1,6-enynoates with a cis methyl
group and a tetrasubstituted propargylic
carbon atom. 1,7-Enynoates give “normal”
enyne cycloisomerization products (six-mem-
bered-ring 1,4-dienes), whereas 1,6-enynoates
that lack a cis methyl group do not react well or
result in “normal” five-membered-ring 1,4-
dienes (if a trans-1,2-olefin is used).

The proposed mechanism of this reaction involves p-allyl
formation through C�H activation (Scheme 25). Enynoate
272 coordinates to the ruthenium catalyst to form intermedi-
ate 274. Subsequent C�H activation of the cis allylic hydrogen
atoms gives intermediate 275, which can undergo conjugate
addition to the alkynoate to produce intermediates 276 and
277 as an equilibrium mixture. To produce a cis double bond
in the seven-membered-ring product, 275 must be present as
the anti p-allyl species. The addition could also form a five-
membered ring from the opposite end of the p-allyl system;
however, this addition is only seen in the formation of six-
membered rings. The product 273 is then released following b-
hydride elimination from 276. No product is seen from 277
owing to the severe allylic strain that would occur after b-
hydride elimination. This mechanism is supported by deute-

rium-labeling experiments, which indi-
cated that only protons from the cis
methyl group are incorporated in the
product.[203]

The hydrative alkyne vinyl ketone
reaction (see Section 5.4) can also be
carried out in an intramolecular fashion
to form five- and six-membered rings.
Various alkynes and vinyl ketones can be
used, and it is noteworthy that, again, the
use of the more active catalyst [CpRu-
(MeCN3)3]PF6 allows disubstituted
alkenes to be used as is required in this
intramolecular cyclization
(Scheme 26).[204] In the first case, yne-
none 278 undergoes the hydrative reac-

tion just as in the intermolecular case to yield 1,5-diketone
279 in good yield. However, when the reaction is carried out
under anhydrous conditions, [4+2] cycloaddition takes place
to yield the pyran 280. The production of the pyran products
supports the ruthenacyle mechanism. The formation of
ruthenacyclopentene 281 followed by isomerization to the

Scheme 24. Regioselectivity control in the cycloisomerization of enynes.

Scheme 25. Postulated mechanism for the formation of seven-membered rings.

Scheme 26. Hydrative cyclization and [4+2] cycloaddition of ynenones.
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oxygen-bound enolate (282) and reductive elimination
account for the observed product 280 (Scheme 27).

Such pyran products can sometimes also be isolated
through intermolecular hydrative cyclization. This observa-
tion suggests that all the products result from this type of
mechanism, with diketones simply arising by hydrolysis of the
initially formed pyrans. However, a different mechanism
cannot be excluded for reactions carried out under anhydrous
conditions.

5.6. Related Ruthenium-Catalyzed Cycloisomerizations of
Enynes

Ruthenium can also catalyze many other reactions of
enynes through ruthenacyclopentene intermediates, and
several comprehensive reviews are available.[6, 205] Some of
the more recent applications are detailed in this section. If no
b-hydride elimination pathway is available to an enyne, 1,3-
dienes can be formed by utilizing ruthenium hydride cata-
lysts,[190, 206] in analogy to palladium-catalyzed chemistry.[116]

Monosubstituted enyne 283 [Eq. (62)] undergoes cyclo-
isomerization to 1,3-diene 284 in the presence of [Cp*Ru-

(cod)Cl] in acetic acid, whereas highly functionalized yne-
noate 285 is cyclized to 1,3-diene 286 when treated with a
ruthenium hydride catalyst [Eq. (63)]. Besides this modifica-

tion of the substrate and catalyst to control the direction of
the reaction, different ruthenium catalysts can be used to alter
the reaction pathway.

Under an atmosphere of CO and in the presence of a
dimeric ruthenium carbonyl catalyst, an enyne (e.g. 287) that
bears a terminal alkyne and an appropriately substituted
alkene undergoes an enyne-metathesis reaction to give
rearranged 1,3-dienes 288 [Eq. (64)].[207] The mechanism of

this reaction is unknown, but, analogously to the alkene–
alkyne coupling reaction, is presumed to go through a
ruthenacycle intermediate. In another related reaction, an
appropriately substituted dienyne 289 can be transformed
into a complex tetracyclic product 290, which contains two
cyclopropane units [Eq. (65)].[208]

The proposed ruthenacyclopentane may be intercepted by
small, coordinating molecules such as CO; in this case, the
reaction is a ruthenium-catalyzed version of the venerable
Pauson–Khand reaction [Eq. (66); N,N-dimethylacetamide]

and affords a variety of ketones (e.g. 292).[209] Similarly,
catalytic ruthenium complexes can also promote hetero-
Pauson–Khand reactions in which a tethered aldehyde (e.g.
293) acts as one unsaturated component to produce, after
carbonylation, unsaturated lactones 294 [Eq. (67)].[210]

5.7. Ruthenium-Catalyzed Alkyne–Alkyne and
Diyne-Coupling Reactions

Whereas Section 5.6 dealt with the coupling
of an alkene and an alkyne, Section 5.7 describes
various ruthenium-catalyzed alkyne–alkyne cou-
pling reactions. Ruthenacyclopentenes are

Scheme 27. Postulated mechanism for the [4+2] cycloaddition
ynenones.
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believed to be key intermediates in the former case, whereas
the corresponding ruthenacyclopentadienes are frequently
invoked in the latter processes. The simplest example of an
alkyne–alkyne addition reaction is the metal-catalyzed dime-
rization of terminal alkynes 295 to produce enynes[211–213] or
1,3-dienol esters 296 when carried out in the presence of a
carboxylic acid (e.g. acetic acid) [Eq. (68)].[214,215]

Two alkynes can also be coupled by the addition of a third
unsaturated component through a [2+2+2] cycloaddition.
Reactions of this type can be catalyzed by many different
metals.[216–219] The use of ruthenium in a wide range of
intramolecular [2+2+2] cycloadditions is also well estab-
lished. The mechanism proposed for these reactions involves
the formation of a ruthenacyclopentadiene 298 from a diyne
297 [Eq. (69)], followed by cycloaddition or insertion of

another unsaturated molecule to yield, after expulsion of
ruthenium, cyclized products 299.

When all three components are alkynes, ben-
zenoid compounds are formed.[220] A particularly
intriguing application of this concept was recently
described by Yamamoto and co-workers [Eq. (70);
Cy= cyclohexyl, dba= trans,trans-dibenzylidenea-
cetone]:[221] To achieve complete regioselectivity in
the cycloaddition, a boronic acid 300 was used. It is
thought that a borononate ester is initially formed
in situ from 300 and 301. The boronate tethered

diyne then participates in a cycloaddition with 1-hexyne (302)
to yield bicycle 303, which was used directly in a Suzuki–
Miyaura coupling with 4-iodoacetophenone to give 304 in
63% yield over two steps. In this example, the known[222] meta
selectivity of the {Cp*Ru} catalyst was used to yield 304 as a
single regioisomer.

The ruthenacyclopentadiene can also be trapped with
various other unsaturated molecules. If an olefin[223] or a

diene[224] is substituted for the third alkyne moiety, cyclic
dienes and trienes can be formed [Eq. (71)]. The use of diyne
305 and diene 306 is key to the isolation of cyclooctatriene 307
in good yields. Less-substituted 1,3-dienes give significant
amounts of vinyl cyclohexadiene products as well. The
mechanism of this reaction is proposed to involve insertion
of one double bond of the diene into ruthenacyclopentadiene
298 [Eq. (69)], b-hydride elimination, reductive elimination,
and conrotatory 8p-electrocyclization. A variety of hetero-
cycles can also be accessed through this general concept. For
example, activated nitriles 308 undergo cycloaddition with
diyne 305 to yield substituted pyridines 309 [Eq. (72)].[225–228]

Simple nitriles generally do not function well in this
reaction, and require activation by an electron-withdrawing
group or adjacent coordinating nitrile. It has been proposed
that reactions with electron-deficient nitriles proceed via an
azaruthenacyclopentadiene instead of the all-carbon ana-
logue. Heterocumulenes also participate readily to produce
pyridones 310 from diynes 311 and isocyanates 312
[Eq. (73)].[229] 2H-Thiopyran-2-imines are formed from iso-
thiocyanates,[230] and dithiopyrones from carbon disulfide.[230]
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Other quite different ruthenium-catalyzed alkyne–alkyne
cycloaddition reactions are also known. For example, a
versatile synthesis of bicyclic catechol derivatives proceeds
in the presence of a ruthenium carbonyl complex
[Eq. (74)].[231] In this transformation, two molecules of

carbon monoxide are incorporated to form catechol deriva-
tive 315, reportedly through the formation of a hydrido
ruthenium carbyne in situ. Along with the well-known alkene
and enyne metathesis reactions, ruthenium complexes can
also promote metathesis-type processes with diynes.

A recent example employs a tandem diyne cycloisomeri-
zation/cross-olefin metathesis to yield 1,3,5-trienes
[Eq. (75)].[232] Various diynes (e.g. 311) and olefins (e.g. 231)

may be utilized. The E/Z selectivity, however, is low
unless the olefin bears a bulky group (e.g. TBSO).

Activated carbonyl compounds participate in a
cycloaddition-type reaction to form highly unsatu-
rated carbonyl compounds [Eq. (76)]:[233] The unsym-
metrical diyne 317 undergoes coupling with diethyl
ketomalonate (318) to yield unsaturated ketone 320.
Although the mechanism is unknown, a cycloaddition
is proposed that presumably would give 2H-pyran 319 ;
an electrocyclic opening would then yield the product
320.

Analogously, a range of propargylic alcohols (e.g.
321) dimerize in the presence of a {CpRu} catalyst to
produce a,b,g,d-unsaturated ketones 322 in good to
excellent yields [Eq. (77)].[234] The conditions of the
reaction have been optimized to yield exclusively the

a,b-Z olefin isomer, as well as a single g,d geometrical isomer
if there is branching in the alkyl substituent.

A mechanistic rationale for this unusual dimerization is
represented in Scheme 28. Initial coordination of two alkyne
molecules to the coordinatively unsaturated Ru catalyst forms
the complex 323. After cyclization to ruthenacyclopentadiene
324, a molecule of water is expelled to give carbene
intermediate 326. Water then presumably adds again to the
carbene carbon atom, thus resulting in an overall 1,4-shift of
the hydroxy group to give intermediate 327, which upon b-
hydride elimination and reductive elimination releases prod-
uct 329 (via vinyl ruthenium species 328). The expulsion of a
molecule of water is depicted as a simple elimination, but
could also be viewed as a series of 1,2-shifts. The degree of
reactivity of the propargyl alcohols in this reaction is linked to
the leaving-group ability of the alcohol, with tertiary or

Scheme 28. Mechanistic rationale for the dimerization of propargyl alcohols.
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secondary benzylic being the best. This mechanism is
supported by the formation of the thermodynamically less
stable Z-olefin isomer, as well as by the isolation, under
different reaction conditions, of other products that should
result from alternate ruthenacyclopentadiene isomer 325.
Additionally, a vinylidene-based mechanism is unlikely given
the fact that internal alkynes also react, albeit with a lower
efficiency. The more-electron-rich and sterically encumbered
complex [Cp*Ru(CH3CN)3]PF6 may also be used in this
reaction to form unsaturated aldehyde hemiacetal products
from ruthenacyclopentadiene 325 [Eq. (78)].

When this type of reaction is carried out in DMF with the
1-ethynylcyclobutanol 333, then a different reaction manifold
is accessed to produce the 1,3-diene 334 [Eq. (79)].[235] The

mechanism of this ring expansion/dimerization is proposed to
proceed via a ruthenacyclopentadiene similar to 325
(Scheme 25), but prior to elimination, a 1,2-alkyl shift
occurs to expand the four-membered ring into a five-
membered ring (Scheme 29).

The reason for this type of reaction occurring and not the
previously mentioned elimination-type reaction (see
[Eq. (77)]) is likely related to the change in solvent as well
as the presence of the cyclobutane ring. Attempts to perform
the same transformation with alkyne 330 in DMF led to a very
sluggish reaction, which indicates that the elimination is
disfavored in this solvent. Thus, with a slow elimination, the
ring expansion can occur. Notably, higher temperatures are
required for the ring expansion/dimerization to proceed.

A completely different, but related, dimerization of
similar tertiary propargylic alcohol substrates is possible in
the presence of [CpRu(cod)Cl] catalyst in isoprene
[Eq. (80)]:[236] Tertiary propargylic alcohols (e.g. 340) dimerize

upon addition of a carboxylic acid to form alkylidene
cyclobutenes (e.g. 341) in moderate to good yields. The
mechanism of this reaction is proposed to proceed through
ruthenium cyclobutadiene complexes, one of which (344,
Scheme 30) was isolated and characterized by X-ray crystal-
lography. The reason for the observed difference in reactivity
is likely to be related to the use of a {Cp*Ru} complex in
combination with the very nonpolar solvent.

A similar dimerization of allenyl alcohols in the presence
of the same ruthenium catalyst to produce 1,4-dienol esters
was recently reported by Ihara and co-workers.[237] Based on
these mechanisms, we believed that only a single propargylic
alcohol should be required for a reaction to take place, and a
cross-coupling between an unfunctionalized alkyne and a
propargylic alcohol should therefore be possible. Indeed, an
intramolecular version works well to form a wide range of
five- and six-membered rings [Eq. (81)].[238] In this case, a

bicyclic product 348 is formed in very high yield in the
presence of only 1 mol% of catalyst. In contrast to the
intermolecular dimerization, even secondary and primary
propargyl alcohols function well in this cycloisomerization
reaction.

The utility of this method was demonstrated in the total
synthesis of (+)-a-kainic acid (350 ; Scheme 31).[239] In this

Scheme 29. Mechanistic rationale for the ring-expansion/dimerization
of acetylenylcyclobutanols.
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case, protected aminodiyne
351 underwent regioselective
cycloisomerization to unsatu-
rated ketone 352 in high yield
and with no loss of enantio-
purity at the propargylic
center. This intermediate
could be elaborated into the
neuroexcitatory natural prod-
uct (+)-a-kainic acid in several
steps. The ability of the cata-
lyst to cleave unhindered TBS
ethers is exploited to cyclize
the protected propargyl alco-
hol directly.

During the ruthenium-cat-
alyzed reaction in the afore-
mentioned synthesis of (+)-
kainic acid (Scheme 31), we
isolated a side product 354,

which resulted from the addition of a mole-
cule of water to the starting diyne 353
[Eq. (82)]. This result led us to believe that a
hydrative diyne cyclization could be possible,
thus enabling the transformation of diynes
into enones. We envisioned a mechanism for
the reaction based on the addition of water to
a ruthenacyclopentadiene/ruthenacyclopenta-
triene intermediate in analogy to the mecha-
nism proposed by Kirchner and co-workers[240]

and by Dixneuf and co-workers[214,215]

(Scheme 32).
Attack of a molecule of water on ruth-

enacyclopentadiene 356, or its tautomer 357,
would give carbene 358, which could, in turn,
rearrange to vinyl ruthenium species 359.
Protonation would yield dienol 360, which
would readily tautomerize to the observed
product 361. This process works for a variety
of diynes. For example, simple, symmetrical
diynes 362 are converted into unsaturated
ketones 363 in high yield and selectivity in the
presence of only 5 mol% of catalyst
[Eq. (83)].[241]

This hydrative cyclization works well for the formation of
a broad array of five- and six-membered ring enones and is
tolerant of most functionalities, including epoxides. Even
more dramatic is the chemoselective addition of water to
unsymmetrical diynes (e.g. 364 and 366) [Eq. (84) and
Eq. (85)], almost exclusively at the least sterically hindered
alkyne. Thus, regioselective addition is possible if the steric
differentiation (i.e. the branch site) is a to the alkyne (e.g.
364) [Eq. (85)]. Excellent selectivity (~ 20:1) is realized if the
steric element is b to the alkyne (e.g. 366) [Eq. (85)]; even a
hydroxy group may act as a branch site. The fact that the
methanol-addition product was isolated when water was
replaced with methanol lends further support to the proposed
mechanism [Eq. (86)].

Scheme 31. Synthesis of (+)-a-kainic acid (350).

Scheme 30. Postulated mechanism for the dimerization of propargyl alcohols upon addi-
tion of carboxylic acids.

Scheme 32. Mechanistic rationale for the hydrative diyne cyclization.
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Remarkably, effects other than steric differentiation may
be utilized to direct attack of water to either alkyne function
in the diyne. For example, in the case of diyne 370, which
contain an alkene function conjugated to one of the alkyne
groups, water adds to the sterically most encumbered alkyne
to give ketone 372 (Scheme 33). If, on the other hand, the
olefin is replaced with a methyl group (e.g. 371), water is
added, as expected, to the sterically least hindered alkyne to
afford ketone 373. The potential utility of the chemoselective
hydrative diyne was demonstrated in the total synthesis of
several cyclindricine alkaloid natural products, for example,
cylindricine C (376 ; Scheme 33).[242]

6. The Allene–Alkene Addition via
Ruthenacyclopentene Intermediates

Allenes constitute important building
blocks in organic synthesis.[243] Recent devel-
opments have been extensively investigated in
a wide array of transition-metal-catalyzed
reactions of allenes in intra-[244] or intermolec-

ular fashion.[245, 246] In the latter case, several elegant PdII-
catalyzed studies, in which allenes that contain several
tethered nucleophiles were coupled with other unsaturated
groups to give interesting heterocycles, were described by Ma
and co-workers.[247–250]

After our successful application of alkynes in the alkene–
alkyne coupling reactions it was tempting to pose the question
as to whether other sp-hybridized species, such as allenes, may
enter into similar mechanistic manifolds under Ru catalysis.
Such a coupling reaction would give rise to 1,3-dienes, an
important structural motif in organic synthesis.[251,252] The
mechanistic proposal based on the alkene–alkyne reaction is
detailed in Scheme 34. The active catalyst is envisioned to be
the coordinatively unsaturated cationic ruthenium complex,
which facilitates the coordination of the two reaction partners.
Thus, initial bonding to the allenic C(sp) atom in 377 and the
double bond of the enone 378 leads to the ruthenacyclopen-
tane 380 via 379. The stage is now set for b-hydride
elimination, which generates a 1,3-diene 381, with concom-
itant formation of a ruthenium hydride species. The steric
constraints of the vinylic substituent and the exo methylene
group would presumably favor the depicted conformation,
which leads to theE isomer. Reductive elimination completes
the catalytic cycle and regenerates the RuII catalyst. Impor-
tantly, a second runthenacyclopentane 383may emanate from
the initial coordination (step 1), but only 380 is capable of
further reaction. Thus the formation of 383 is probably
reversible, which enables equilibration to 380 and leads to a
productive reaction.

The initial studies examined the reaction between allene
384 and MVK in the presence of [CpRu(cod)Cl] (10 mol%)
and hydrated cerium(iii) chloride in DMF. MVK was chosen
to avoid b-elimination. In any event, the reaction gave the
desired 1,3-diene 385 in satisfactory yield (66%). We had
discovered earlier that the activation of the [CpRu(cod)Cl]
complex stemmed from a [2+2+2]-type cycloaddition of cod
and the alkyne substrate. We reasoned that the allene moiety
might be a poorer activator of ruthenium, and added a
catalytic amount of an alkyne “activator” 386, which gratify-
ingly increased the yield of the desired product 385 to 81%
(Scheme 35).[253] The 1,3-dienes obtained in this manner are
useful intermediates; for example, treatment with maleic
anhydride and acidic methanol gave bicyclic lactone 387 with
excellent chemo- and diasteroselectivity as well as atom
economy.

The reaction is not limited to monosubstituted allenes; in
fact, polysubstituted systems may also be used in the two-
component coupling. In these cases, regioselectivity issues
may occur, but synthetically useful ratios are attained with
suitable directing functionality, that is, either electronic or
steric factors may control the regiochemical outcome of the
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reaction.[254] The use of a 1,1-
disubstituted allene, for example,
raises the question of regioselec-
tivity in the b-hydrogen elimina-
tion, which may be influenced by
placing an “activating” functional
group proximally to the hydrogen
atom. When a 1,1-disubstituted
allene such as 388 is exposed to
MVK and the cationic catalyst
system, only the depicted
regioisomer 389 is obtained. In
this case, b-hydride elimination of
390 is greatly aided by the con-
jugated ester functionality, thus
leading to exclusive elimination
of HB over HA. When this func-
tionality is reduced to the corre-
sponding alcohol, no selectivity is
observed, leading to a 1:1 ratio of
regioisomers [Eq. (87)].

Steric strain is a useful way to
induce regiocontrol in trisubsti-
tuted allenes. For example, allene

391 undergoes smooth reaction to afford
regioisomer 392 in a 8.3:1 ratio with the
other regioisomer in 70% combined yield
(Scheme 36). The origins of the regioselec-
tivity become apparent when considering
the possible ruthenacyclopentanes emerging
in the mechanism of this reaction: Two
metallacycles 393 and 394, which are formed
reversibly, can be envisioned. The fact that
the apparently more hindered ruthenacy-
clopentane 393 leads to the observed major
product should not be surprising seeing that
the reaction is under Curtin–Hammett con-
trol. As b-hydride elimination, not ruthena-
cyclopentane formation, is the product-
determining step, the formation of 392
should be favored as b-hydride elimination
relieves strain in the spirometallacycle 394.
The latter, on the other hand, develops
considerable strain in the b-elimination step
in which a tetrasubstituted exo double bond
is formed. The synthetic utility of this
substrate is evident when exposed to N-
phenylmaleimide to generate the highly
functionalized polycyclic system 396 in

Scheme 33. Chemoselective hydrative diyne cyclization and application in the total synthesis of cyclindri-
cine C (376).

Scheme 34. Proposed mechanism for allene–alkene coupling.

Scheme 35. Ru-catalyzed two-component coupling of allenes with vinyl ketones.
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excellent yield. The potential for this reaction to generate
complexity rapidly should render it useful for diversity-
oriented synthesis.[255,256]

The postulated mechanism for the formation of 1,3-dienes
from the two-component coupling between allenes and vinyl
ketones suggests the intermediacy of a ruthenacyclopentane.
This ruthenacycle undergoes b-hydride elimination on the
route towards the 1,3-diene (Scheme 31, step 2). The sug-
gested presence of the allyl ruthenium moiety enticed us to

question whether this could serve in chemical transformations
typical of other allyl metal complexes. The known suscepti-
bility of such complexes towards nucleophilic attack sug-
gested that a suitably tethered nucleophile might trap the
incipient Ru allyl species faster than it underwent the b-
hydride elimination.[257] At the time, relatively little was
known about ruthenium-catalyzed allylic substitutions.[258]

The scant precedence, nevertheless, encouraged us to explore
the feasibility of this reaction. We were pleased to discover

that tethered hydroxy groups and amines work
well for the formation of bicyclic ethers (e.g.
398) [Eq. (88)] and amines (e.g. 400), respec-
tively [Eq. (89)]. These reactions were run in
the presence of the cationic catalyst and a
Lewis acidic cocatalyst and enabled access to a
wide range of five- and six-membered fused
heterocycles with good diastereoselectivity.
Carboxylates 401 are also competent nucleo-
philes in this reaction and generate structurally
diverse lactones 402 in very good yields
[Eq. (90)].[259]

Scheme 36. Coupling of trisubstituted allenes with vinyl ketones.
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Our working hypothesis for the mechanism is detailed in
Scheme 37. The ruthenacyclopentane 405 intermediate can
exist in an equilibrium with the p-allyl species 406. In the
absence of the tethered nucleophile, the intermediate 405
undergoes b-hydride elimination to reveal the 1,3-diene as
described earlier (see Scheme 34). In the presence of a

tethered nucleophile, however, the p-allyl 406 is trapped,
resulting in the ring-closed neutral species 407. Subsequent
protonation releases the cyclized product 408 and regenerates
the coordinatively unsaturated complex. Thus, product for-
mation is critically dependent on the relative rates of b-
hydride elimination and nucleophilic attack. In accord with
this hypothesis, the formation of small rings should be
favored, whereas medium-sized rings should be disfavored
owing to the slower rates of cyclization. Similarly, when b-
hydride elimination is favored, for example, by conjugation of
the resulting double bond to an ester, no nucleophilic trapping
is observed.

Ihara and co-workers reported an interesting alkylative
ring expansion catalyzed by ruthenium that also intercepts the
proposed p-allyl intermediate.[260] In this reaction, allenocy-
clobutanes such as 409 undergo alkylation with an activated
olefin 410, which in turn expands presumably via 412 to form
the a-substituted cyclopentanone 411 in good to excellent
yield [Eq. (91)].

Fujiwhara et al. recently disclosed a related cross-dimeri-
zation.[261] Although an allene is not involved as a coupling
partner, it is nevertheless proposed to proceed via a ruth-
enacyclopentane intermediate. In the event, Fujiwhara et al.
found that when isoprene and vinyl acetate was warmed in
methanol in the presence of [CpRu(cod)Cl], the coupled
products 413 and 414 were formed in 95% overall yield (96:4
ratio) [Eq. (92)].

7. Ruthenium-Catalyzed [5+2] Cycloaddition

A common theme for many of the reactions described
herein invokes various ruthenacycles (e.g. 136) as intermedi-
ates in our working mechanisms, the fate of which has been b-

hydride elimination to give the desired products. Spurred by
our desire to extend our understanding of these intermedi-
ates, we pondered the possibility of placing a small, strained
ring proximal to the double bond (e.g. 415), analogous to the
highly successful rhodium-catalyzed system pioneered by
Wender and co-workers.[262–281] The key question in this
mechanistic scenario would be whether the presence of a
small, strained ring would lead to cleavage of the cyclopropyl
moiety rather than to b-hydride elimination. If the latter
could be suppressed, intermediates such as 415 should prove
to be useful in higher-order cycloaddition reactions, and as
such would provide an attractive alternative to the afore-
mentioned Rh-catalyzed cycloadditions championed by
Wender and co-workers.

Thus, inspired by the mechanistic underpinnings of the
Ru-catalyzed alkyne–alkene coupling reaction and the Rh-
catalyzed [5+2] cycloaddition, we proposed the mechanism
illustrated below (Scheme 38). Initial complexation (see 417)
of the cationic ruthenium complex 416 and the vinyl cyclo-
propane leads to the ruthenacyclopentene 418. This cyclo-
propylcarbinyl intermediate was expected to undergo a
cyclopropylcarbinyl-to-homoallyl rearrangement to 419,
driven by the release of ring strain. Competitive b-elimination
is suppressed in 418, as it would necessarily lead to a highly
strained alkylidenecyclopropane species. Finally, reductive

Scheme 37. Postulated mechanism for Ru-catalyzed alkylative cycliza-
tion.
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elimination would complete the
catalytic cycle by formation of the
cycloheptadiene 420 and regen-
eration of the Ru catalyst 416.

Initial experiments in this
program revealed that the Ru-
catalyzed [5+2] cycloaddition
proceeds with extraordinary effi-
ciency. For example, catalyzed by
[CpRu(MeCN)3]PF6 (10 mol%)
in acetone at ambient temper-
ature, the cyclopropylenyne 421
underwent cyclization to give the hexahydroazulene 422 in
excellent yield after only 2 h [Eq. (93)].[282]

The investigation of substrates that contain more highly
substituted backbones revealed that the 1,1-disubstituted
cyclopropane 423 cyclized smoothly to give the corresponding
bicycle 424 in excellent yield as a single diastereomer
[Eq. (94)]. The reaction strongly favors the hydrogen atom
at the newly formed bridgehead stereocenter to be anti with
respect to the homoallylic hydroxy group.[283] This apparently
general trend is in agreement with the Stork–Houk–JRger
“inside-alkoxy” model.[284–286]

The examination of substrates that contain 1,2-disubsti-
tuted cyclopropanes revealed several interesting trends. For

example, treatment of the 1,2-cis-disubstituted cyclo-
propane 425 with the Ru catalyst under standard
conditions produced exclusively the diastereomer 426
[Eq. (95)]. Changing the group at C2 to an electron-
withdrawing group (e.g. CHO; 427) reveals a complete
switch in regioselectivity [Eq. (96)] to give 428 as a single
diastereomer.[287]

These observations show that the regioselectivity of
the reaction of cis-disubstituted cyclopropanes may be
controlled by simply switching the electronic nature of
the substituent at C2; electron-withdrawing substituents
show a total preference for cleaving the more-substituted
cyclopropyl bond. In the case of electron-neutral or
-donating substituents a preference for the less-substi-
tuted cyclopropyl bond is observed. For 1,2-trans-disub-
stituted cyclopropanes poorer selectivities are generally
observed. In these cases, the best strategy for obtaining
regioselective cyclopropyl cleavage is to alter the steric

demands of the substituents at C2. Notably, the reaction is
completely diastereoselective in all the aforementioned cases.

The observed regio- and diastereoselectivities provide
circumstantial evidence for the proposed mechanism and act
as a guiding principle for applications of this chemistry. Thus,
when considering the possible ruthenacyclopentenes 429 and

430, it appears evident that the cis substituent is better
accommodated in structure 429 than in 430, in which severe
steric interactions lead to exclusive cleavage of the least-
hindered cyclopropane bond. In the case of electron-with-
drawing groups, the steric effect is offset by the strong
preference for the cleavage of the more-substituted (i.e.
weakest) bond. In the case of trans-cyclopropanes, it is clear
that the Rtrans substituent is easily accommodated in both
conformers.

The extraordinarily mild conditions of the Ru-catalyzed
[5+2] cycloaddition, combined with the regio- and diaster-

Scheme 38. Proposed mechanism for Ru-catalyzed [5+2] cycloaddition.
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eocontrol that can be readily invoked, render this method-
ology highly suitable for applications to the total synthesis of
bioactive natural products that contain the polyhydroazulene
motif concealed in more-complex architectures. Indeed,
complex polycyclic frameworks have been accessed by
fusing the cyclopropane to various carbocyles (e.g. 431–433)
to give the desired tricycles (e.g. 434–436) in excellent yields;
these ring systems are present in many bioactive natural
products [Eq. (97)].[288]

8. Summary and Outlook

Transition-metal catalysis provides a rich avenue of
research opportunities that address key questions of selectiv-
ity and atom economy. In this regard, the extraordinary
potential of Ru complexes to catalyze highly unusual and
powerful transformations has added valuable processes to the
synthetic toolbox. Yet one can only have a feeling that we
have barely begun to scratch the surface of the immense
possibilities afforded by Ru catalysis, particularly when
considering the vast number of ruthenium complexes that
may be synthesized combined with the incredible array of
possible oxidation states possible for ruthenium. Indeed, only
a handful of ruthenium species have been described herein,
yet an impressive number of unusual and powerful trans-
formations have been discovered. Thus, by careful design of
novel catalysts combined with a semirational approach to
reaction design, we should be able to tap into the virtually
boundless opportunities for research provided by Ru catalysis
in particular and transition metals in general. It is therefore
with a great degree of confidence that we can assure that new
reactions and processes will be discovered that address the
goals of simultaneously decreasing the depletion of raw
materials as well as the generation of waste, while satisfying
the ever-expanding demand for sophisticated molecular
targets.

The work emanating in our laboratories was derived from an
exceptionally talented group of co-workers who are identified
individually in the references. This work was supported by the
National Science Foundation and the National Institutes of
Health, General Medical Sciences Institute. M.U.F. thanks
GlaxoSmithKline Research and Development for partial
postdoctoral fellowship support.
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Lysine-capped gold nanoparticles can be
electrostatically assembled on the surface of Bacillus cerius, a
Gram-Positive bacterium. The conductivity of the “gold-plated”
bacteria assembly immobilized between electrodes is a function of
the humidity experienced by the nanoparticles. For more details on this
bioelectronic device, see the Communication by R. F. Saraf and V. Berry
on the following pages.
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Self-Assembly of Nanoparticles on Live
Bacterium: An Avenue to Fabricate Electronic
Devices**

Vikas Berry and Ravi F. Saraf*

Recently, hybrid structures of microorganisms with inorganic
nanoscale moieties have received great interest owing to their
potential in fabricating electronic systems. The electronic
properties of metal nanoparticles, as a result of the single-
electron transport of current,[1] make them ideal materials for
nanodevices. Concomitantly, the nanostructure of micro-
organisms such as bacteria,[2] viruses,[3, 4] and yeast[5] are
attractive scaffolds for the templating of metal nanoparticles
through the interactions of the former with surface charges
and the affinity of certain metals for specific biological
molecules.[2–7] However, the key challenges in building hybrid
devices are 1) to pattern nanostructures without destroying
the biological construct of the microorganism and 2) to
achieve active integration of a biological response to the
electrical transport in a nanoparticle device.

Herein, we present a simple method to build hybrid
devices that use the biological response of a microorganism to
control the electrical properties of the system. In our design, a
monolayer of gold nanoparticles is deposited on the peptido-
glycan membrane of a live Gram-positive bacterium. The
hydrophilic peptidoglycan membrane is then actuated by
humidity to modulate the width of the electron-tunneling
barrier between the metal nanoparticles. A decrease in
interparticle separation by less than 0.2 nm (decrease in
humidity from 20 to � 0%) causes more than a 40-fold
increase in tunneling current. Vapor sensors based on the
increase in resistance due to separation of Au nanoparticles
have been reported in three-dimensional (3D) clusters of Au
nanoparticle/organic composite films.[8–10] In the present
study, the coupling between the large expansion of an
underlying hygroscopic bacterium membrane and the mono-
layer of Au particles is key to achieving a larger change in
current, by an order of magnitude, relative to the above-
mentioned 3D nanocomposite devices, for which the change
in current results from the swelling of an interparticle organic

phase. The method shown herein could be used to pattern
various nanoscale inorganic materials, whose optical, elec-
trical, and magnetic properties could be biologically con-
trolled, and thereby lead to an important advance in the
present technology.

Electrically percolating clusters of metal nanoparticles, in
contrast to their microparticle cousins, are fundamentally
different in terms of electrical properties as a result of the
nature of interparticle electron transport.[1] On the nanoscale,
the energy cost to insert a single electron in a nanoparticle is
over 1–10 times greater than the thermal energy, and the flow
of the interparticle current takes place through the transport
of single electrons, as explicitly shown by transport studies on
single nanoparticles,[11,12] their 2D and 3D assemblies,[13–16]

and single-nanoparticle devices (such as single-electron
transistors[17, 18]). The above studies demonstrate that a
percolating cluster of metal nanoparticles is a viable unit to
fabricate single-electron devices, whereby micron-scale clus-
ters allow an easy-to-fabricate, robust interconnection net-
work for the nanodevice system. Because metal nanoparticles
such as gold are stabilized in solution by electrostatic
repulsion, the formation of a percolating cluster on physical
substrates requires either an organic cross-linker to bind the
particles[13,19] or a polyelectrolyte to shield the charge of the
particles.[16,20] For biological substrates, the highly selective
deposition of nanoparticles relies on either highly specific
binding (such as DNA hybridization[21–23] or biotin–streptavi-
din interactions[24]) or strong specific intermolecular inter-
action (such as electrostatic interactions[25–27]).

Bacillus cereus, a Gram-positive bacterium, was deposited
by using a previously described technique on a silicon
substrate with a layer of 500 nm of thermally grown silica
and gold electrode lines spaced 7� 0.2 microns apart and
coated with poly(l-lysine) (average molecular weight
164kDa).[2] In a typical deposition process, the bacteria
were cultured in nutrient broth (Difco) in a shake flask for
approximately 14 h at 30 8C. The bacteria were subsequently
filtered and centrifuged to extract similar sized cells that were
around 4–6 mm in length and 0.8–1.0 mm in diameter. The
bacteria were suspended again in sterile water and were
deposited on the poly(l-lysine)-coated substrate. On the
substrate, there are 20 sets of electrodes. The deposition time
of the bacteria was approximately 10–15 min to form bridges
spanning the Au electrodes. Usually, about 10 bridges were
formed along the 10-mm-long Au electrode pair. The
extracellular polymeric substances (EPS) on the bacteria
(and around the bacterium) were removed by washing with
2n NaOH for 1 min. The bacteria-deposited chip was then
immediately immersed in a solution of poly(l-lysine)-coated
gold nanoparticles (of diameter d= 30 nm).[2] Highly con-
trolled deposition of nanoparticles was achieved by regulating
the deposition time in the solution of gold nanoparticles (see
Figure 1a–e). As the Au nanoparticles and the substrate are
both positively charged, the deposition is highly selective with
formation of the monolayer only on the negatively charged
bacteria surface. However, a simple negative surface charge is
not sufficient to obtain electrically percolating deposition.
Figure 1 f shows the result of deposition of Au nanoparticles
on a negatively charged physical surface prepared by
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adsorbing a monolayer of poly-
(sulfonated styrene) (PSS;
70kDa with < 90% sulfonation)
on the poly(l-lysine)-coated
SiO2/Si substrate. For maximal
deposition, poly(l-lysine) and
PSS were introduced at pH
values of around 4 and 8.5,
respectively, and 1 mm NaCl was
added to the suspension of the
nanoparticles at pH 7. However,
the 2D packing density was found
to be low and nonpercolating. X-
ray reflectivity measurements showed that in the multilayer
films of polyelectrolytes (in our case, PSS on poly(l-lysine))
the polymers are layered and their conformations are flat with
no significant loops caused by multiple-point binding.[28] As a
result, the mobility of the polymer is highly restricted. On the
other hand, the polyelectrolyte on the bacterium surface, that
is, teichoic acid (-OCH2CH(OCH3)CH2OPO2-), is a flexible
“brush” that is tethered to the peptidoglycan surface at one
end which leaves the remainder of the chain in high thermal
motion (i.e. high mobility). Furthermore, because the brush
contour length is typically around 18 nm,[29] it is reasonable to
expect that the negatively charged teichoic acid molecule with
its high mobility and chain flexibility may wrap over the
positively charged Au nanoparticle up to a maximum possible
subtended angle of 1358 from the point of contact to minimize
the free energy. A similar screening of charge by PSS would
be difficult in the case of the PSS–poly(l-lysine) structure
owing to restricted mobility. Specific attachment of a con-
canavalin–fluorescein isothiocyanate dye conjugate to tei-
choic acid[30] followed by confocal microscopy confirmed the
uniform distribution of the acid molecules on the bacterium.
As no deposition of nanoparticles on the bacterium occurs
subsequent to the neutralization of teichoic acid after attach-

ment with concanavalin, the role of
the acid in high-density deposition is
justified.

A standard assay of PI/SYTO 9
dye was used to confirm the fate of the
bacteria.[31] The green fluorescence in
Figure 2 confirms that the bacteria
survived the complete fabrication pro-
cess of the device. As the integrity of
the peptidoglycan surface membrane
in which the teichoic acid molecular
brush is imbedded is critical for the
deposition of Au nanoparticles, the
survival of the bacteria for the fabri-
cation of the device is important: Any
lysis of the bacteria (or release of EPS
and/or internal bacterial fluids) will
lead to ill-formed, nonfunctional devi-
ces.

The insets of Figure 3 show a
typical bacterial bridge, coated with a
monolayer of gold nanoparticles, con-

Figure 1. Scanning electron microscopy (SEM) images reveal the highly controlled and selective deposition
on bacteria of poly(l-lysine)-coated 30-nm Au nanoparticles from a solution at pH 7 over a) 30 min, b) 1 h,
c) 2 h, d) 4 h, and e) 8 h. f) Positively charged Au nanoparticles are deposited on a negatively charged PSS-
coated lysine/SiO2/Si substrate over 16 h. The Au nanoparticles percolate after deposition during 4 h on the
bacteria, while no conduction is observed for the physical surface in (f). The small amount of multilayer
formation with a long deposition time is due to contraction of the membrane through loss of water in the
scanning electron microscope. Scale bar: 300 nm.

Figure 2. The standard PI/SYTO 9 assay in combination with confocal microscopy is used to probe the
survival of the bacteria at various stages of the fabrication process: a) immediately after immobilization
from the nutrient broth on the substrate; b) after deposition of the gold nanoparticles over 4 h; and
c) after subjecting to 10�5 Torr vacuum for 2 h. The green and red fluorescence indicate that the
bacteria are alive and dead, respectively.

Figure 3. Typical device current (I, normalized per bridge) as a
function of relative humidity (Hrel) for “up” (i.e. decreasing humidity;
~) and “down” cycles (i.e. increasing humidity; &) at a bias voltage of
10 V. The inset shows SEM images of two typical bacteria bridges
which span the electrodes. The peripheral strip is a (percolating)
monolayer of deposited gold nanoparticles.
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nected to the gold electrodes. One bridge constitutes a device.
All the currents reported subsequently were measured at
22 8C and were normalized according to the number of
bridges between the electrodes. Figure 3 depicts the normal-
ized current, I, between the bridges as a function of the
relative humidity,Hrel. The deposition of the Au nanoparticles
was optimized for 4 h (see Figure 1) to obtain the largest
change in current due to humidity. Figure 3 indicates that the
device behavior is reversible and stable over a slow run,
measured over approximately 40 min per cycle. Because of
the complete reversibility of the device, it is unlikely that the
water inside the bacteria plays any significant role. In contrast
to most impedance-based microelectronic humidity probes,[32]

the resistance of this device decreases as humidity increases.
The largest change in current, and hence the highest
sensitivity, was observed for the low humidity region of
Hrel< 20%.

The simple model shown in Figure 4 explains the obser-
vation in Figure 3. As the humidity increases, the peptidogly-
can membrane absorbs water. If it is assumed that there is no

excess volume of absorbed water, the volume fraction of
water absorbed is fHrel, in which f is HenryFs constant. If it is
also assumed that there is affine swelling of the peptidoglycan
membrane, the linear extension of the membrane due to
absorption is (1�fHrel)

�1/3. As the nanoparticles are fixed on
the membrane, the interparticle separation is given by a/a0=
(1�fHrel)

�1/3, where a0 is the separation at Hrel= 0. Also, as
electron tunneling is the primary transport mechanism, the
current is given by the Fowler–Nordheim equation
[Eq. (1)],[33] where K= (32p2mef/h

2)0.5 (h is PlanckFs con-
stant,me is the mass of an electron at rest, and f is the barrier
height at the nanoparticle/organic interface), RB is the
resistance to the leakage current from the peripheral as
shown in Figure 3,R0 is a normalization constant proportional
to the resistance of the device at Hrel= 0, and V is the bias
across the device (i.e. the bacteria bridge).

I ¼
�

V
R0

exp
�

� K a0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1�f HrelÞ3
p

�

þ V
RB

�

ð1Þ

We assume that the peripheral strip that leads to finite RB

is due to deposition of proteinaceous substances secreted by
the bacterium (probably for adhesion to the substrate). To
study the effect of water absorption by poly(l-lysine) on the
performance of the device after the fabrication of the device,
we capped the amine groups of poly(l-lysine) with gluta-
raldehyde to decrease the water uptake by lysine. No
significant change in the performance of the device was
observed which indicates that the role of moisture absorption
by poly(l-lysine) on the performance is negligible.

Figure 5a shows the fit of the experimental results to
Equation (1) for the same device at different bias V. Each
exposure to humidity lasted approximately 40 min, and the
lapse between consecutive runs was about 1 h on average.
Although Equation (1) requires four fitting parameters, the
validity of the model is justified because they are reasonably
constant over all the biasing voltages (see Figure 5b). The
constant RB implies ohmic behavior (independent of Hrel) for
leakage current given by IB=V/RB. This is reasonable because
on the peripheral region, the nanoparticles are not located on
the peptidoglycan membrane but adsorbed onto proteina-
ceous corona of the bacteria that do not change significantly
in the lateral dimension with humidity. As the contact
resistance is not expected to be large[2] and is a strong
function of humidity, it is included in RB. We also note that
because the current through a bacteria bridge that lacks
deposited gold nanoparticles is insignificant, ionic currents
can be neglected.

Figure 5c shows the corrected current, I�IB, which flows
through the nanoparticle monolayer as a function of the
change in the interparticle separation (estimated from f).
Interestingly, for a humidity change from 20 to 0%, which
corresponds to a calculated decrease of only 7% in the
interparticle distance, the corrected current increases over 40-
fold. As the corresponding increase in the total current I is
only about sevenfold (see Figure 5a), a decrease in peripheral
deposition will improve the device sensitivity significantly.
The high sensitivity to subtle changes in the interparticle
distance is attributed to transport by single-electron tunneling
through the percolation network because the charging energy
e2/(2pee0d) (e is the dielectric constant of the organic coating
and is approximately 3; e is the electron charge) approximates
to 1.5kT. Using the model parameters and a tunneling barrier
of 5.1 eV (i.e. a is much larger than the thickness of the
coating of poly(l-lysine) shown in Figure 4 at the metal–
poly(l-lysine)/air/metal–poly(l-lysine) junction), the nano-
particle separation at 0% humidity was determined as about
2.3 nm, which implies an absolute change (for the 0–20%
humidity range) of less than 0.2 nm. We note that the
sensitivity is significantly lower for devices fabricated with
deposition times of greater than 8 h and that ohmic I–V
behavior is observed[2] in contrast to the non-ohmic behavior
observed for devices prepared with deposition times of 4 h
(see Figure 5d). At the other extreme, for a deposition time of
2 h the interparticle distance in the contiguous clusters is too
large for a significant tunneling current to be observed. Thus,
a combination of the exponential dependence on a and that a
� 2.3 nm explains the high sensitivity of the system. Further-
more, in contrast to the earlier reports on gold nanoparticle/

Figure 4. Schematic showing two poly(l-lysine)-coated Au nanoparti-
cles clutched by negatively charged teichoic acid molecules. The
distance between the surfaces of the Au nanoparticles is given by a.
The electron transport from left to right takes place across a mixture of
organics (lysine, teichoic acid) and air. The role of the electric-field-
inducing electron transport is discussed in Figures 3 and 5.
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organic composite thin-film sensors[8–10] in which electron
transport takes place by thermionic emission or activated
tunneling, electron transport in our device takes place
through tunneling because the activation energy for tunneling
is approximately 1.7 meV (see Figure 6), which is much lower

than the thermal energy of a free electron (kT� 25 meV) at
room temperature.

In summary, we have illustrated an approach to fabricate
an active hybrid bioelectronic device using physical nano-
materials and a live microorganism. The electrical properties
of a monolayer of gold nanoparticles is controlled by
actuating the peptidoglycan layer of the bacterium. An
actuation of less than 8% in the peptidoglycan membrane,
induced by a change in humidity from 20 to 0%, leads to more
than a 40-fold increase in the tunneling current. These results
open up an avenue to obtain active coupling between
microorganisms and electrical, optical, and/or magnetic nano-
devices. We believe that such hybrids will be the key to
conceptually new electronic devices that can be integrated
with microorganisms on flexible plasticlike substrates by
using simple chemistry.

Received: May 18, 2005
Revised: July 27, 2005

.Keywords: electrochemistry · gold · monolayers ·
nanostructures · self-assembly

Figure 5. The validity of model and peptidoglycan actuation. a) A comparison of theoretical values (according to Equation (1); solid lines) and
experimental observations (data points) for the current I as a function of the relative humidity (Hrel) at various bias voltages for the same device.
b) The four fitting parameters, K, f, T0, and RB. c) The corrected current, I�IB (after subtraction of the calculated leakage current, IB) as a function
of the calculated percentage change in the interparticle distance, a, due to humidity-induced dimensional changes in the peptidoglycan
membrane. Consistent with the model given by [Eq. (1)], the straight line for all bias voltages in the semi log plot indicates an exponential
dependence of a. d) The non-ohmic I–V characteristics and differential conductance s of the device at 2% humidity. &: current; *: differential
conductance.

Figure 6. Temperature dependence of the device current at 0%
humidity shown by a plot of the negative natural logarithm of the
current I at an applied bias of 0.1 V. I=1.05J10�10 exp(�Ea

kT), with an
activation energy Ea=1.71 meV.
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[Co2(ppca)2(H2O)(V4O12)0.5]: A Framework
Material Exhibiting Reversible Shrinkage and
Expansion through a Single-Crystal-to-Single-
Crystal Transformation Involving a Change in the
Cobalt Coordination Environment**

Chun-Long Chen, Andrea M. Goforth, Mark D. Smith,
Cheng-Yong Su, and Hans-Conrad zur Loye*

It is well known that many materials undergo structural phase
transitions as a function of temperature, and that different
atomic arrangements are stable in different temperature
ranges. Although some of these phase transitions are irrever-
sible, the original structure generally re-forms readily upon
returning to the initial temperature. This process is funda-
mentally different from that observed for a small and rather
unique category of organic–inorganic framework materials
that exhibit so-called “dynamic structural changes”.[1] In these
materials, temperature changes lead to the reversible removal
of guest molecules which is often accompanied by large
atomic motion and significant changes in the framework
structures.[1b,c] Importantly, the original framework structure
is not restored by a temperature change, but rather by the
reabsorption of the guest molecules.[2] As structural changes
upon loss of guest-molecules are typically induced by heating
of a porous three-dimensional framework, significant thermal
stability, both in the presence and absence of guest molecules,
is a necessity.

Dynamic structural changes induced by the removal/
reabsorption of guest molecules are rare, and even less
common are those structural changes that are caused by the
removal/addition of ligands from the framework itself. Such
changes in metal coordination environment can lead to
changes in physical properties, for example, color, and could
potentially lead to their use in sensing devices.[1,2]

Herein, we describe the synthesis and structural charac-
terization of a new, mixed-metal 3D porous coordination
polymer: [{[Co2(ppca)2(H2O)(V4O12)0.5]·3.62H2O}n] (1,
ppca=4-(pyridin-4-yl)pyridine-2-carboxylic acid; Scheme 1),
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which undergoes two distinct, reversible single-crystal-to-
single-crystal transformations (Scheme 2). The first involves
a volume change owing to the reversible removal of guest
solvent molecules from the pores of the framework, where
shrinkage occurs upon dehydration and reexpansion occurs
upon reintroduction of the guests. The second process
involves an unusual change in the coordination number of
the cobalt center, from 6 (octahedral) to 5 (trigonal bipyr-
amidal), with a concomitant color change.

Our group has previously explored heterometallic coor-
dination polymers with the pyrazinecarboxylate ligand,[3]

(Scheme 1) as the simultaneous presence of two different
metals can give rise to increased structural diversity and,
potentially, to unusual physical properties resulting from the
synergistic interaction of two different metal centers.[4] The
pyrazinecarboxylate ligand and its substituted derivatives
have proven to be extremely versatile for the construction of
mixed-metal framework structures because of their ability to
engage in several different coordination modes.[3, 5] In frame-
work structures synthesized from pyrazinecarboxylate-based
ligands, however, the cavity dimensions are limited by the
length of the pyrazine ring. Consequently, to increase the
cavity dimensions, we recently synthesized a new ligand,
4-(pyridin-4-yl)pyridine-2-carboxylic acid (Hppca)
(Scheme 1),[6] which is significantly longer than the pyrazine-

carboxylate ligand, but maintains the same number, type, and
arrangement of Lewis basic sites. Molecular modeling showed
that the terminal N–N separation is about 7.10 > in Hppca in
contrast to 2.75 > in pyrazinecarboxylate-based ligands. This
extension of pyrazinecarboxylate chemistry allows the syn-
thesis of frameworks with larger cavities than those observed
in the pyrazinecarboxylate-based framework structures. Con-
sequently, we are exploring the use of this ligand in the
preparation of new mixed-metal systems, and herein we
report an interesting new framework structure in which cobalt
atoms are linked into a 2D array by ppca and cross-linked into
a 3D array by vanadium-oxo units. It is well known that
vanadium oxide groups are often engaged in the cross-linking
of structural components and that they can promote the
formation of unique structural geometries.[7] Whereas the
coordination modes of the cobalt and the vanadium in this
structure are fairly typical for these elements, surprising is the
observation of dynamic structural changes that take place
upon the thermal removal of both noncoordinated and
coordinated water molecules, the process of which is high-
lighted herein.

The hydrothermal reaction of Hppca, Co(NO3)2·6H2O,
and NH4VO3 in a 1:1:1 ratio at 160 8C for 48 h yielded small,
red, block-shaped crystals of the title compound. Structural
analysis of 1 by single-crystal X-ray diffraction revealed that
the vanadium centers are part of 1D mixed-metal chains, in
which {V4O12} cyclic units bridge neighboring 2D Co/ppca
metal–organic layers to form a 3D open framework. The
structure contains two crystallographically independent
cobalt atoms, Co1 and Co2, which are both found in
pseudooctahedral coordination environments. Co1 is coordi-
nated to two oxygen atoms from two different {V4O12} units
and to three different ppca ligands; Co2 is likewise coordi-

Scheme 1. Structure of 2-pyrazinecarboxylate (left) and the much
longer 4-(pyridin-4-yl)pyridine-2-carboxylic acid (ppca) (right).

Scheme 2. The reversible single-crystal-to-single-crystal transformations between 1, 2, and 3 ; noncoordinated and coordinated H2O molecules are
shown as large opaque and large solid, red spheres, respectively. Hydrogen bonds are indicated by dotted red lines.

Communications

6674 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6673 –6677

http://www.angewandte.org


nated to three different ppca ligands, but to only one oxygen
from one {V4O12} unit, leaving the sixth coordination site
occupied by a water molecule (Figure 1).

As shown in Figure 1, each ppca ligand is coordinated to
one cobalt atom in a bidentate fashion through one carbox-
ylate oxygen atom and the adjacent nitrogen atom of the ring.
The second nitrogen atom of the ligand is coordinated to a
second cobalt atom, and the remaining carboxylate oxygen
atom further coordinates to a third cobalt atom in a
monodentate fashion in the syn,anti carboxy mode. Thus,
each ppca ligand functions in a m3-bridging mode that leads to
2D layers with the composition [{Co2(ppca)2(H2O)}1] (Fig-
ure 2a).

The VO3
� anion of the ammonium vanadate reagent is the

source of the tetrahedral vanadium in the present structure.
Vanadium is found in complex 1 as {V4O12} units, which bridge
the 2Dmetal–organic layers described above, and in doing so,
become an integral part of 1D inorganic [{Co4(V4O12)}1]
chains (Figure 2b). When one considers the connectivity
between the 2Dmetal–organic layers and the 1Dmixed-metal
chains, the overall structure is best described as a 3D porous
organic–inorganic framework containing rectangular chan-
nels of approximate dimensions 5.2 D 22.3 >2 (atom-to-atom)
running parallel to the c axis (Figure 3) and 5.6 D 11.3 >2

along the a axis (see Supporting Information). These channels
constitute 15% of the crystal volume[8] and are much larger
than those found in similar complexes constructed from the
simple pyrazinecarboxylate ligand.[6b, c] The channels are filled
by guest water molecules that participate in a collective, well-
ordered hydrogen-bonded network involving water mole-
cules, carboxylate oxygen atoms, and the vanadium oxide
units of the framework (see Supporting Information).

It is a well-known phenomenon that guest solvent
molecules located in cavities or channels can often be
removed from the framework structure without causing
framework collapse and, furthermore, that they can some-
times also be reinserted. To explore this possibility, single
crystals of the present cobalt–vanadium framework were
heated to different temperatures. These crystals were then
analyzed by single-crystal X-ray diffraction. Heating the
single crystals to 150 8C for 1 day yielded [{[Co2(ppca)2(H2O)-

(V4O12)0.5]·0.55H2O}n] (2) (see Supporting Information). The
structure determination of 2 revealed that the crystal system
and space group remain the same as those of 1, but that
approximately three water molecules had been removed from
the pores per formula unit. The remaining water molecules
are located near Co2, where they form hydrogen bonds to the
coordinated water ligand (see Supporting Information).
These hydrogen bonds appear to impart the noncoordinated
water molecules with enhanced thermal stability. The removal
of the three water molecules of hydration is accompanied by a
slight decrease in cell volume (from 1411 to 1336 >3) and in

Figure 1. View of the coordination environments of the two crystallo-
graphically independent cobalt centers and the ligand coordination
mode of 1. Co: green; V: cyan; O: red; C: black; N: blue; H: white.

Figure 2. a) 2D metal–organic layer of composition [{Co2(ppca)2-
(H2O)}1] ; b) 1D inorganic chains of composition [{Co4(V4O12)}1] . Co:
green; V: cyan; C: black; O: red.

Figure 3. View of the 3D porous organic–inorganic framework with
rectangular channels filled with guest water molecules. The guest
water molecules are shown as large green spheres; Co octahedra:
orange; V tetrahedra: pink.
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the volumes of the channels (from 15 to 12% of the total
crystal volume).[8]

Immersion of crystals of 2 in water results in complete
rehydration and re-formation of the original structure,
including the hydrogen-bonding network observed in the
original structure of 1 (see Supporting Information). The unit-
cell volume of the rehydrated framework material was
determined to be 1409.5(1) >3, and the channels again
constitute 15% of the total crystal volume.[8] The reintroduc-
tion of guest water molecules also occurs spontaneously when
crystals of 2 are exposed to air; they take less than 1 week to
become fully saturated, and the process demonstrates that the
removal and reinsertion of the guest water molecules is
completely reversible.

Next, to investigate the removal of all noncoordinated and
coordinated water molecules, single crystals of 1 were heated
to 300 8C for 2 h. The effects of heating were again analyzed
by single-crystal X-ray diffraction. The structure determina-
tion of [{Co2(ppca)2(V4O12)0.5}n] (3) confirmed the complete
removal of the guest water molecules as well as the removal of
the water molecule coordinated to Co2 (see Supporting

Information). Although the crystal system and space group
remain unchanged, the 3D framework is significantly changed
from that of 1 or 2 in that the Co2 center in 3 is now only five-
coordinate and has changed from an octahedral (as in 1 or 2)
to a trigonal bipyramidal coordination environment
(Figure 4). Accompanying this change in the cobalt coordi-
nation environment is a color change from red to brown
(Figure 5).Whereas 3 remains almost isostructural with 1 or 2,
the 2D metal–organic layer in 3 has the composition [{Co2-
(ppca)2}1], rather than [{Co2(ppca)2(H2O)}1]. More impor-
tantly, however, the unit-cell volume is decreased further and
the channels only retain one-third of their original volume,
now constituting only 5.8% of the total crystal volume.[8]

Brief immersion of 3 into water or exposure to air for
several days completely reverses the structural change, and
the original material, 1, including the coordinated water
molecule, is reconstituted (see Supporting Information). Thus
the rehydration process is accompanied by return of the
original color (Figure 5). A crystallographic investigation
determined that the structure of the reconstituted 3 is the
same as that of 1 (see Supporting Information).

Figure 4. a) View of the [{Co2(ppca)2(H2O)(V4O12)0.5}n] framework containing hydrated Co2 in an octahedral coordination environment; b) view of
the dehydrated [{Co2(ppca)2(V4O12)0.5}n] framework containing Co2 in a trigonal-bipyramidal coordination environment.

Figure 5. Pictorial representation of the dehydration and rehydration processes. The red crystal turns brown upon dehydration and change of the
cobalt coordination environment from octahedral to trigonal bipyramidal. The crystal changes back to the original red color upon rehydration and
returns to the original octahedral cobalt coordination environment.
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A closer analysis of the structure of 3 suggests a possible
cause for such a large decrease in volume upon complete
dehydration. The removal of the coordinated water molecule
fromCo2 removes a quasi-pillaring between the channel walls
(Figure 4), hence allowing a shear motion to bring the channel
walls closer together. Thus, whereas the removal of the guest
water molecules leads to a small decrease in volume, similar
to what has been observed in other framework materials,[9] it
is the removal of the coordinated water molecules that
initiates the more substantial channel “collapse”.

In summary, we have successfully synthesized a vanadium
oxide bridged, mixed-metal 3D porous framework by using
the new ligand ppca. The framework undergoes a dynamic
structural change initiated by the removal of both non-
coordinated and coordinated water molecules. The most
significant structural change involves an unusual transforma-
tion of the local Co2 coordination environment, permitting
unusual shrinkage and expansion in a single-crystal-to-single-
crystal dehydration/rehydration process. Clearly, the exis-
tence of the five-coordinate cobalt center suggests a series of
follow-up experiments to determine if the religation is
possible with, for example, ammonia, rather than water.
Such experiments will be performed in the near future.

Experimental Section
1: Hppca (0.2 mmol), Co(NO3)2·6H2O (0.2 mmol), and NH4VO3

(0.2 mmol) were mixed in an aqueous solution (12 mL). The mixture
was stirred at room temperature for about 1 h, and then placed in a
45-mL teflon-lined autoclave and heated at 160 8C for 2 days. Red
crystals of 1 formed and were manually isolated, washed with water,
and dried in air (9.4 mg, 12%). The structural consistency and phase
purity of the product was checked by comparison of the observed X-
ray diffraction pattern with that calculated from the single-crystal
structural data (see Supporting Information). Single-crystal X-ray
crystallography was carried out on a Bruker SMART APEX CCD
diffractometer system.[10]

1: C22H23.25Co2N4O14.62V2, M= 797.42, triclinic, space group P1̄,
a= 9.7957(5), b= 11.3068(6), c= 14.1357(8) >, a= 101.755(1), b=
104.449(1), g= 104.087(1)8, V= 1411.0(1) >3, Z= 2, 1calcd=
1.877 gcm�3, T= 150(1) K, F(000)= 800, m(MoKa)= 1.877 mm�1, red
block crystal, 16047 reflections measured, 5759 unique (Rint= 0.0417),
432 parameters, R1= 0.0320 (I> 2s(I)), wR2= 0.0743 (all data),
GOF= 0.957.

2 : C22H17.10Co2N4O11.55V2, M= 742.04, triclinic, space group P1̄,
a= 9.6788(8), b= 10.8844(9), c= 13.925(1) >, a= 99.698(2), b=

106.605(2), g= 101.615(2)8, V= 1336.5(2) >3, Z= 2, 1calcd=
1.844 gcm�3, T= 150(1) K, F(000)= 739, m(MoKa)= 1.966 mm�1, red
block crystal, 11562 reflections measured, 4269 unique (Rint= 0.0458),
386 parameters, R1= 0.0391 (I> 2s(I)), wR2= 0.0927 (all data),
GOF= 1.075.

1 (reconstituted from 2): C22H23.26Co2N4O14.63V2, M= 797.53,
triclinic, space group P1̄, a= 9.7941(6), b= 11.2958(7), c=
14.1310(9) >, a= 101.728(1), b= 104.447(1), g= 104.054(1)8, V=

1409.5(1) >3, Z= 2, 1calcd= 1.879 gcm�3, T= 150(1) K, F(000)= 801,
m(MoKa)= 1.879 mm�1, red block crystal, 13392 reflections measured,
5009 unique (Rint= 0.0458), 432 parameters, R1= 0.0349 (I> 2s(I)),
wR2= 0.0821 (all data), GOF= 0.978.

3 : C22H14Co2N4O10V2, M= 714.11, triclinic, space group P1̄, a=
9.6775(9), b= 10.3376(9), c= 13.7956(13) >, a= 76.531(2), b=
75.321(2), g= 82.387(2)8, V= 1294.4(2) >3, Z= 2, 1calcd=

1.832 gcm�3, T= 150(1) K, F(000)= 708, m(MoKa)= 2.022 mm�1,
brown block crystal, 12073 reflections measured, 4140 unique

(Rint= 0.0639), 361 parameters, R1= 0.0429 (I> 2s(I)), wR2= 0.0873
(all data), GOF= 1.021.

1 (reconstituted from 3): C22H22.66Co2N4O14.33V2, M= 792.13,
triclinic, space group P1̄, a= 9.7987(8), b= 11.270(1), c=
14.200(1) >, a= 101.799(2), b= 104.251(2), g= 103.899(2)8, V=
1416.3(2) >3, Z= 2, 1calcd= 1.857 gcm�3, T= 294(2) K, F(000)= 795,
m(MoKa)= 1.868 mm�1, red block crystal, 10344 reflections measured,
4522 unique (Rint= 0.0481), 401 parameters, R1= 0.0363 (I> 2s(F)),
wR2= 0.0750 (all data), GOF= 0.966.

CCDC-275335 (1), -275336 (2), -275337 (1 reconstituted from 2),
-275338 (3), and -275339 (1 reconstituted from 3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Hierarchical materials can be regarded as systems in which
small units are incorporated into larger superstructures,
thereby investing the resulting construct with a hierarchy of
properties that operate on different scales. Such systems
become of particular interest when nanometer scales are
involved, as these represent a situation in which nanoparticles
are organized into a specific array. The organization of
nanoparticles is important in terms of creating devices but
poses significant difficulties if the particles have to be
physically arranged, for example, by using electron-beam
lithography. Therefore, the idea of the combination of such
particles along chemical principles is attractive as it leaves the
chemical-bonding interactions to do the work. Herein, we
describe the realization of this idea in a material obtained
from aqueous solution and composed of a close-packed
superstructure of connected iron(iii) nanomagnets, which
themselves display close-packed core architectures.

Our conceptual hierarchy begins at the atomic level with
FeIII ions in water in the form of the hexaaqua ion [Fe-
(H2O)6]

3+. Under normal conditions, a variety of hydrolysis
reactions would lead to the precipitation of an amorphous
hydroxide, which would then age into well-defined mineral
phases, such as the oxyhydroxide and goethite phases, and
finally transform into the most thermodynamically stable
oxide haematite.[1] We have observed that supply of tripodal
chelating ligands of the general form N(RCOOH)2R’ (in

which R’ can be any organic residue) to such solutions can
halt this process through the stabilization of captured
intermediate phases composed of close-packed cores, which
are portions of the brucite structure (exemplified by
Mg(OH)2) encased in a shell of the ligand units.[2,3] It is
worth looking at this hydrolysis process in more detail: The
brucite structure is an AB2 lattice composed of close-packed
hydroxide (B) layers that are arranged as double strips and
MII ions (A) that sit in the octahedral holes between these
strips so that each hydroxide unit bridges three metal ions
(Figure 1). In the hydrolysis process, we can imagine the

starting point (first generation) to be a hexaaqua metal ion
which will link to six further metal ions (second generation)
on production of the hexahydroxo metal ion, and the process
will continue through production of the hydroxide ions and
coordination to a further six metal centers (third generation),
then twelve (fourth generation), and so on, as can be seen in
Figure 1.

Aggregates that contain portions of such core structures
have been structurally characterized for a variety of metal
ions.[2–15] Clearly, an infinite brucite structure is not possible
for the examples of MIII ions on the basis of charge imbalance,
which could be stabilized by the shell of ligands coordinated
to the outermost metal ions of the hydroxide lattice in the
observed aggregates. A further pertinent point is that removal
of half the protons from the double strips of hydroxide
moieties in brucite leads to a layer of the a-oxyhydroxide
structure, which is exemplified for the FeIII center by goethite,
a-FeO(OH), itself the precursor to the most thermodynami-
cally stable phase haematite. Thus, we can think of such
aggregates as metastable intermediates that are trapped
through the process of crystallization. These aggregates
prove to be magnetically interesting for the FeIII center
because, although the overall coupling is antiferromagnetic,
the pairwise interactions are unequal in magnitude over the
whole molecule, thus leading to residual ground-state spins of
up to 33/2 and a display of hysteresis of the magnetiza-
tion.[3, 16–18] Thus, a secondary level of organization both in
terms of the structure and properties of the compound is
demonstrated. In the specific case we describe herein, the
tripodal proligand nitrilotripropionic acid (H3ntp=

N(CH2CH2COOH)3) has been used to successfully trap
{Fe13} aggregates (Figure 2), in which the production of the

Figure 1. The AB2 lattice as seen in the brucite Mg(OH)2 structure.
Green: metal atoms; red: oxygen atoms.
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brucite lattice has effectively been arrested at the third
generation.

The iron–oxygen framework is shown in Figure 2b, which
shows that the central core of the [Fe7(OH)6]

15+ ion clearly
corresponds to the first two generations of the brucite lattice
and that the final six FeIII centers of the third generation are
connected to this core by six triply bridging oxide rather than
hydroxide ions. These oxides provide an important structural
element as they link three metal ions in a trigonal rather than
pyramidal fashion. This coordination mode has the result that
the final six iron centers are disposed above and below the
core, thus alternating with the hydroxide units to give a
“diabolo” arrangement, and means that the iron centers form

a trigonal-antiprismatic arrangement, which becomes impor-
tant in the quaternary structure.

The proligand H3ntp did not coordinate to the aggregate
in the tripodal chelation mode as expected and as seen in the
{Cu44} compound we recently reported[19] because the central
nitrogen atom carries a proton and, therefore, does not form
bonds with the peripheral iron centers. This coordination
mode has, however, been observed by us in some different
CuII compounds.[20] Consequently, the carboxylate groups are
not constrained to form chelate rings, and so the carboxylate
functionalities from six ligands display extensive bridging
interactions around the periphery of the molecule. Two
further ligands complete the encapsulation of the iron core by

Figure 2. The structural features of the {Fe13} aggregate. a) One complete [Fe13(m3-OH)6(m3-O)6(H2O)6(Hntp)8]
5+ cluster. b) Top and side views of

the [Fe13(m3-OH)6(m3-O)6(H2O)6]
21+ core in [Fe13(m3-OH)6(m3-O)6(H2O)6(Hntp)8]

5+ and the coordination of the Hntp2� ligands to this core. c) The
connections between the A- and B-type clusters; linkage of a B-type cluster with its six surrounding neighbors showing the octahedral
arrangement of the clusters; and the 3D packing arrangement of the compound viewed down the c axis (most of the ligand atoms have been
omitted for clarity). Fe green; O red; N blue; C black; H white.
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capping above and below, with coordination to the peripheral
iron centers from the carboxylate groups and hydrogen-
bonding interactions between the non-coordinated carboxyl-
ate oxygen atoms and the hydroxide functionalities in the
core. The proton on the central nitrogen atom of each ligand
also forms hydrogen-bonding interactions with the carboxyl-
ate oxygen atoms in a trifurcated fashion. The resulting
structure is nearly spherical, with a diameter of about 1.5 nm.
The positive charge of 5+ on the aggregate (the ligand is
dinegative in this zwitterionic form) is balanced in the crystal
structure by nitrate counterions. In fact, there are two almost
identical aggregates, [Fe13(m3-OH)6(m3-O)6(Hntp)8(H2O)6]

5+

(cluster A ; Hntp=HN(CH2CH2COO)3) and [Fe13(m3-OH)6-
(m3-O)6(Hntp)8]

5+ (cluster B), in a 1:2 ratio in the three-
dimensional structure. The subtle difference between these
clusters becomes clear when the structure is examined in
detail: In the third level of organization, the A-type clusters
are linked to the B-type clusters by a syn–anti carboxylate
bridge from a ligand located onAwhich connects a peripheral
FeIII center in A to a peripheral FeIII center in B. In addition,
the B-type clusters are linked to each other through double
syn–anti carboxylate bridges (Figure 2c).

The molecules are arranged in layers that correspond to
an ABBABBABBA ordering. A closer examination of the
packing reveals the consequences of the arrangement of the
peripheral FeIII centers in the trigonal antiprismatic geometry
and the fourth level of organization. As a result of the links
between the aggregates that arise from ligands coordinated to
these iron centers, each aggregate is octahedrally surrounded
by six further aggregates (Figure 2c); therefore, for a given A
aggregate there are six B aggregates, whereas for a B
aggregate there are three A and three further B aggregates
that assume three facial positions of the octahedral “coordi-
nation” geometry in each case. The overall result for the
organization of the aggregates can be visualized as the
interpenetration of pseudo-cubic lattices, which is exemplified
by the sodium chloride structure. The fact that this organ-
ization is actually an AB2 structure complicates the descrip-
tion slightly, but if we refer back to the brucite structure
shown in Figure 1, in which the green and red spheres now
represent the A and B clusters, respectively, the hierarchical
nature of this material becomes clear. The unit cell marked in
Figure 1 corresponds to the unit cell for our compound (also
marked in Figure 2c). In this way, nanoscale aggregates with
cores of close-packed atoms with an AB2 structure have been
organized into a close-packed AB2 superstructure. It is of
particular note that within the cores of the aggregates we see
FeIII centers that occupy octahedral holes between two layers
of close-packed hydroxide moieties and in the superstructure
we have A clusters that occupy octahedral sites between two
layers of B clusters.

The question now arises as to whether this hierarchical
structure is reflected in the magnetic properties of the
material. The plot of cT versus T decreases continuously
over the whole temperature range studied from 16.5 emuK
mol�1 at 300 K to 4.11 emuKmol�1 at 30 K (Figure 3). Below
this temperature, the cT product decreases faster to reach
1.37 emuKmol�1 at 1.8 K. The cT value at room temperature
is well below the expected value (56.9 emuKmol�1, if g= 2)

for 13 high-spin FeIII centers (S= 5/2), thus indicating strong
antiferromagnetic interactions between the centers.

A simplified scheme of the magnetic-interaction topology
based on the coordination modes between the FeIII centers
can be proposed (inset Figure 3) with three types of pathway:
J1 coupling through the m3-O and m3-OH double bridges,
J2 coupling through the m3-OH double bridges, and J3 coupling
through the single m3-O bridges. All of these exchange
couplings are known to lead to antiferromagnetic interac-
tions. Therefore, the topology and the symmetry of the {Fe13}
aggregates (inset Figure 3) reveal the presence of a triangular
assembly, with a competing set of antiferromagnetic inter-
actions. Modeling the magnetic susceptibility is not possible
as 1) there is no analytical model available for 13 coupled FeIII

centers in such a configuration and 2) numerical methods
would require the diagonalization of too large a matrix.
However, numerical density functional theory calculations
on [Fe19(metheidi)10(m3 - OH)6(m - OH)8(m3 - O)6(H2O)12]NO3

(H3metheidi = N(CH2COOH)2(CH(Me)CH2CH2OH)), a
molecule with the same brucite-core structure as seen in the
{Fe13} aggregate,[21] were recently used to evaluate FeIII–FeIII

magnetic coupling through different types of oxygen bridges.
Herein, we suggest that the J3 coupling through the m3-O
bridge will be the strongest and will occur at around �100 K
and that the J2 coupling should be almost half of the
J1 coupling (namely, around �10 K compared with �20 K).
Therefore, a simple view of the ground state can be proposed
based on this coupling scheme in which all the outermost
spins are parallel to each other and antiparallel to the spins on
their neighbors that make up the middle ring. Finally, the
J2 coupling results in the spin on the central Fe center being
antiparallel to these neighboring spins and, thus, parallel to
the outermost spins, which would result in a spin ground state
for the {Fe13} aggregates of 5/2.

Low-temperature measurements give further insight into
the ground state and the anisotropy of the {Fe13} units. The
fact that the cT product does not go directly to zero at low
temperature indicates that it is not a singlet ground state, as to
be expected for an odd number of antiferromagnetically
coupled spin carriers. The value reached at 30 K is 4.1 emuK

Figure 3. Temperature dependence of the cT product (per FeIII aggre-
gate) at 1000 Oe. Inset: Topology of the magnetic interactions in the
iron aggregates.
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mol�1, which is compatible with a ground state of S= 5/2. The
further decrease of the cT product at lower temperature is
probably because of the intercluster interactions mediated by
the syn–anti carboxylate bridges, a zero-field-splitting con-
tribution, or both of these. This interpretation is confirmed by
the field dependence of the magnetization at 1.8 K (Fig-
ure 4a). Two regimes are observed: 1) at low field below 1 T,

where the magnetization increases rapidly and linearly, and
2) above 1 T, where the increase is slower. Although satu-
ration is not achieved at 7 T, the nonlinear behavior indicates
that the saturation should be achievable at higher fields and
have a value probably close to 5 mB, which is to be expected for
a ground state of S= 5/2. The presence of these two regimes
may be the result of the anisotropy and/or the interactions
between the aggregates; therefore, micro-SQUID measure-
ments were performed on a single crystal at temperatures
lowered to 0.04 K for yet further insight into the magnetic
behavior. This technique and rotation of the applied field
around the single crystal shows that the measured magnet-
ization becomes clearly uniaxially anisotropic below 2 K, thus
implying a negative value of D. Furthermore, below 1 K and
when the applied field does not coincide with the c direction,
the curves forM versusH exhibit a characteristic S shape that
is typical for antiferromagnetically coupled systems with an
inflexion point at around 0.6 Tat 40 mK. Therefore, these two
simple observations demonstrate that both anisotropy and
interaggregate interactions are relevant in the low-temper-
ature regime. Hysteresis loops are observed below 1 K with
the largest effect seen when the field coincides with the c axis,
thus suggesting that this effect corresponds to the easy axis
(Figure 4b). Although the loops do not show a large temper-

ature dependence, we can rule out the possibility that they
result from a spin-glass behavior from the temperature
dependence of the magnetization relaxation time. In a
classical spin-glass system, the relaxation time follows what
looks like an ArrhEnius behavior but with nonphysical values
for the energy barrier and the pre-exponential factor,[22] which
is, in fact, not the case, as seen in Figure 4d.

As the curves for M/Min versus t (M/Min is the
magnetization normalized to its initial value at
0.04 K) obtained below 0.7 K have the same shape
(Figure 4c), the data were scaled to a single master
curve and the relaxation time t was extracted by
simply taking the time when M/Min reaches the
value 1/e (Figure 4d). The relaxation time for the
high-temperature section of the plot of t versus 1/T
does not follow the simple ArrhEnius behavior
expected for single-molecule magnets (SMM) in
the thermally activated regime. This nonexponen-
tial behavior is probably a result of the magnetic
interactions between the {Fe13} aggregates and
suggests that these units when isolated from each
other would behave as SMMs. Below 0.1 K, satu-
ration of t is reached, thus indicating that the
dominant process of relaxation becomes time
independent. This feature is reminiscent of SMM
behavior when quantum tunneling of the magnet-
ization is the main pathway for the relaxation. In
our case, the slow relaxation of the magnetization is
induced necessarily not only by the spin ground
state and the anisotropy of the {Fe13} aggregates but
also by the significant three-dimensional antiferro-
magnetic coupling between them. This result illus-
trates the influence of the hierarchical structure of
this compound and the role of the chemical and
magnetic coupling between the {Fe13} aggregates
that give rise to a hierarchy of magnetic properties.

Although further work needs to be carried out on the
physics of this complicated system, it is clear that by physically
connecting the spins of the aggregates with chemical bonds,
cooperative interaction at low temperature has been enabled,
thus giving rise to the exotic effects observed. Overall, we feel
that this system is fascinating both in terms of the aesthetic
appeal of the structural concepts and its potential to provide
detailed insight into magnetic interactions between nanoscale
particles.

Experimental Section
[{Fe13(m3-OH)6(m3-O)6(Hntp)8(H2O)6}{Fe13(m3-OH)6(m3-O)6(Hntp)8}2]
·15NO3·13H2O (1): A solution of H3ntp (0.058 g, 0.25 mmol) and
ethylenediamine (0.017 mL, 0.25 mmol) in H2O (5 mL) was added to
a solution of [Fe(NO3)3]·9H2O (0.202 g, 0.5 mmol) in H2O (5 mL)
with stirring. Vapor diffusion of EtOH into the resulting brown
solution gave red–brown diamond-shaped crystals after three weeks
(17% yield). Elemental analysis (%) calcd for C216H444Fe39N39O282: C
25.24, H 4.35, N 5.31; found: C 25.23, H 4.03, N 5.38.

Crystal structure data for 1: C216H450Fe39N39O244, Mr= 9676.2;
trigonal, P3̄c1, a= 24.2756(12), c= 35.4381(19) K, U=
18085.9(16) K3, Z= 4, T= 200 K, 1calcd= 1.777 Mgm�3, m=

1.647 mm�1; Stoe IPDS area detector diffractometer with graphite-
monochromated MoKa radiation; 105539 reflections measured, 13313

Figure 4. a) Bulk-field dependence of the magnetization (per FeIII aggregate) at
1.83 K and b) field dependence of the magnetization on a single crystal from 0.04
to 0.5 K by the micro-SQUID technique with the magnetic field applied along the
c axis. c) Relaxation of the magnetization below 0.7 K normalized to the initial
magnetization at 0.04 K by the micro-SQUID technique with the magnetic field
applied along the c axis. d) Plot of relaxation time t versus 1/T.
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unique, Rint= 0.1290, 2qmax= 56.38, 99.8% completeness, wR2(all
data)= 0.2134, R1= 0.0829 using 8706 reflections with I� 2s(I),
parameters/restraints 884/50, residual electron density +0.86/�0.93;
semiempirical absorption correction by using XPREP in
SHELXTL;[22] structure solution by direct-methods and full-matrix
least-squares refinement against F2 (all data) by using SHELXTL;[23]

anisotropic refinement for all non-hydrogen atoms except for some
minor disorder components, hydrogen atoms isotropic. CCDC-260817
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic susceptibility measurements on 1 were obtained on a
finely ground polycrystalline sample (5.9 mg) using a Quantum
Design SQUID magnetometer MPMS-XL. The dc measurements
were collected from 1.8 to 300 K and from �70 to 70 kOe.
Experimental data were also corrected for the sample holder and
for the diamagnetic contribution calculated from Pascal constants.[24]

Field and time dependences of the magnetization on single crystals
were measured with an array of micro-SQUIDs.[25]
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ribozymes (catalytic RNAs) are typically used for the
regulation of gene expression.[1–4] The recent discovery of
RNA interference promises an efficient gene regulation
method for both basic and therapeutic research.[5–7] However,
the cell membrane is a formidable barrier against the delivery
of nucleic acids,[8–10] and therefore effective implementation
of oligonucleotide technology depends on the efficient trans-
fection of oligonucleotides. Thus, the enhancement of oligo-
nucleotide uptake for targeted delivery is still a topic of great
interest.

Cationic peptides are efficient tools for the transfection of
oligonucleotides and cationic liposomes,[11, 12] polycationic
dendrimers,[13] and polyethyleneimine,[14,15] but if antisense
oligonucleotide–cationic peptide conjugates are used in
cellular delivery, the conjugates are often insoluble.[16] Fur-
thermore, the conjugation is still not chemically straightfor-
ward and needs improvement,[17] and the peptide inhibits the
function of the nucleic acid to which it is conjugated.[18] In the
development of oligonucleotide technology, direct chemical
modification of DNA or RNA is one method of improving
function or adding a novel function, because the oligonucle-
otide-based structure and synthesis allow easy conjugation to
DNA and RNA molecules for biochemical and biophysical
applications. For example, a base-pair-mimic nucleoside
induces site-selective RNA cleavage,[19] and the creation of
modified DNA analogues with fluorescent aromatic com-
pounds allows the rapid combinatorial screening and discov-
ery of color-changing sensors of light exposure from a
library.[20] Therefore, a modified nucleic acid analogue with
efficient cellular uptake would be a useful tool for biochem-
ical applications.

Herein, we report the initial synthesis of 5-[(6-guanidi-
niohexylcarbamoyl)methyl]-2’-deoxyuridine (Tg), which has
a guanidinium group at the C5 position of deoxyuridine
(Figure 1a). The guanidinium group is a side chain of arginine
(Arg). Previous studies revealed that basic peptides such as

human immunodeficiency virus type 1 (HIV-1) Tat-(48-60)
have membrane permeability and carrier function for intra-
cellular protein delivery.[21] Moreover, many Arg-rich pep-
tides such as HIV-1 Rev-(34-50) and octaarginine (Arg8) can
translocate efficiently through cell membranes.[22,23] There-
fore, it is expected that Tg is likely to perform as an excellent
transmembrane carrier for oligonucleotides. Herein, the
guanidinium-modified DNA clearly shows cellular uptake in
HeLa cells without any reagents.

A 20-mer DNA oligomer labeled with 6-carboxyfluores-
cein (FAM) at the 5’ end was prepared as the core strand:
5’-FAM-dTGTGAAGTGTCCCAGCCTGT. Then, four Tg
moieties were added to the core at the 3’ end by a primer-
extension reaction. After optimization of the reaction con-
ditions (Supporting Information), the primer-extension reac-
tion was performed with DNA polymerase. The primer
extension used in this study might be useful for further
applications because its products are easily purified. Next, the
effect of the modified DNA (core-Tg4) on duplex stability was
measured, because modified DNA base analogues often
destabilize duplex formation. The melting temperatures (Tm)
of the 20-mer core duplex (5’-FAM-dTGTGAAGTGTCC-
CAGCCTGT-3’/5’-ACAGGCTGGACACTTCACA-3’), a
duplex in which the core strand has four dangling T
nucleotides at the 3’ end (core-T4 duplex: 5’-FAM-
dTGTGAAGTGTCCCAGCCTGT(T)4-3’/5’-ACAGGCTG-
GACACTTCACA-3’), and a core duplex with Tg4 at the
3’ end (core-Tg4 duplex: 5’-FAM-dTGTGAAGTGTCC-
CAGCCTGT(Tg)4-3’/5’-ACAGGCTGGACACTTCACA-3’)
were measured by UV/Vis spectroscopy in a buffer containing
NaCl (100 mm), in close approximation to typical physiolog-
ical conditions (Figure 1b). The Tm values of the core, core-
T4, and core-Tg4 duplexes (3 mm each) were 71, 72, and 71 8C,
respectively. The data indicate that Tg4 as a dangling end does
not noticeably inhibit duplex stability; these data are in
agreement with previously observed trends. The 3’ dangling
ends in B-form DNA are not energetically favored as a result
of fewer geometric intrastrand stacking events.[24]

Next, the uptake of single-stranded core-Tg4 by HeLa
cells was studied with both fluorescence-activated cell sorting
(FACS) and microscopy. In typical experiments, HeLa cells
were cultured in EagleAs minimum essential medium contain-
ing single-stranded core-Tg4 (4 mm) for 48 hours, washed with
phosphate-buffered saline, and quantified by fluorescence
measurement. The uptake of core-Tg4 was monitored by
FACS analysis of FAM (Supporting Information). After
48 hours, cells incubated with core-Tg4 had higher fluores-
cence than a population of cells incubated in the absence of
core-Tg4. To confirm the role of the guanidinium group, we
synthesized 5-[(6-aminohexylcarbamoyl)methyl]-2’-deoxy-
uridine (Ta),[25] which has a Lys side chain (Supporting
Information); it is known that Arg peptides undergo cellular
uptake more readily than Lys peptides.[26,27] If the cellular
uptake does not depend on the guanidinium group, then one
would expect the cellular uptake efficiency of Tg- and Ta-
modified DNA to be the same. Quantitation of FAM by
FACS analysis showed that the uptake of core-Ta4 was 1.8%
of that of core-Tg4, which suggests that the guanidinium group
works efficiently as a carrier.

Figure 1. a) 5-[(6-Guanidiniohexylcarbamoyl)methyl]-2’-deoxyuridine
(Tg); b) sequences and melting temperatures (Tm) of the core duplex,
core-T4 duplex, and core-Tg4 duplex (3 mm each) in a buffer containing
NaCl at 100 mm. FAM=6-carboxyfluorescein.
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The microscopy images of HeLa cells cultured in the
presence of 4 mm core-Tg4 are shown in Figure 2. Figure 2a
shows a fluorescence overlay image of phase contrast, core-
Tg4, and nuclei of living cells. The green and blue colors are a

result of fluorescence of the FAM-labeled DNA oligomer and
stained nuclei, respectively. As the cells incubated with the
core (FAM-labeled DNA without Tg4) did not exhibit this
green color (Supporting Information), the images clearly
show that the chemical modification induces the cellular
uptake activity. Moreover, the green areas do not seem to
overlap the blue, which suggests that the cellular localization
of these compounds is in the cytoplasm. Confocal microscopy
studies were carried out to determine whether the guanidi-
nium-modified DNA is internalized or simply attached to the
cell surface. Fixed cells are usually used for confocal micro-
scopy to obtain clear images, but recent studies indicate that
cell fixation leads to the artifactual redistribution of cationic
peptides into the nucleus.[28] Therefore, images of fixed cells
and living cells were obtained (Figure 2b,c). Interestingly,
these images showed that the distribution of the green color
observed in the cytoplasm was similar to that observed with
the fluorescence microscope. This suggests that the cellular
localization of these compounds is mainly cytoplasmic.
Recent studies on cationic peptides, such as the Tat peptide,
support the notion that uptake occurs through an endocytosis
pathway and that most cationic peptides reside in cytosol.[29–32]

Our result for modified DNA is consistent with this behavior

of cationic peptides. Although detailed future investigations
are necessary, the intracellular redistribution of the modified
DNA might occur through endocytosis.

Finally, the effect of modified DNA length on the cellular
uptake efficiency was investigated (Figure 3). The amount of
cellular uptake with core-Tg3 was 70% of that of core-Tg4.
Interestingly, the amount of cellular uptake with core-Tg6 was

only 30% of that of core-Tg4. Even at DNA concentrations
that were twice as high (8 mm), the order of the amount of
cellular uptake was still core-Tg4> core-Tg3> core-Tg6. In the
case of Arg peptides, the efficiency of cellular uptake
decreased with increasing polypeptide length because of
aggregation. The length range showing more efficient uptake
was between eight and ten Arg residues.[23] Our data are in
agreement with an increase in length being unfavorable for
cellular uptake. However, the most favorable length (four Tg
nucleotides) is shorter than an eight- to ten-residue poly-Arg
peptide. Although the reaction conditions of core-Tg4 were
not optimized, the degree of cellular uptake for core-Tg4 at
8 mm with incubation for 48 hours was about 75% that of the
uptake for the core through a commercial liposome trans-
fection agent (LipofectAMINE 2000 reagent (Invitrogen))
under optimized conditions. This indicates that the cellular
uptake of core-Tg4 is not so inefficient.

In summary, we have found that 5-[(6-guanidiniohexyl-
carbamoyl)methyl]-2’-deoxyuridine (Tg) plays the important
role of carrier for cellular uptake. In the case of the Arg-rich
peptide, HeLa cells are a typical example of a cell type that is
difficult for intracellular peptide delivery.[23] Therefore, the
cellular uptake of Tg in HeLa cells indicates that Tg could be
applied as a carrier agent for a wide range of cell types. The
activity of Tg as the carrier was observed not only for HeLa

Figure 2. Microscopy images of HeLa cells cultured in the presence of
core-Tg4 (4 mm): a) fluorescence overlay image of DNA oligomer,
nuclei, and phase contrast of living cells; b) confocal microscopy
image of DNA oligomer of fixed cells; c) confocal microscopy image of
DNA oligomer of living cells.

Figure 3. a) DNA sequence studied to investigate the effect of modi-
fied DNA length on cellular uptake. b) Uptake efficiency relative to
core-Tg4 quantified by FACS analysis of FAM.
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cells but also for RAW 264.7 cells, which are known to allow
uptake readily (Supporting Information).[23] Interestingly, the
optimal number of Tg-modified bases as a carrier for a 20-
nucleotide DNA oligomer was only four. Oligonucleotide-
based functional molecules allow easy conjugation to DNA
and RNA for biochemical and biophysical applications. Thus,
Tg could be used as a new tool in future applications for
intracellular oligonucleotide delivery.
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variety of protein–protein[3] and protein–membrane interac-
tions.[4] Their semirigid structures and their adjustable lengths
mean that they provide excellent starting points for the
elaboration of protein mimics that might be difficult to design
based on small-molecule scaffolds. Here we describe the
design of aryl amide oligomers that compete for heparin–
protein interactions. Heparin, a linear and highly sulfated
polysaccharide, is a crucial component in a variety of
biological processes mediated by specific heparin–protein
interactions including blood coagulation, viral infection, and
cell growth. Heparin has become a commonly used clinical
anticoagulant to prevent and treat thrombotic diseases.[5,6]

However, bleeding complications including hemorrhage and
heparin-induced thrombocytopenia (HIT), which is a
common immune-mediated disorder, are major adverse
effects associated with heparin therapy.[7] Therefore, frequent
coagulation monitoring may be necessary to minimize the risk
of life-threatening hemorrhages resulting from an overdose,
while at the same time maximizing the anticoagulant efficacy.

Low-molecular-weight (LMW) heparins, like unfractio-
nated (UF) heparin, consist of repeating units of l-iduronic
acid and d-glucosamine (Scheme 1a). LMW heparins have

resolved some of the problems associated with UF-heparin
use, in that they have a more predictable dose response, an
improved bioavailability, and a longer half-life.[8] Protamine is
used extensively as a clinical heparin antidote to neutralize
the anticoagulation function of heparin following cardiovas-
cular surgery[9] but it is not prescribed for use with LMW-
heparin therapy. Protamine treatment can also cause several
side effects mediated by nonimmunologic and immunoglo-
bulin-mediated pathways.[10] Thus, much safer and more
effective agents for neutralizing the anticoagulant function
of heparin are currently of great interest.

The interaction between heparin and antithrombin, a
plasma serine proteinase inhibitor that is the major inhibitor
of the coagulation cascade, facilitates a conformational
change in antithrombin. This conformational change accel-
erates inhibition of coagulation factors such as thrombin and
factor Xa.[11, 12] Through X-ray crystallographic analysis of the
antithrombin–pentasaccharide complex[13,14] and several stud-
ies of site-directed mutagenesis of antithrombin,[15,16] it has
been shown that the negatively charged pentasaccharide
binds to the basic amino acids (lysine and arginine) of
antithrombin.

Furthermore, by comparing various heparin-binding pro-
teins, Cardin and Weintraub classified two consensus sequen-
ces responsible for binding, XBBXBX and XBBBXXBX,
where B is a basic residue and X is any other amino acid. It
was suggested that these sequence motifs fold along one face
of an a helix or b sheet.[17] Most heparin-binding sites have a
bipolar structure, in which the basic amino acids are facing
one side; neutral or lipophilic amino acids generally face the
opposite side, regardless of the secondary structure.[18]

A few medium-sized peptides such as protamine ana-
logues,[10,19] antithrombin-derived peptides,[20] and polyargi-
nine peptides,[21] have been reported as potent heparin
antidotes. Small-molecule inhibitors of heparin may alleviate
complications associated with peptide-based heparin anti-
dotes, such as proteolytic stability, distribution, and difficulty
of scale-up. We have previously reported the synthesis of
amphiphilic arylamide oligomers that mimic the biological
properties of antimicrobial peptides and proteins.[4] Herein,
we expand this strategy towards the design of small molecules
that strongly interact with highly sulfated heparin.

Our design is based on a 1,3-substituted arylamide
oligomer with additional hydrogen-bonding substituents
included to increase solubility and conformational rigidity
and to provide appropriately spaced cationic groups to
interact with heparin. The thioether and ether groups of the
generic oligomer 1 provide internal hydrogen-bond acceptors,
while simultaneously providing points of attachment for
additional functional groups.

Initially, a molecular dynamics study on binding of one of
the arylamide analogues (shown in Figure 1, compound 8c) to
heparin in aqueous solution was undertaken. Analysis of the
obtained trajectory suggests that these compounds might
interact strongly with the pentasaccharide sequence of
heparin (PDB code: 1E03). Owing to the extensive charge
complementarity between the inhibitor and the heparin
analogue, the binding is dominated by electrostatic interac-
tions. At early stages in the trajectory, the two guanidium
cations of the terminal side chains (R4, Table 1) anchor
compound 8c to the pentasaccharide in a nearly parallel
mode, by closely interacting with CH2�OSO3

� groups of the
two terminal pentasaccharide sugars (Figure 1a). The other
positively (NH3

+) and negatively (COO� , OSO3
�) charged

groups of compound 8c and the pentasaccharide, respectively,
are then aligned. The limited flexibility of the pentasaccharide
(Figure 1a) allows these groups to assume optimal positions,
thereby maximizing the attractive interactions (Figure 1b)
and hydrogen bonding without incurring an overly large loss
in conformational entropy, which might occur with more
flexible small peptides. All the side chains of compound 8c
are involved in the binding, with the terminal ones playing an

Scheme 1. a) The major repeating unit and b) the antithrombin III
binding pentasaccharide of heparin.
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additional role of initial anchoring and aligning. However,
some of the pentasaccharide charged groups are pointing
away from the complex, toward the solution.

Based on these observations, we synthesized a series of
aryl amide oligomers, as described in Scheme 2.

We examined the interaction between compounds 8a–d
and LMW heparin (Lovenox, MW= 4500 Daltons) and UF
heparin, respectively, both of which contain an antithrombin-

binding domain (pentasaccharide, Scheme 1b). The ability of
the compounds to compete with antithrombin for binding to
Lovenox at physiological salt concentration (0.15m NaCl) was
assessed by a standard anti-factor Xa chromogenic assay
(Figure 2).

Figure 1. a) The initial (top) and final (after 7 ns, bottom) conforma-
tions of the aryl amide oligomer–pentasaccharide heparin system. In
the initial stage of the simulation, the aryl amide backbone undergoes
an internal twist, which facilitates the anchoring of the terminal aryl
amide groups to pentasaccharide. Color code: S: yellow; C: cyan; N:
blue; O: red. Water molecules and hydrogen atoms are not shown for
clarity. b) The final aryl amide oligomer–pentasaccharide conformation,
with electrostatic potential surfaces[29] shown in red (aryl amide
oligomer) and green (pentasaccharide).

Table 1: Biological activity of small molecules 8a–d.

Compound R4 R5 IC50 [mm] KB [mm][a] HC50 [mm][b]

8a H NH2 256 6.7 >1540

8b H 77.9 3.2 >1363

8c NH2 22.5 1.8 >1087

8d NH2 28.1 2.0 927

[a] The dissociation constant (KB) was measured by Schild plot analysis by using
the anti-Factor Xa assay. [b] The HC50 value (measurement of hemolytic activity)
was obtained by measuring 50% lysis of human erythrocytes.

Scheme 2. a) Boc-NH(CH2)2OH, DEAD, PPh3, THF; b) 2n LiOH,
MeOH, THF; c) TsCl, DIEA, CH2Cl2; d) Boc-NH(CH2)2SH, DIEA,
CH2Cl2; e) SnCl2·2H2O, NaOAc·3H2O, EtOH, 78 8C; f) FmocCl, pyri-
dine, THF, 0 8C; g) 2, (COCl)2, pyridine, DMF (cat.), THF, then 6, Et3N,
DMAP, CH2Cl2; h) 20% PIP in DMF; i) for 8a : 50% TFA in CH2Cl2; for
8b and 8a : N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine,
DIEA, MeCN/H2O, then 50% TFA in CH2Cl2; for 8c and 8d : RCO2H,
POCl3, pyridine, �15 8C, then 50% TFA in CH2Cl2. Boc= tert-butoxycar-
bonyl, DEAD=diethylazodocarboxylate, DIEA=N,N-diisopropylethyl-
amine, DMAP=4-dimethylaminopyridine, DMF=N,N-dimethylform-
amide, Fmoc=9-fluorenylmethoxycarbonyl, PIP=piperidine, TFA= tri-
fluoroacetic acid, THF= tetrahydrofuran, Ts= toluene-4-sulfonyl.
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Compound 8a served as an initial lead compound to
inhibit the function of Lovenox. Although it exhibited a low
in vitro inhibition (IC50= 256 mm, Table 1) against Lovenox,
we were inspired to investigate the possible role of the basic
side chain of the compound in its interaction with polysulfated
heparin. The conversion of the side chains of 8a to give the
polyguanidinylated derivative 8b resulted in a threefold
increase in potency. This result is consistent with observations
reported by Linhardt and co-workers. They suggested that
arginine binds about 2.5 times more tightly than lysine to the
sulfate groups of heparin due to distinct hydrogen bonding.[22]

Therefore, we reasoned that the increased activity of com-
pound 8b arose from differences in hydrogen bonding
between ammonium or guanidinium cations and the sulfate
groups of LMW heparin.

To obtain more potent heparin inhibitors, further chem-
ical modification was necessary. The introduction of extra
positively charged substituents at the terminal amines gave
compounds 8c and 8d, which exhibited a greater than tenfold
increase in potency compared to that of 8a. Additionally, 8d
was found to have a similar in vitro efficacy to 8c, in that both
compounds provide significant improvement and have similar
inhibition constants (IC50= 28.1 and 22.5 mm, respectively,
Table 1). The introduction of additional positive charges
enhanced the potency of the compounds, as expected from the
molecular dynamics study.

To estimate the binding affinities of compounds 8a–d,
Schild plot analysis, which measures agonist dose–response
curve shifts by a competitive antagonist, was used to evaluate
their capacity to interact with LMW heparin. Table 1 lists the
dissociation constants (KB) of these four compounds. These
compounds prevent the binding of heparin to antithrombin in

a dose-dependent manner. The Schild plot of inhibition for
compounds 8a–d establishes that they are competitive
inhibitors for heparin–antithrombin formation with dissocia-
tion constants (KB) of 6.7, 3.2, 1.8, and 2.0 mm, respectively.
These data also show that 8c was the most potent inhibitor
among compounds 8a–d.

To further address the specificity and affinity of these
foldamers in a stringent biological medium, we examined
their abilities to inhibit clotting in human plasma by measur-
ing the neutralization of UF heparin by 8a–d and protamine
in an activated partial thromboplastin time (aPTT) clotting
assay. The study was conducted with UF heparin because
conventional aPTT clotting assays are a relatively insensitive
method for measuring the activity of LMW heparin. As
shown in Figure 2b, 8a–d and protamine efficiently reversed
heparin-induced aPTT clotting. Also, similar patterns of
neutralization of heparin by 8a–d were observed, which were
consistent with those from the factor Xa assay. The most
active compounds 8c and 8d were only two- to threefold less
potent than protamine (averageMW= 5100 Daltons), despite
the fact that these are small molecules.

Finally, as an initial test of toxicity, we measured
hemolytic activities of the compounds against human eryth-
rocytes. None of these small molecules lysed human red cells
at concentrations as high as 1000 mm.

In summary, we have described the synthesis of a series of
arylamide oligomers, which interact with LMW heparin and
UF heparin. This interaction inhibits the ability of LMW
heparin to activate antithrombin and, in this way, affects the
biological function of LMW heparin. These arylamide
oligomers are the first example of low-molecular-weight
antagonists that inhibit the anticoagulant function of heparin.

Experimental Section
The synthesis of all compounds is described in the Supporting
Information. The factor Xa assay in the presence of Lovenox and
inhibitor was measured in a chromogenic assay by using reagents
purchased from DiaPharma. In brief, the reagents were reconstituted
in a 0.02m tris(hydroxymethyl)aminomethane (Tris) buffer at pH 8.4.
Antithrombin was prepared with 0.336m NaCl for a physiological salt
concentration (0.15m) in the final reaction. Antithrombin
(0.08 IUmL�1; 50 mL) was mixed with Lovenox (11.2 mgmL�1;
1 mL). After the incubation for 5 min, different concentrations of
inhibitor (1 mL) were added to each row of wells; the wells were then
gently shaken and incubated for 20 min. Factor Xa (2.8 nkatmL�1;
50 mL) was then added and the reaction mixture was shaken and
incubated for an additional 10 min. Substrate (S-2765; 10 mL) was
added and the 96-well plate was then shaken and read every 30 s for
7 min at 405 nm on a ThermoLabsystems Multiskan Spectrum. In the
assay for Schild plot analysis, we followed the same protocol as for the
anti-factor Xa assay except the concentrations of Lovenox and
inhibitors were varied.

aPTT activity was resolved by using a BBL Fibrometer (Becton
Dickinson, San Jose, CA) and a commercial kit containing Citrex I
Control Plasma and Cephalinex-Activated PTT Reagent (Bio/Data
Corporation, Horsham, PA). In brief, heparin (5 mL) and antagonist
(5 mL) were preincubated (37 8C on a FibrometerDs heating block) for
10 s prior to addition of control plasma (0.1 mL) into the test cuvette.
This mixture was allowed to incubate for 2 min at 37 8C. Meanwhile,
25 mm CaCl2 (0.2 mL) was set to preincubate in a separate cuvette.
Cephalinex (0.1 mL) was pipetted into the test cuvette containing the

Figure 2. Dose-dependent neutralization of a) LMW heparin and b) UF
heparin by compounds 8a–d. a) Factor Xa assay. b) aPTT clotting assay
in the presence of UF heparin (2.42 mgmL�1).
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plasma and incubated for exactly 5 min. The preincubated CaCl2
(0.1 mL) was added with simultaneously starting of the FibrometerDs
timer. Once a clot formed, the timer stopped and the clotting time was
recorded. Biochemicals not provided with the kit were heparin
sodium salt from bovine intestinal mucosa (Sigma, H-0777,
150 Unitsmg�1) and protamine sulfate from salmon (Sigma, p4020).

The details of the interaction between heparin and compound 8c
were investigated by using molecular dynamics simulations. A
pentasaccharide heparin sequence (charge �11) was placed in a box
(55.69E 53.09E 60.04 F) with compound 8c (+8 charges, Table 1) and
three Na+ ions to balance the charge. The system was solvated by
TIP3P water,[23] thereby resulting in a size of � 17500 atoms.
Parameters for compound 8c were derived from the newly developed
force field for aryl amide oligomers,[24] to ensure proper description of
the backbone conformational dynamics, in combination with semi-
empirical (MOPAC) charges.[25] Heparin parameters were developed
partly by analogy with the existing Amber parameters,[26] augmented
by parameters for the SO4

� groups,[27] partly from semiempirical
calculations.[25] The system was equilibrated for 1 ns and the analysis
was performed based on a subsequent 6 ns production run. The
simulations were carried out by using the NAMD2 software[28] with
full electrostatics by use of the Particle Mesh Ewald method and a
time step of 1.5 fs.
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Escape from a Nonporous Solid: Mechanically
Coupled Biconcave Molecules**
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Molecular motions play a central role in many biologically
important processes.[1] The correlated movement of a finite
number of symmetrically disposed building blocks in natu-
rally occurring constructs can amplify a local distortion into a
global structural change.[2, 3] This process is well illustrated by
the unidirectional rotation of C3-symmetric transmembrane
protein complexes[4] and the pH-induced conformational
changes of viral fusion proteins,[5] which continue to inspire
synthetic mimics of their structural as well as functional
properties.[6–9] Relaying mechanical signals to remote sites
within such functional aggregates requires structurally rigid
units, and the noncovalent interactions between these units
can be maximized by positioning them in a symmetric fashion.
In an effort to implement such an architectural motif in a
small-molecule setting, we have devised a general synthetic
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route to a new class of C3-symmetric biconcave molecules.
The solid-state structures of these molecules reveal effective
mechanical communication between two vertices, by which
structural changes on one side of the molecule are effectively
transmitted to the other side (Scheme 1). Remarkably, the

flexible solid-state structure of one such compound allows the
complete release of clathrated guest molecules from a
nonporous solid under ambient conditions. This dynamic
crystal-to-crystal transformation has been confirmed by
single-crystal X-ray crystallography.

We developed a convergent synthetic route in order to
realize the mechanical coupling illustrated in Scheme 1. Our
molecular design positions three m-terphenyl “wings” at the
periphery of a C3-symmetric core. The six wing-tips of these
elongated aromatic groups converge to define the two
vertices of a biconcave molecule. As each pseudo-C2-sym-
metric terphenyl unit is disposed nearly perpendicular to the
disc-shaped core, expansion of one cavity was expected to
nicely correlate with contraction of the other (Scheme 1).
Preliminary molecular modeling suggested that a triphenyl-
ene-type core 2 (Scheme 2) should be able to support three
symmetrically disposed m-terphenyl fragments without
severe steric constraints. As a structural surrogate of this
planar polyaromatic platform, tris(salicylideneamine) 1[10,11]

(Scheme 2) was chosen in our synthesis. In addition to
assisting the facile construction of three-dimensional struc-
tures from modularly accessible building blocks, the semirigid
six-membered rings afforded by the resonance-assisted
hydrogen bonds (RAHBs)[12] were expected to better accom-
modate the structural changes depicted in Scheme 1.

The reaction between 1,3,5-triformylphloroglucinol (3)[10]

and five equivalents of 2,6-di(p-methoxyphenyl)aniline[13] in
EtOH at reflux cleanly afforded the desired Schiff base
product 4 in over 85% yield (Scheme 2). The 1H and 1H–1H
COSY NMR spectra of this compound in CD2Cl2 at 25 8C
display a doublet (d= 12.43 ppm, 3H, =CNH) coupled (J=
13 Hz) to another doublet (d= 7.53 ppm, 3H, =CHN).[14]

Upon treatment with D2O, the resonance at lower field
completely disappears and the upper-field signal merges into
a sharp singlet. This observation is consistent with the keto-
enamine tautomer of the C3-symmetric tris(salicylidene-
amine) core rather than the enol-imine.[10, 11] The six methyl
groups in 4 could be removed by treatment with BBr3 at
�78 8C to furnish 5 in a yield of 70%. A more sterically
hindered homologue 6 could be obtained (65% yield) by
triple Schiff base condensation of 3 with 2,6-dimesitylani-
line.[13]

This high-yielding and operationally simple route
afforded 4–6 in four to five steps from readily available
materials without the need for chromatographic separation of
synthetic intermediates. Notably, the selective formation of
C3-symmetric 4–6 stands in stark contrast to the previous
synthesis of less hindered tris(salicylideneamine) deriva-
tives,[15] in which mixtures of Cs and C3 isomers were generally
obtained (Scheme 2).[10,11] By defining symmetric spaces
above and below the molecular core, the m-terphenyl frag-
ments apparently suppress the formation of the undesired Cs

isomer. The reaction between 3 and 2-(4-hydroxyphenyl)ani-
line still furnished a mixture of Cs and C3 isomers (� 3:1
ratio).

The nine aromatic rings in each of 4–6 are
all connected by single C�C bonds rather
than by direct ring fusion, thus allowing a
balance between structural rigidity and flex-
ibility. As shown in Scheme 3,[16, 17] the three
m-terphenyl wings can undergo concerted
tilting with respect to the threefold axis.[18]

Intramolecular steric considerations demand
that this molecular motion proceeds in a
merry-go-round fashion to establish a pair of
C3-symmetric enantiomers, similar to the D

andL isomers of an octahedral tris(chelate)–
metal complex. The pseudo-D and pseudo-
L enantiomers are present in equal amounts
in solids 4–6.

As part of this iris-like opening and
closing motion, 5 displays conformational
communication between two vertices in that
the opening of one concave side closes the
other side of the molecule (Figure 1).[19] The
pronounced asymmetry of the cavity top-
ology is reflected by the distances between
adjacent m-terphenyl wing-tips on each side

Scheme 1. Schematic representation of conformational transmission
by correlated opening and closing of the two concave sides of a
molecule.

Scheme 2. Synthetic routes to C3-symmetric biconcave hosts 4–6.
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of the molecule: the “open” side Cpara···Cpara distances range
from 10.470 to 10.988 E (mean value: 10.697 E), whereas the
“closed” side distances range from 5.183 to 5.491 E (mean
value: 5.339 E). In the solid state, three molecules of DMF
(N,N-dimethylformamide) are located on one concave side of
5. Although the detailed nature of this van der Waals host–

guest interaction is yet to be elucidated, this adaptive
structural change convincingly demonstrates the conforma-
tional transmission proposed in Scheme 1.

The immediate functional relevance of structural semi-
rigidity was highlighted by a single-crystal-to-single-crystal
transformation of 4, in which clathrated CHCl3 molecules
completely escape the crystal lattice without disrupting it.
Compound 4 crystallizes in the trigonal system (space group
P31c). Two chemically identical, but crystallographically
unique, molecules 4a and 4b were identified in the lattice,
each having a crystallographic threefold axis passing through
the molecular core (Figure 2a). In the solid state, facing pairs

of 4a and 4b interpenetrate each other to open one side of the
molecule and close up the other side. The m-terphenyl wings
on the open side of 4a function as a tripod when it docks with
a triangular array of molecules of 4b underneath (Figure 2b).
In turn, each molecule of 4b is associated with three 4a
molecules stacked on top of it, thus defining repeating
interdigitated bilayers of 4a·4b perpendicular to the crystallo-
graphic c axis (Figure 2c). The overall shape complementar-
ity of the C3-symmetric 4 reinforces intermolecular van der
Waals contacts and assists in efficient molecular packing. As a
result, only 3.9% of the crystal volume is available to guests.

Evenly spaced interstitial spaces were identified within
the two-dimensional closest packed layer of 4 (Figure 3).
Each of these C3-symmetric crevices, with a volume of around

Scheme 3. Iris-like opening and closing motion: concerted tilting
affords an enantiomeric pair of open conformers (right); reversing one
rotation imposes steric constraints between adjacent m-terphenyl
groups (left). Shown next to the schematic diagram is a capped-stick
(core) and space-filling (mesityl groups) representation of the crystal
structure of 6 (only the L isomer is shown).

Figure 1. Crystal structure of 5·6.5DMF: a) space-filling and capped-
stick representations viewed from the top (left) and bottom (right) of
the molecule (DMF molecules are omitted); b) ORTEP diagram with
thermal ellipsoids at the 50% probability level (hydrogen atoms and
DMF guests have been omitted for clarity); c) three DMF molecules
(in space-filling model) occupy the open concave side of 5 (capped-
stick representation).

Figure 2. Molecular packing of 4a (blue) and 4b (red) in solvent-free
solid 4 : a) capped-stick representation of two unique molecules inter-
penetrating each other; b) interaction between 4a and a trigonal array
of 4b ; c) schematic representation of a portion of the interdigitated
bilayer comprising 4a (six molecules, top) and 4b (six molecules,
bottom).
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112 E3, is centered over a triangular array of 4a and is fully
occupied by one molecule of CHCl3 when 4 is recrystallized
from CHCl3/Et2O.

[20] After standing at room temperature for
10 weeks, the co-crystal of 4 and CHCl3 perfectly retained its
crystallinity despite the complete loss of CHCl3 from the
interstitial space. This was confirmed by a redetermination of
the X-ray crystal structure of the same crystal, which also
revealed a substantial (� 4.3%) decrease in the volume of the

unit cell.[21,22] Except for Caryl–Caryl rotations involving three p-
methoxylphenyl groups of 4a close to CHCl3 (Figure 4), no
significant structural changes were observed before and after
solvent loss. The rigid tris(salicylideneamine) cores perfectly
fit each other with a maximum deviation of less than 0.05 E,
and the aryl groups on the closed side of 4a show a maximum
deviation of 0.270 E. The structure of 4b revealed deviations
of less than 0.250 E for all atoms.[14]

Unlike conventional microporous materials developed for
the uptake and release of small-molecule substrates,[23] no
unobstructed channels could be found that connect individual
cavities within 4 (Figure 4).[24] Escape of CHCl3 therefore
requires a cooperative movement within the crystal lattice,
which could provide a transient passage for CHCl3 in its
hopping between adjacent interstitial voids.[25,26] We suggest
that Caryl–Caryl rotations of 4a accompany this process because
its overlaid X-ray crystal structures reveal a concerted
movement of three m-terphenyl groups in response to the
departure of adjacent CHCl3 molecules.

[14] As shown in
Figure 4, the contours of the accessible surface also exhibit
drastic morphological changes following this motion.

We note that structural distortions might seem insignifi-
cant at the single-molecule level, but their collective effects
could be amplified by interlocking arrangements within
higher-order assemblies (Figure 2). Harnessing the flexibility
of a loosely held aromatic-rich scaffold could be a viable
approach to amplifying adaptive molecular motions. This is
currently being investigated in our laboratory.
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DNA sequence symmetry brings at least three advantages to
any given DNA structure: 1) minimization of the required
sequence space and simplification of sequence design;
2) reduction of the number of different DNA strands; and
3) cancellation of some unpredictable distortions in DNA
nanostructures, thus allowing DNA two-dimensional (2D)
arrays to grow to large sizes. Herein, DNA sequence
symmetry is introduced into the design of DNA nanostruc-
tures, to give DNA 2D arrays that reach a width of 1 mm.

DNA is an excellent system for studying self-assembly and
constructing nanoscale patterns[1, 2] because of its extraordi-
nary capability of molecular recognition, well-predictable
double-helix structures, huge diversity of unique sequences,
and various preexisting toolkits. It is generally believed that
DNA sequence symmetry should be eliminated when design-
ing a DNA motif. Each DNA segment has to be unique and
can only base pair with its sole, complementary segment,
which promotes the formation of designed structures. This
rule has been established for 20 years[3] and strictly followed
in the field of DNA nanotechnology.[1,4, 5] The success of DNA
nanotechnology proves the effectiveness of this rule. As DNA
nanotechnology has matured, more knowledge and experi-
ence have accumulated. We would like to ask: can sequence
symmetry provide any advantage? Herein, we will address
this question and show a successful application of sequence
symmetry.

We studied sequence symmetry with a cross motif
(Figure 1)[4d] in which nine different strands (1–9) associate
with each other and fold into a nearly planar structure
(Figure 1a). There is a pseudo-fourfold rotational symmetry
of the DNA backbones, but no symmetry when taking the
bases into account. If a true fourfold symmetry exists, strands
2–5 will be related to each other by the symmetry and be
identical, strands 6–9 will be identical, and strand 1 will
become a circular repetitive tetramer. The symmetric cross
structure still consists of nine strands, but only three different
sequences (Figure 1b). The unique DNA sequences are

reduced by four times as all four arms of the corss become
identical to each other. Note that sequence symmetry is still
avoided when designing each individual DNA strand. Sym-
metry is only applied to the construction of the cross motif out
of the three different strands.

Sequence symmetry substantially influences the self-
assembly behavior of the cross motif. The cross structures
with sticky ends can be programmed to self-assemble into 2D
arrays. Some unpredictable curvatures are associated with the
cross motif, because of our limited understanding of branched
DNA structures and oversimplification by the DNA duplex
model. If the curvatures accumulate, small aggregates will be
generated instead of large 2D arrays. A corrugation strategy
has been used[4d] to prevent curvature from accumulating
during 2D assembly. Adjacent building blocks face up and
down alternately in each growing direction, such that the
curvatures cancel each other out (Figure 1c). This strategy
has been proved to be effective.

However, each arm of the asymmetric cross motif has a
different base composition and a curvature of different
direction and extent. The corrugation strategy is not enough
to cancel all curvatures. To further remove any curvature and
promote growth of planar 2D arrays, new strategies are
needed. The introduction of sequence symmetry is promising
for this purpose. If a true fourfold symmetry exists, the four
arms are symmetrically related and have exactly the same
curvatures no matter what they are. When blocks of the
symmetric cross assemble in two dimensions, all curvatures
are cancelled, and large 2D arrays would be expected. In
previous reports, DNA 2D arrays often showed anisotropic
shapes,[4] presumably resulting from unequal cohesion
strengths between DNA blocks in different directions or
from curvature accumulation, or both. Sequence symmetry
will remove this problem. The block containing the symmetric
cross has exactly the same pair of sticky ends in each
direction. Thus, the cohesion strength between the blocks in
any direction is exactly the same, which allows equal growth
of the 2D arrays in each direction.

The strategy of sequence symmetry has been experimen-
tally proved to be very successful. We followed previously
reported experimental protocols (see the Supporting Infor-
mation).[4] First, the symmetric cross motif was characterized

Figure 1. Introduction of sequence symmetry. a) An asymmetric cross
motif consisting of nine unique strands. The arrows indicate the 3’
ends of the DNA strands b) A symmetric cross motif containing only
three unique strands. c) Corrugated self-assembly in two dimensions.
Any two neighboring units face in opposite directions; yellow and
turquoise squares indicate units facing up and down, respectively. The
dimensions of a unit cell of the 2D array are 4.5,4.5 turns.
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by native polyacrylamide gel electrophoresis (PAGE). The
symmetric cross complex migrated as a single sharp band with
an expected mobility in the gel (Figure 2, the second lane
from the right), which indicates that the cross complex is

stable. Then we modified strand 3 to get complementary
sticky ends, and used atomic force microscopy (AFM) to
examine whether the cross motif could self-assemble into 2D
arrays (Figure 1c and Figure 3). In previous reports[4] and in
our own studies,[6] DNA 2D arrays with asymmetric motifs
were normally less than 1 mm wide. In sharp contrast, DNA
2D arrays assembled from the symmetric motif are normally
in a size range of 20 to 40 mm. The arrays are well-ordered, as
judged by direct observation of the images and by Fourier-
transform analysis. The observed repeating distance is (18.9�
0.3) nm, in good agreement with the value calculated from the

model ((46 < 0.33)+ (2 < 2)= 19.2 nm) by assuming that the
pitch of the DNA duplex is 0.33 nm per base pair and the
diameter of a DNA duplex is 2 nm.

The DNA arrays were often larger than the AFM imaging
fields. AFM imaging is well-suited to the study of nanoscale
structures. Its drawbacks are that the imaging area is small
(practically limited to less than 50 mm for our DNA samples),
and that the imaging process is very slow, which prevented us
from surveying the overall situation of the DNA samples. To
overcome these limitations, we used fluorescence microscopy,
which allows the imaging of arrays with areas up to the
millimeter scale. This technique provides complementary
information to that from the AFM images.

Figure 4 shows fluorescence images of DNA arrays
stained with YOYO-1 immediately before imaging. Sample
preparation for fluorescence imaging is much simpler than for

AFM imaging and avoids destroying the DNA arrays. DNA
arrays can be easily found under a fluorescence microscope.
The overall morphologies of the arrays are very similar to
each other when observed by both fluorescence and AFM
imaging. The largest array that we have found reaches a size
of 1 mm width (Figure 4a), which is hundreds of times larger
than previously reported DNA 2D arrays self-assembled from
asymmetric motifs.[4]

The DNA arrays can be used as templates to fabricate
nanostructures of other materials. We have previously
reported a strategy to transfer DNA nanostructures to gold
structures by vapor deposition of gold against flat substrate-
supported DNA structures.[6] One major concern of this
strategy is that the areas of the gold structures are too small to
be useful for technological applications. With the new DNA
arrays developed here, we can easily address this concern. The
gold structures extend up to 40 mm2 (Figure 5).

In conclusion, we have demonstrated that sequence
symmetry is a powerful tool for designing DNA nanostruc-
tures. We are currently testing the symmetry strategy in
various DNA nanostructures and hope to determine how
general sequence symmetry can be applied. Sequence sym-
metry dramatically reduces the size of unique sequences and
decreases the number of DNA strands. This reduction is
important for the fabrication of complicated structures
because they need large pools of unique sequences, which,
in turn, dramatically increase the difficulty of sequence
design. We believe that sequence symmetry will be appreci-

Figure 2. Native PAGE (6%) analysis of the symmetric cross motif.
The DNA content of each lane is indicated at the top of the gel image
and the identity of each band is indicated on the left. The molar ratios
of the strands are given in parentheses. The lane on the far right
(50 bp ladder) contains a series of DNA duplex size markers.

Figure 3. AFM analysis of DNA 2D arrays self-assembled from a
symmetric cross motif. Image scanning areas decrease from left to
right, thus showing the entire 2D array and the detailed structure. A
Fourier-transform pattern (inset, center) shows the regularity of the
DNA array.

Figure 4. a) and b) Fluorescence images (taken from different areas
within the same sample) of DNA 2D arrays self-assembled from the
symmetric cross motif with a) the largest DNA array found with width
1 mm.
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ated as a new tool for the design in these complicated cases.
Sequence symmetry is also a useful tool for fine-tuning the
structures of DNA motifs, as in the example herein. It is a
common concern for molecular self-assembly as to whether
self-assembled 2D arrays can be grown to sizes large enough
to satisfy the requirements of many technological applica-
tions. Herein, we have clearly demonstrated that large 2D
arrays are feasible.

Experimental Section
Oligonucleotides: DNA sequences were designed by the computer
program SEQUIN.[3b] All oligonucleotides were purchased from IDT,
Inc. and purified by 20 % denaturing PAGE. Strand 1: 5’-AggCAC -
CATCgTAggTTTTCTTgCCAggCACCATCg-
TAggTTTTCTTgCCAggCACCATC gTAggTTTTCTT gCCAgg-
CACCATCgTAggTTTTCTTgCC-3’ (circularized); strand 2 :
5’-ACTATgCAACCTgCCTggCAAgCC TAC gATggACAC gg-
TAAC g-3’; strand 3 : 5’-CgTTAC CgTgTggTTgCATAgT-3’; strand
3’: 5’-CgCgCgTTACCgTgTggTTgCATAgTCATg-3’.

Formation of DNA complexes and 2D arrays: Strands 1 (0.6 mm),
2 (2.4 mm), and 3 or 3’ (2.4 mm) were combined in Tris/acetate/EDTA/
Mg2+ (TAE-Mg2+) buffer, which consisted of Tris (40 mm, pH 8.0),
acetic acid (20 mm), EDTA (2 mm), and Mg(CH3COO)2 (12.5 mm).
Individual DNA complexes for native PAGE analysis were formed by
cooling solutions of the mixture as follows: 95 K/1 min, 65 K/30 min,
50 K/30 min, 37 K/30 min, and 22 K/30 min. DNA 2D arrays were
formed by slowly cooling the DNA solution from 95 8C to room
temperature over 48 h. For individual cross molecules, we used
strands 1, 2, and 3 ; for 2D arrays, we used strands 1, 2, and 3’.

Denaturing PAGE: Gels contained 20% polyacrylamide (19:1
acrylamide/bisacrylamide) and 8.3m urea. The running buffer was
Tris/borate/EDTA (TBE), which consisted of Tris buffer (89 mm,

pH 8.0), boric acid (89 mm), and EDTA (2 mm). Electrophoresis
runs were performed on a Hoefer SE 600 unit at 55 8C and 600 V
(constant voltage). After electrophoresis, the gels were stained with
Stains-All dye (Sigma) and scanned.

Native PAGE: Gels contained 6% polyacrylamide (19:1 acryl-
amide/bisacrylamide), and electrophoresis runs were performed on
an FB-VE10-1 electrophoresis unit (FisherBiotech) at 4 8C and 100 V
(constant voltage). The running buffer was TAE-Mg2+. After electro-
phoresis, the gels were stained with Stains-All dye (Sigma) and
scanned.

Replication of DNA patterns: All the metal evaporations were
carried out with a thermal evaporator (Turbo Vacuum Evaporator
EFFA). The evaporation speed was adjusted to 0.2 nms�1. After
metal evaporation (to a thickness of about 20 nm), a drop of premixed
epoxy adhesive was placed on the gold film and immediately covered
by a glass slide. The epoxy was allowed to solidify completely

(normally left overnight), and the metal replicas were mechanically
lifted off the mica surfaces.

AFM imaging: A drop of DNA sample solution (2 mL) was
spotted onto a freshly cleaved mica surface and left there for 10 s to
allow for strong adsorption. The sample drop was then washed off
with Mg(CH3COO)2 solution (10 mm, 30 mL) and the surface was
dried by compressed air. DNA samples and their metal replicas were
imaged by tapping-mode AFM on a Nanoscope IIIa microscope
(Digital Instruments) with NSC15 tips (silicon cantilever, Mikro-
Masch). The tip–surface interaction was minimized by optimizing the
scan set-point.

Fluorescence microscopy imaging: A drop of DNA sample
solution (3 mL, in TAE-Mg2+ buffer) was spotted onto a clean glass
slide and left for 5 min to allow DNA arrays to adsorb onto the glass
surface. Then a YOYO-1 (Molecular Probes) solution (1.7 mm in
TAE-Mg2+ buffer, 1 mL) was spotted onto the DNA sample, which
was immediately protected with a coverslip and imaged with a
fluorescence microscope.
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showing the entire domain and the detailed structure. A Fourier-
transform pattern (inset, center) shows the regularity of the metal
structure.

Communications

6696 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6694 –6696

http://www.angewandte.org


Lipid Bilayers

DOI: 10.1002/anie.200502189

Hydrogel Stamping of Arrays of Supported Lipid
Bilayers with Various Lipid Compositions for the
Screening of Drug–Membrane and Protein–
Membrane Interactions**

Sheereen Majd and Michael Mayer*

Herein we describe a rapid, reproducible, and straightforward
method to form copies of functional membrane arrays with
various lipid compositions and the application of these arrays
for the screening of drug–membrane and protein–membrane
interactions. We employed topographically patterned agarose
gels to stamp spatially addressable arrays of supported
bilayers on glass and confirmed the fluidity of these mem-
branes by fluorescence recovery experiments. We took
advantage of the storage capability of hydrogels and demon-
strated that inking posts on an agarose stamp, with extremely
small volumes (� 1 mL) of a solution that contains liposomes,
was sufficient to transfer at least 100 copies of a membrane
array without the need for reinking. We used stamped
membrane arrays for screening the interactions of a protein
(annexin V) and an anti-inflammatory drug (nimesulide) with
bilayers of various lipid compositions and discovered that the
interaction of the prescription drug nimesulide with mem-
branes depends on the membrane cholesterol content.

Interest in supported bilayers[1–3] includes studies of the
dynamic structure of membranes,[4,5] their self-assembly,[5]

lipid–protein interactions,[5] ligand–receptor interactions,[5–8]

development of membrane-based biosensors,[5, 9–15] and drug
discovery.[16] Furthermore, many pharmaceuticals are known
to interact with biological membranes and, as such, assays for
testing drug–membrane interactions are important for a
better understanding of drug activity, targeting, and toxic-
ity.[17] To use supported bilayers efficiently for the study of the
aforementioned processes, the membranes must be
fluid[1,16,18,19] and mechanically stable.[19] Techniques that are
currently employed to form arrays of supported membranes
exploit a) the deposition of droplets of a liposome solution

onto surfaces,[6, 18] b) vesicle fusion from a bulk solution onto
patterned substrates,[20, 21] c) delivery of liposomes by micro-
fluidic channels,[22,23] and d) microcontact printing with poly-
(dimethylsiloxane) (PDMS).[24]

An ideal fabrication method for the application of
membrane arrays for screening protein–membrane or drug–
membrane interactions would consist of the rapid creation of
many functional copies of an array of different bilayers with
minimal consumption of the amount of lipid. Among the
existing methods, microcontact printing allows the creation of
many spots of membranes in parallel. To prepare arrays with
various compositions, however, posts of the stamp used for
microcontact printing must be inked individually. Such an
inking procedure can be time consuming and can introduce
heterogeneity into the stamped arrays. It would therefore be
advantageous if a biocompatible stamp, once inked, could
store the inking solution and allow multiple transfers without
the need for reinking.

Herein, we demonstrate that stamping with hydrogel
stamps allows multiple stamping while using minute amounts
of material. We fabricated stamps from agarose gel (4%) with
a pore size sufficiently large to allow the diffusion of
macromolecules and small liposomes (the pore size of 2%
agarose gel is � 470 nm[25]). This capability makes it possible
to store inking solution within the stamp while replenishing
molecules at the surface and, thus, to perform multiple
stamping of biomolecules.[25] Recently, agarose stamps[26,27]

were applied to pattern arrays of proteins,[28,29] bacteria,[30]

and mammalian cells.[31] Herein we present the first attempt
to use hydrogel stamps to create functional arrays of fluid
lipid membranes.

To form arrays of lipid bilayers, we inked each post on the
agarose stamp with a sub-microliter volume of liposome
suspension. After the posts had absorbed the solution, we
placed the inked stamp in contact with glass slides for 5–10 s
(see Supporting Information for details and stamp dimen-
sions). Immediately after removal of the stamp, we immersed
the patterned substrates in either deionized water or PBS
buffer solution. We hypothesize that during stamping, sup-
ported membranes form by diffusion of small liposomes
(diameter 20–80 nm)[32] through the pores of the agarose
stamp and the subsequent spread of liposomes onto the
regions in contact with the glass. As the agarose stamps used
in this method consist mostly (� 96% w/w) of water, we
suggest that the mechanism of bilayer formation is similar to
the mechanism of the established method of vesicle fusion
from solution.[16]

We examined the structure of the stamped lipid bilayer
spots on the glass substrate by atomic force microscopy
(AFM) experiments (see Supporting Information). The AFM
results revealed a smooth surface of bilayer with scattered
defects. The area of the defect sites was � 23% of the total
imaged bilayer area. Cross-section analysis of the defects
revealed a thickness of 4.3� 0.8 nm, which corresponds to the
height of a single lipid bilayer.[6]

To investigate the capability of agarose stamps to store
small liposomes, we used a stamp that was inked once and
stamped 100 times without intermediate reinking. This stamp
was inked with a solution of liposomes composed of l-a-
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phosphatidylcholine derived from chicken egg (egg PC) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissa-
mine-rhodamine B sulfonyl) (rh-PE; 1% w/w). We found no
significant loss in the fluorescence intensity of the spots over
100 stamping events (Figure 1a). Figures 1b and c show

fluorescent micrographs of membrane arrays on glass that
were obtained after 6 and 100 stamping events, respectively.
To test the fluidity of the stamped bilayers, we performed
fluorescence recovery after photobleaching (FRAP) experi-
ments (see Supporting Information for details). Figure 1d
shows the recovery of a photobleached spot in a bilayer of the
last (100th) array. Fluorescence recovery of the bilayers in this
array was similar to that in the 6th array (difference in
diffusion constant � 5%) which therefore indicates that the
quality of the stamped arrays remained constant over � 100
stamping events. The fluorescence intensity in the photo-
bleached spot recovered to � 90% of its original intensity, a
value typical for supported membranes of high quality.[6]

We used a stamp with 200-mm-diameter posts to explore
the potential of this method for the production of membrane
arrays with a high density. Figure 2a shows such a resultant
array with a density of 600 membrane spots per cm2. If such a
stamp were inked by using robotics, it should, in principle, be
possible to stamp multiple copies of high-density arrays with
various membrane compositions.[29]

To demonstrate the ability of this method to create, in
parallel, bilayers with different lipid compositions, we trans-
ferred arrays of supported membranes by using liposomes
that contained 0–50% negatively charged lipids and 0–50%
cholesterol. Remarkably, hydrogel stamping resulted in high-
quality membrane arrays on glass substrates even when the
bilayers contained 50% negatively charged lipids (Figure 3a).
Figure 2b shows an array of bilayers with two different
fluorescently labeled lipids. These spots were transferred in
parallel from the same stamp.

To determine if liposomes with different lipid composi-
tions are transferred differentially from the agarose stamp to
the glass slide, we inked the posts of a stamp with mixtures of
two different liposome populations (the first population was
composed of egg PC (99% w/w) and rh-PE (1% w/w) and the
second was composed of egg PC (50% w/w) and 1, 2-dioleoyl-
sn-glycero-3-[phospho-l-serine] (DOPS; 50% w/w)). We
used this stamp to create a membrane array and subsequently
studied the compositions of the resultant bilayers (see
Supporting Information for details). Epifluorescence micro-
scopy images showed that the fluorescence of the transferred
bilayers was proportional to the ratio of the two liposome
populations in the inking solution. This result suggests that
there is no significant preference in transfer between the
neutral and negatively charged liposomes.

To explore the possible applications of membrane arrays
with various compositions for the screening of protein–

Figure 1. Fluorescence intensity after stamping of 100 arrays of mem-
branes by using a hydrogel stamp (without intermediate inking), and
test of bilayer fluidity. The bilayers composed of egg PC and rh-PE (1 %
w/w) were stamped on glass slides. a) Mean fluorescence intensity of
supported bilayers as a function of the number of stamping events.
The error bars represent the standard deviation of the intensity of all
spots in each array. The dashed line represents the mean fluorescence
intensity of the background. b) Micrograph of spots of supported
bilayers after the 6th and c) 100th stamping event. d) Fluorescence
images from a FRAP experiment performed on the array from the last
(100th) stamping event after photobleaching for 8 min.

Figure 2. Stamped high-density array of supported bilayers and mem-
brane arrays with various compositions. a) Fluorescent micrograph of
a patterned array of bilayers composed of egg PC with rh-PE (1 % w/w)
by using an agarose stamp with a post size of 200 mm. b) Fluorescent
micrograph of an array of bilayers that contains egg PC and rh-PE (1 %
w/w; red) and NBD-PE (3 % w/w; green).

Figure 3. The protein annexin V binds to bilayers with different DOPS
content. a) Micrographs of fluorescently labeled annexin V bound to
bilayers that contain 0, 20, and 50 % (w/w) DOPS. b) Increase in
fluorescence intensity due to the binding of annexin V to an array of
bilayers with a gradient in DOPS. The binding of annexin V is calcium-
dependent; these data were obtained in (&) 1 mm and (*) 8 mm Ca2+.
The error bars represent the standard deviations in fluorescence
intensity.
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membrane interactions, we formed arrays from egg PC with a
gradient in the negatively charged lipid, DOPS, and measured
the binding of annexin V to these bilayers. Annexin V is a
calcium-dependent binding protein that interacts with neg-
atively charged lipids.[33] Figure 3a shows micrographs of the
binding of fluorescently labeled annexin V to supported
bilayers with three different concentrations of DOPS. Fig-
ure 3b illustrates that the binding of annexin V to supported
membranes increases with an increasing concentration of
both DOPS in the bilayer and calcium ions in solution. These
results show that stamped arrays of supportedmembranes can
be used effectively to quantify protein–membrane interac-
tions.

Further to the investigation of protein–membrane bind-
ing, membrane arrays may be useful for screening drug–
membrane interactions. These interactions can depend on the
composition of the lipid membrane[17] (e.g. the content of
cholesterol) and can induce a change in the fluidity of the
bilayer.[34] The therapeutic and toxic effects of many drugs are
affected by their interactions with lipid membranes.[17, 34] To
demonstrate the influence of the lipid composition on drug–
membrane interactions, we studied the fluidity changes that
are introduced by the non-steroidal anti-inflammatory drug
(NSAID), nimesulide, in bilayers with various cholesterol
content. NSAIDs, (e.g. aspirin or ibuprofen) are the most-
important drugs in the treatment of inflammation, pain, and
fever.[34]

Lucio et al. reported that nimesulide increases the fluidity
of membranes composed of egg PC.[34] In the studies
described herein, we incubated stamped membrane arrays
of egg PC with various cholesterol content in solutions that
contain 0, 50, and 100 mm nimesulide for 2 h, and monitored
the changes in fluidity by FRAP experiments. [35] , [36] Figure 4
shows the fluorescence recovery of bleached spots in the
presence of nimesulide. In agreement with Lucio et al. ,[34] we
found that nimesulide (50 mm) increased the fluidity in egg PC
membranes. We discovered the same effect in bilayers with a
moderate cholesterol content (� 20%). Surprisingly, how-
ever, nimesulide had the opposite effect, namely a decrease in
fluidity, on bilayers with a high cholesterol content (� 50%).
Furthermore, nimesulide decreased the fluidity of all the
examined bilayers when it was added at a concentration of
100 mm (Figure 4c). The diffusion coefficients of fluorescently
labeled lipids in these bilayers are summarized in Table 1.

In conclusion, we present a strikingly simple and repro-
ducible method to obtain copies of functional membrane
arrays from a range of lipids (including up to 50% negatively
charged lipids). This method allows the fabrication of at least
100 copies of a bilayer array while using only picomolar
amounts of lipids per spot—a characteristic that may be
particularly beneficial for stamping precious membrane
preparations that can often only be obtained in limited
quantities, such as cellular membrane fragments. Binding
assays with these arrays elucidated an unknown effect of
cholesterol on the interaction of a prescription drug with
bilayers, and as such, we expect liposome stamping to be
useful for the rapidly growing interest in drug–membrane
interactions,[17,34] protein–membrane interactions,[5] and
arrays of membrane proteins.[6]
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Figure 4. Influence of nimesulide on the fluidity of stamped lipid
bilayers with various cholesterol content. Recovery curves of supported
lipid bilayers of egg PC and rh-PE (1 % w/w) which contain (&) 0 %
cholesterol, (*) 20 % cholesterol, and (~) 50 % cholesterol in the
presence of a) 0, b) 50, and c) 100 mm nimesulide.

Table 1: Diffusion coefficients, D of rh-PE in supported membranes
composed of egg PC and rh-PE (1 % w/w) with various cholesterol
content in the presence of nimesulide.

Cholesterol D [cm2 s�1][a]

content [%] 0 mm

nimesulide
50 mm

nimesulide
100 mm

nimesulide

0 2.0 G 10�9 2.7 G 10�9 1.4 G 10�9

20 1.8 G 10�9 2.4 G 10�9 1.2 G 10�9

50 1.5 G 10�9 0.7 G 10�9 0.4 G 10�9

[a] The errors of the diffusion coefficients are ��7 % and were obtained
through measurement of the differences between diffusion coefficients
of fluorescently labeled lipids in bilayers made from the same lipid
composition, but stamped on different days.
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Enantioselective Thiourea-Catalyzed Acyl-
Mannich Reactions of Isoquinolines**
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Eric N. Jacobsen*

Aromatic molecules represent an attractive class of feedstock
compounds for organic synthesis because of their ready
availability, their stability, and the wealth of classical and
modern chemistry available for their preparation and manip-
ulation. The development of enantioselective, catalytic meth-
odologies that engage aromatic p systems as substrates offers
particular promise for synthetic applications. Despite this
potential, it is only recently that aromatic frameworks have
been employed successfully as electrophiles[1] or nucleo-
philes[2] in asymmetric, catalytic reactions, and many impor-
tant challenges in this area remain unmet. The addition of
carbon-centered nucleophiles to nitrogen-containing hetero-
aromatic compounds is a particularly interesting problem, in
light of the potential impact of such a methodology on
alkaloid synthesis. Diastereoselective reactions controlled by
chiral auxiliaries currently constitute the state-of-the-art
methods for the majority of stereocontrolled transformations
of this type.[3] The elegant alkaloid syntheses of Comins et al.
based on diastereoselective nucleophilic additions to chiral
(4-methoxy)acylpyridinium derivatives illustrate the utility of
such approaches.[4] Only one enantioselective, catalytic
method for the addition of carbon-centered nucleophiles to
aromatic nitrogen heterocycles has been developed to date:
the aluminum-catalyzed acylcyanation of quinolines, isoqui-
nolines, and pyridines (the Reissert reaction) developed by
Shibasaki and co-workers.[1a–d] Herein, we report the first
example of an asymmetric, catalytic addition of enolate
equivalents to heteroaromatic electrophiles. This acyl-Man-
nich reaction,[5] catalyzed by a chiral thiourea derivative,
provides access to useful enantioenriched dihydroisoquino-
line building blocks.[6]

N-Alkylations or N-acylations of nitrogen-containing
heteroaromatic compounds give rise to highly electrophilic
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iminium or acyliminium ions that are susceptible to a variety
of addition reactions. There are very few examples of the
asymmetric catalysis of such additions,[1a–e] a fact that may
reflect, to some extent, the difficulty in the development of
catalysts capable of the activation of such intermediates. In
that context, we were highly encouraged by the discovery that
chiral thiourea 1 catalyzes an enantioselective acylative
variant of the Pictet–Spengler reaction (Scheme 1). The

possibility that 1 can activate a putative intermediate
acyliminium ion towards enantioselective cyclization by
hydrogen-bond donation[7,8] prompted us to study its appli-
cation to the reactions of acyliminium ions derived from
nitrogen heterocycles.

In light of the prevalence of the 1-substituted tetrahy-
droisoquinoline motif in alkaloid architecture,[9] we selected
isoquinoline as a model substrate (Table 1). The enantiose-
lectivity of acyl-Mannich-type reactions catalyzed by 1 was
found to depend strongly on the nature and structure of the
acylating agent and nucleophile. A screen of acylating agents
was performed using the O-tert-butyldimethylsilyl (TBS)
ketene acetal derived from methyl acetate as the nucleo-
phile.[10] Acetyl chloride, the optimal reagent for enantiose-

lective Pictet–Spengler reactions, furnished the acyl-Mannich
product in poor enantiomeric excess (28% ee ; entry 1). More
encouraging results were obtained using chloroformates
(entries 2–5), with which tuning of the alkoxy substituent
had a pronounced effect upon enantioselectivity. The dihy-
droisoquinoline product was obtained in a promising 82% ee
by using 2,2,2-trichloroethyl chloroformate (TrocCl). Further
improvement upon this result was realized by variation of the

structure of the nucleophile
(entries 5–7), with the best
result provided by the silyl
ketene acetal derived from iso-
propyl acetate. The acyl-Mannich
reaction of isoquinoline pro-
ceeded in 80% yield with
86% ee under the optimized con-
ditions.

Despite markedly different
dependences of enantiomeric
excess upon the structure of the
acyl group, the acyl-Mannich and
acyl-Pictet–Spengler reactions
share several common features.
Pronounced solvent effects were

observed in both cases, with diethyl ether affording the
highest enantioselectivity. In addition, 1 is the optimal catalyst
identified to date for both reactions.[11] In particular, the
ee values of both the acyl-Mannich and acyl-Pictet–Spengler
reaction exhibit a dramatic dependence upon the substitution
pattern of the pyrrole moiety (Table 2). The crystal structure
of 1 may help to explain this behavior (Figure 1).[12] The
orientation of the 2-methyl-5-phenylpyrrole structural motif
places the phenyl group in position to interact closely with any
species that undergoes hydrogen-bonding interactions with
the acidic thiourea protons (Figure 1).[13] In the solid state, 1
exists as a dimeric structure through bifurcated hydrogen-

Scheme 1. Enantioselective acyl-Pictet–Spengler reaction catalyzed by 1.

Table 1: Optimization of the acylating agent and nucleophile.

Entry R R’ Yield [%][a] ee [%][b]

1 Me Me 80 28
2 OBn Me 60 41
3 OC(CH3)2CCl3 Me 70 47
4 OCH2(fluorenyl) Me 75 64
5 OCH2CCl3 Me 65 82
6 OCH2CCl3 Bn 80 73
7 OCH2CCl3 iPr 80 86[c]

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by supercritical fluid chromatography (SFC)
using commercially available chiral stationary-phase columns. [c] Reac-
tion temperature was �70 8C.

Table 2: Dependence of reaction enantioselectivity on catalyst structure.

Entry R R’ Yield [%][a] ee [%][b]

1 Me Me 60 30
2 Ph Ph 55 78
3 Me Ph 55 85

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by SFC using commercially available chiral
stationary-phase columns.
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bonding interactions between the thiourea N�H protons and
the amide carbonyl group.[14]

A number of substituted dihydroisoquinolines are acces-
sible through this new methodology (Table 3) and serve as

precursors to enantioenriched 1-substituted tetrahydroisoqui-
nolines: hydrogenation of the enamide moiety and reductive
cleavage of the trichloroethyl carbamate group occur in good
yield without detectable racemization (Scheme 2).[15] Thus,
this method represents a straightforward approach to the
preparation of enantioenriched heterocycles with potential

utility for alkaloid synthesis from stable, readily accessible
aromatic starting materials. For certain applications, this
methodology may prove complementary to the Pictet–
Spengler reaction, both in terms of electronic requirements
(both electron-rich and electron-poor products may be
accessed) and regioselectivity (the substitution pattern of
the product is determined only by the choice of the isoquino-
line starting material). In addition, this study demonstrates
that thiourea catalyst 1mediates two distinct enantioselective
transformations of N-acyliminium ions: intramolecular Frie-
del–Crafts reactions of acyliminium ions derived from acyclic,
aliphatic imines (the acyl-Pictet–Spengler reaction) and
intermolecular Mannich reactions of acylisoquinolinium
ions. Further extension of this mode of catalysis to encompass
other reactions of N-acyliminium intermediates and inves-
tigation of the mechanism by which these electron-poor
species are activated by a hydrogen-bond donor are the focus
of future study.

Experimental Section
General procedure for acyl-Mannich reactions catalyzed by 1: 1-
Isopropoxycarbonylmethyl-1H-isoquinoline-2-carboxylic acid 2,2,2-
trichloroethyl ester (Table 3, entry 1): Isoquinoline (61 mL,
0.50 mmol; 97% purity) was dissolved in diethyl ether (5.0 mL) in a
flame-dried round-bottomed flask and cooled to 0 8C. 2,2,2-Trichloro-
ethyl chloroformate (76 mL, 0.55 mmol, 1.1 equiv; 98% purity) was
added dropwise by syringe, and the resulting white suspension was
warmed to 23 8C, stirred for 30 min, and then cooled to �78 8C (dry
ice/isopropanol bath). Catalyst 1 (26.9 mg, 0.050 mmol, 10 mol%) in
diethyl ether (4.0 mL + 1.0 mL rinse volume) and then 1-(tert-
butyldimethylsilyloxy)-1-isopropoxyethene (216 mg, 1.0 mmol,
2.0 equiv) were added. The reaction mixture was warmed to �70 8C
(isopropanol bath equipped with immersion cooler) and stirred for
14 h. Cooling was stopped and the bath allowed to warm to 23 8C over
3 h. After the solvent was removed in vacuo, the residue was purified
by chromatography on silica gel (0!5% ethyl acetate/hexanes), thus
yielding a colorless oil (161 mg, 0.40 mmol, 80% yield). The
enantiomeric excess was determined to be 86% by SFC using a
commercial chiral stationary phase (Chiralpak OD-H, 5% methanol/
CO2, 5 mLmin�1, 50 8C, 285 nm; tr(minor): 2.23 min, tr(major):
2.66 min); aD �2408 (c= 1.1 g 100 mL�1, CH2Cl2);

1H NMR
(500 MHz, CDCl3): the compound exists as a 1.7:1 mixture of
carbamate rotamers; signals corresponding to the major rotamer: d=
7.26–7.17 (3H, m), 7.10 (1H, d, J= 7.5 Hz), 6.90 (1H, d, J= 7.5 Hz),
5.99 (1H, d, J= 8.0 Hz), 5.84–5.82 (1H, m), 4.97–4.88 (2H, m), 4.78
(1H, d, J= 12.0 Hz), 2.67–2.58 (2H, m), 1.20 (3H, d, J= 6.0 Hz),
1.16 ppm (3H, d, J= 6.5 Hz); representative signals corresponding to
the minor rotamer: d= 6.90 (1H, d, J= 7.5 Hz), 6.04 (1H, d, J=
8.0 Hz), 4.82 (1H, d, J= 11.5 Hz), 2.77 (1H, dd, J= 14.0, 9.0 Hz),
1.11 ppm (3H, d, J= 5.5 Hz); 13C NMR (100 MHz, CDCl3), signals
corresponding to both rotamers: d= 169.6, 169.5, 151.6, 151.2, 131.4,
131.2, 129.9, 129.8, 128.6, 128.5, 127.7, 127.5, 126.7, 126.6, 125.5, 125.3,
124.5, 123.6, 110.7, 110.6, 95.2, 95.2, 75.7, 75.6, 68.4, 68.4, 53.3, 53.1,

40.8, 40.1, 22.0, 22.0, 21.9, 21.9 ppm; IR (neat): ñ= 3063
(w), 2980 (m), 2936 (w), 1728 (s), 1651 (s), 1452 (m), 1262
(m), 1109 (m), 968 cm�1 (w); HRMS (ES): m/z calcd for
[C17H18Cl3NO4+H]+: 406.0380; found: 406.0380.
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Figure 1. Solid-state structure of catalyst 1.

Table 3: Acyl-Mannich reaction of substituted isoquinolines.

Entry R Yield [%][a] ee [%][b]

1 H 80 86
2 3-Me 75 92
3 4-Br 78 91
4 5-Br 77 87
5 5-OTBS 77 83
6 5-NO2 71 71
7 6-OSO2CF3 67 83
8 7-OTBS 86 60

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by SFC or HPLC using commercially available
chiral stationary-phase columns.

Scheme 2. Synthesis of an enantioenriched tetrahydroisoquinoline. TFA= trifluoroacetic
acid.
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To fully realize the potential for new medical advances in the
postgenomic era, safe and efficient delivery systems for
nucleotide-based drugs must be developed.[1] Ideally, such

systems will be nontoxic, nonimmunogenic, and made from
versatile building blocks that allow optimal delivery to a
range of cells or tissues of interest. Herein, for the first time,
we present the design, synthesis, and evaluation of a unique
family of hierarchically structured linear-dendritic hybrid
polymers that self-assemble with DNA to form stable nano-
particles with a series of concentric, functional “shells” that
display independently tuneable properties necessary for
effective targeted delivery. The resultant ligand-functional-
ized systems demonstrate receptor-mediated delivery to
targeted cells with robust serum stability, transfection effi-
ciencies that exceed the most efficient commercially available
polymer poly(ethylenimine) (PEI), and low toxicity at con-
centrations one to two orders of magnitude higher than those
at which PEI is toxic. These systems may find potential utility
as targeted in vivo gene delivery systems for DNA- or RNA-
based therapies.

The success of gene-based therapies is dependent upon
the ability to deliver genes that express key proteins when and
where they are needed. As of yet, no such therapies have been
approved for clinical use, primarily because of the lack of
versatile, safe, and efficient gene delivery systems.[2, 3] A suite
of electrical, mechanical, and modified viral delivery systems
have been investigated with some success, but these systems
suffer from significant drawbacks.[4–7] Notably, modified
viruses often elicit severe immunogenicity, are prone to
insertional mutagenesis, and are refractory to repeated
administrations. Chemical delivery systems, such as cationic
linear polymers, dendrimers, or lipid-based reagents, while
generally safer than their viral counterparts, typically lack the
high efficiency or multiple functionalities required for in vivo
administration. Moreover, even subtle synthetic modifica-
tions to these systems can dramatically influence existing
biological properties.[8–10] Herein, we present a new family of
multifunctional gene delivery polymers based on dendritic
poly(amidoamine) (PAMAM) and linear poly(ethylene
glycol) (PEG) with a wide array of properties (namely,
blood stability, cellular targeting, DNA binding, and endo-
somal buffering capacity) that can be independently tuned in
a modular fashion to address each of the barriers to effective
gene delivery. As a proof of concept, we demonstrate the
ability to independently modulate targeting and expression
levels by choice of the ligand and dendrimer species,
respectively. Furthermore, these systems represent a platform
on which additional functionalities may be added to impart
properties such as vector unpackaging and nuclear target-
ing.[11, 12]

Linear-dendritic hybrid polymers were designed based on
the hypothesis that these unique polymer architectures, which
contain functionalities that are both chemically orthogonal
and physically separate, could self-assemble with DNA to
yield nanoparticles with an outer shell of targeting ligands
accessible to cell-surface receptors, a flexible hydrophilic
corona designed to prevent protein opsonization, plasma
clearance, and nonspecific uptake, and an interior of amine
groups to promote DNA binding and escape from endosomal
vesicles into the cytoplasm[13,14] (see Scheme 1 and the
Supporting Information). Ligand-functionalized linear-den-
dritic polymers were synthesized as follows: Fmoc-PEG-NHS
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(Mn= 3500, n= 72, polydispersity index (PDI)= 1.01;
Fmoc= 9-fluorenylmethoxycarbonyl, NHS=N-hydroxysuc-
cinimide) was dissolved in 0.1m NaHCO3 buffer
(37.5 mgmL�1) and adjusted to pH 8.5 with 1m NaOH.
Amine-modified mannose and galactose ligands were dis-
solved separately in 0.1m NaHCO3 buffer (30 mgmL�1),
adjusted to pH 8.5, and added to an aliquot of dissolved
polymer in solution at a molar excess of 10:1 (24 h, 25 8C,
under N2). The polymers were recovered by filtration and
lyophilization, dissolved in dimethylformamide (DMF;
100 mgmL�1), and added dropwise to a solution of 20%
piperidine in DMF to remove the Fmoc protecting group
(30 min, 25 8C, under N2). Following this step, the polymers
were recovered by precipitation with diethyl ether and dried
overnight under vacuum. The dendrimer synthesis proceeded
by serial Michael addition and amidation steps by the
addition of methyl acrylate and ethylene diamine, respec-
tively, as described previously (see Supporting Informa-
tion).[15] In general, the ligand-functionalization and depro-
tection steps proceeded at 80–85%, and all the dendrimer
synthetic steps proceeded with conversions of 90–100% (see
Supporting Information). The physical properties of these
polymers are listed in Table 1. The growth of the amide
(3200–3400 cm�1) and carbonyl (1600–1800 cm�1) bands

during dendrimer synthesis can be seen qualitatively in
Figure 1.

An array of techniques was used to probe the biophysical
character of polymer/DNA complexes, or “polyplexes” (see
Figure 2). Gel electrophoresis demonstrates binding and

Scheme 1. Rational design and hierarchical self-assembly of linear-
dendritic polymers with plasmid DNA (pDNA). a) Molecular structure–
function relationship in a mannose-PEG-PAMAM G3.0 system.
b) Structure of linear-dendritic polyplexes show the relative positions
of the functional elements (not to scale).

Table 1: Theoretical molecular weights and number of amine end groups
for ligand-functionalized PEG–PAMAM hybrid polymers.

Polymer Mn

(theoretical)
Number of amine
end groups

ligand-PEG-PAMAM-G0.0 3344 1
ligand-PEG-PAMAM-G1.0 3572 2
ligand-PEG-PAMAM-G2.0 4028 4
ligand-PEG-PAMAM-G3.0 4940 8
ligand-PEG-PAMAM-G4.0 6764 16
ligand-PEG-PAMAM-G5.0 10412 32
ligand-PEG-PAMAM-G6.0 17708 64

Figure 1. FTIR spectroscopic analysis demonstrates exponential den-
dron growth in sugar-PEG-PAMAM a) G0.0, b) G2.0, and c) G4.0
systems. Growth of the amide and carbonyl signals are highlighted in
green and pink, respectively. (Conversion at the deprotection step was
approximately 80%, and conversion at each branching step was 90–
100%.) Complete NMR and FTIR spectroscopic analysis is given in
the Supporting Information.
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charge neutralization of DNA by linear-dendritic polymers
incubated at mass ratios of > 20:1, 10:1, 5:1, 1:1, and 1:1 for
generations 2.0 (G2.0), 3.0 (G3.0), 4.0 (G4.0), 5.0 (G5.0), and
6.0 (G6.0), respectively (an acetate buffer of pH 5.1 was used
in all cases to ensure complete protonation of the
primary amines on the dendrimer periphery). The
nature of this trend is consistent with intuition, as the
exponentially increasing number of the amine func-
tionalities with increasing dendrimer generation
results in higher charge density with increasing
dendrimer size. Dynamic light scattering (DLS) sug-
gests that polyplexes of G3.0, G4.0, and G6.0 are
around 150 nm in diameter on average, which is under
the reported cut-off point of around 200 nm that is
required for efficient cellular uptake (Figure 2b).[16]

G5.0 polyplexes form larger particles with DNA, a
seemingly anomalous result that was nevertheless
highly repeatable. The large size of G2.0 polyplexes
reflects the fact that little DNA binding and charge
neutralization occurred in these systems. In all cases,
mass ratios in the range 0.1:1–200:1 were tested, and
polyplex size was shown to be relatively insensitive to
mass ratio above the point at which complexation
occurs in each system, thus suggesting that in all cases
the polyplexes consist of a single DNA plasmid and that
excess polymers remain dispersed in solution. Thus, particle
diameters given in Figure 2b represent average diameters for
an evenly weighted range of mass ratios up to 200:1. Finally,
transmission electron micrographs of G6.0 polyplexes show
narrowly dispersed, roughly spherical complexes with an
outer corona of approximately 6–8 nm, which is consistent
with the expected size of PEG–PAMAM G6.0 (Figure 2c).[17]

In all of the above cases, complexes
were formed prior to assay by incuba-
tion of the dilute solutions of the
plasmid-DNA-encoding firefly lucifer-
ase (6.2 kb, 2.05 C 106 gmol�1,
0.1 mgmL�1, 25 mm acetate buffer,
pH 5.1) with equal volumes of solutions
that contain polymers (in 25 mm ace-
tate buffer (pH 5.1) at appropriate
concentrations to achieve the indicated
mass ratios) for 20 min at room temper-
ature.[18]

To evaluate the ability of polyplexes
to transfect target cells by receptor-
mediated uptake, we transfected two
cell types, P388D1murine macrophages
bearing a mannose receptor and
HepG2 human hepatocytes bearing an
asialoglycoprotein receptor (for galac-
tosylated ligands).[19–22] The transfec-
tions were performed in quadruplicate
in a 96-well plate format. The polymers
and DNAwere combined for 20 min at
mass ratios in the range 1:1–200:1
(polymer/DNA) in 25 mm acetate
buffer, added to a serum-free or 10%
serum-containing medium, and incu-

bated with cells for 4 h (587 ngDNAwell�1), after which the
polyplex-containing medium was removed and replaced with
growth medium. The cells were assayed for expression of the
luciferase reporter gene after 72 h.[18] Figure 3a shows the

levels of luciferase-reporter-gene expression in macrophages
(in the absence of serum) with optimized formulations of
ligand-functionalized polyplexes, control polyplexes bearing
no ligand, ligand-functionalized polyplexes in the presence of
excess soluble ligand, and PEI. The G6.0 mannose-bearing
polyplexes demonstrate transfection 1.6- to 1.8-fold higher
than PEI, the most efficient commercially available polymer
for in vitro transfections. The G5.0 polyplexes mediate

Figure 2. Biophysical characterization of linear-dendritic polyplexes. a) Electrophoresis on 1% agarose gel
demonstrates DNA binding at the indicated mass ratios. b) Particle diameter measured with dynamic
light scattering (DLS). c) Transmission electron microscopy (TEM) images depict narrowly dispersed,
roughly spherical particles.

Figure 3. Transfection of P388D1 macrophages bearing the mannose receptor.
a) Transfection by linear-dendritic polyplexes with and without the mannose
ligand and in the presence of soluble mannose (0.1 mgwell�1); * indicates
p<0.04, ** indicates p<0.002 (two-tailed, unpaired Student’s T-Test). Results
normalized to an optimized formulation of PEI (2:1 PEI/DNA, serum free, no
free mannose added). b) Serum stability is demonstrated through transfection
in the presence of serum proteins. Results normalized to an optimized
formulation of PEI (2:1 PEI/DNA, 10% serum, no free mannose added). All
results are given as an average� standard error.
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reporter expression levels approximately 1.3-fold higher than
PEI, whereas the G4.0 polyplexes (as well as G3.0 and G2.0,
data not shown) transfect at low levels comparable to naked
DNA. The highest transfection levels were observed in
polymer/DNA ratios under 50:1 in all systems (under 20:1
in G6.0), presumably because of the effects of toxicity at high
concentrations. Polyplexes with no mannose ligand exhibited
significantly lower transfection efficiencies, and competitive
inhibition of mannose receptors by an excess of soluble ligand
virtually silenced reporter-gene expression without affecting
expression levels in the positive and negative controls
(Figure 3a). These data further support the hypothesis of
cellular internalization by means of specific receptor-medi-
ated endocytosis. Finally, macrophages were transfected in
the presence of a 10% serum-containing medium to probe the
serum stability of pegylated polyplexes (Figure 3b). Fourfold
transfection enhancements were observed relative to PEI,
most likely because of the “stealth” effect imparted by PEG,
which is known to lower particle agglomeration by attenu-
ation of opsonization of serum proteins.[23]

Transfection of HepG2 hepatocytes by linear-dendritic
polyplexes bearing the galactose ligand is shown in Figure 4.
In the absence of serum, optimized formulations of G6.0 and
G4.0 ligand-functionalized polyplexes transfect significantly
more efficiently (p< 0.06) than control polymers with no

ligand (Figure 4a). Moreover, G6.0-, G5.0-, and G4.0-tar-
geted systems mediate transfection levels within one order of
magnitude of PEI in the absence of serum and as much as
eightfold more than PEI in the presence of serum (Fig-
ure 4a,b). Optimal polymer/DNA mass ratios were in the
range 100:1–200:1 for all the systems studied. Taken together,
these data suggest that the hepatocyte-targeted polyplexes
are serum-stable and demonstrate enhanced transfection
because of a cell-specific receptor-mediated process. Interest-
ingly, expression levels were unaffected by the presence of an
excess of soluble galactose, a finding that may arise from the
multivalent nature of ligand binding by the asialoglycoprotein
receptor; thus, it is suggested that multivalent ligand pre-
sentation through synthetic multimeric galactose ligands may

yield enhanced targeting relative to the monomeric spe-
cies.[24, 25]

To assess the cellular toxicity of linear-dendritic hybrid-
polymer-based systems, a methylthiazolyldiphenyltetrazo-
lium bromide (MTT) assay was performed to measure the
relative viability of cells treated with various polymer/DNA
mass ratios. Cells were seeded in clear 96-well plates and
transfected exactly as previously described. A range of
polymer/DNA mass ratios were studied that corresponded
to concentrations equal to and above those at which the
optimal transfection levels were observed. In P388D1 macro-
phages (Figure 5a), cells that we have found to be highly

sensitive to environmental conditions in culture, no
measurable toxicity was observed in the G4.0-based
systems over the entire concentration range studied.
More significant toxicity was observed at high mass
ratios in G5.0 (60–80% viability relative to untreated
controls) and the G6.0 systems (50–70%), though these
toxicities were primarily observed at concentrations
higher than those optimal for transfection. In HepG2
hepatocytes (Figure 5b), no measurable toxicity was
observed in the G4.0 and G5.0 systems at polymer/DNA
mass ratios up to 200:1; in G6.0, moderate toxicity
became apparent at ratios of 150:1 and above. In all
cases, linear-dendritic systems failed to display toxicity
until concentrations reached one to two orders of
magnitude greater than those at which PEI was toxic.

Herein, we have described the design, synthesis, and
evaluation of a new family of linear-dendritic hybrid
polymers for their ability to deliver DNA to two distinct

mammalian cell lines. These hierarchically self-assembling
polymers have functionalities that are physically and chemi-
cally distinct and can be independently modified. The
modular nature of these systems makes them a platform
from which further, serial modifications may be added to
impart additional desired characteristics without any sub-
stantial alteration of the existing properties. As a proof of
concept, we have demonstrated the condensation of DNA by
linear-dendritic polymers into nanoparticle structures with
small size and robust serum stability appropriate for systemic
delivery. Moreover, through the presentation of an outer shell
of targeting ligands, these particles can transfect cells bearing
targeted surface receptors with low toxicities and efficiencies
that exceed the best commercially available polymer PEI.

Figure 4. Transfection of HepG2 hepatocytes bearing the asialoglycoprotein
receptor. a) Transfection by linear-dendritic polyplexes with and without the
galactose ligand; * indicates p<0.06; ** indicates p<0.03 (two-tailed,
unpaired Student’s T-Test). Results normalized to PEI=1.0 (serum free, no
free galactose added). b) Serum stability is demonstrated through trans-
fection in the presence of serum proteins. Results normalized to PEI=1.0
(10% serum, no free galactose added). All results are given as an average �
standard error.

Figure 5. Relative viability of a) P388D1 macrophages and b) HepG2 hepato-
cytes 72 h after transfection at indicated polymer/DNA mass ratios (control
cells untreated). All results are given as an average � standard error.
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Taken together, our data suggest that this new family of
materials may find use as safe and highly efficient in vivo
delivery agents for DNA, siRNA, or other nucleotide-based
therapeutics.
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Nucleobase-derived radicals are crucial transient intermedi-
ates in the radiation damage of nucleic acids (RNA and
DNA). Among the recognized mechanisms of radiation
damage, capture of a low-energy electron followed by
protonation of the transient anion radical results in the
formation of hydrogen-atom adducts that can undergo further
degradation reactions.[1] Radiation damage has been studied
extensively by pulse radiolysis in solution and the solid state,
in which characterization of the transient nucleobase radicals
relied mainly on the detection of species with unpaired
electrons by electron paramagnetic resonance (EPR) spec-
troscopy. In particular, cytosine and cytosine-containing
nucleosides have been the subject of numerous studies that
reported the formation of adducts with the hydrogen atom
positioned at C5, C6, N3, and N7 in the solid state
(Scheme 1).[2] However, the identity of these radicals has

been subject to discussion, and the factors that affect their
formation and kinetic and thermodynamic stability have not
been established unequivocally by EPR in the complex
mixtures produced by pulse radiolysis. EPR analysis can be
further complicated by the formation of cation radicals upon

Scheme 1. Formation of cytosine radicals by the direct mechanism.
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radiolysis.[2f,g] To our knowledge, the chemically specific
generation of cytosine radicals has not been attempted.

In contrast to the condensed phase, the rarefied gas phase,
which exists in the vacuum system of a mass spectrometer,
offers an inert medium for the specific generation and
investigation of highly reactive transient molecules, radicals,
biradicals, and so forth.[3] We report herein on the targeted
generation of two key hydrogen-atom adducts of 1-methyl-
cytosine (1), namely, 1-methyl-3,4-dihydrocytosine-4-yl (2)
and 1-methyl-5,6-dihydrocytosine-6-yl (3 ; Scheme 2). 1-
Methylcytosine was selected as a simple model system that

exists as a dominant tautomer and, thus, avoids the problems
of gas-phase tautomerism that are present in the parent
cytosine, which exists as a mixture of three major tautomers in
the gas phase.[4] Our approach relies on the specific gener-
ation of 1-methylcytosine cations that have the same bond
connectivity as the target radicals. The cations are accelerated
to a high velocity (105000 ms�1) and discharged by a glancing
collision with a molecular electron donor (dimethyl disulfide
or trimethylamine). The nascent radicals are formed with the
structure of the precursor cation because of the extremely
short duration of the electron transfer (10–12 fs). The radicals
are observed for several microseconds, during which time
dissociation may occur. The neutral precursors and their
dissociation products are then nonselectively ionized, the
resulting cations are separated by mass and detected by
neutralization–reionization (NR) mass spectrometry. The
spectra, thus, provide a more-or-less complete analysis of all

the reaction products that originate from the nucleobase
radical.[5]

The synthetic route to 2 utilizes electrospray ionization
(ESI) of 1 to generate the pertinent ion 2+ and transfer it in
the mass spectrometer. Compound 1 is the most stable
tautomer in solution[6] and is protonated exclusively at N3,
thus specifically yielding 2+.[7] Our concurrent ab initio
calculations[8] have established that 2+ is more stable (by
31–32 kJmol�1) than the tautomer protonated at O2 (4+),
which is the second most stable in water and methanol.
Tautomer 2+ is also the most stable structure in gas-phase

clusters with water, thus strongly indicating that 2+ is
transferred from solution to the gas-phase by electro-
spray without isomerization. Unimolecular isomeriza-
tion 2+!4+ requires a high-energy barrier
(153 kJmol�1)[8] that is inaccessible to thermalized ions
formed by electrospray ionization.[9]

Tautomer 3+ is substantially less stable than 2+

(DHg,0(2
+!3+)= 111 kJmol�1) and cannot be generated

specifically by protonation of 1.[8] However, electron-
ionization-induced a-cleavage dissociation of a stable
precursor, 1-methyl-6-ethyl-5,6-dihydrocytosine (5),[10]

yields 3+ as the most abundant ion in the mass spectrum
and provides access to the generation of radical 3.

Ions 2+ and 3+ were characterized by collisionally
activated dissociation (CAD) mass spectra that showed
characteristic differences in ion-dissociation patterns
(Figure 1). Ion 2+ dissociates by loss of NH3 (m/z 109)
and HO�C�N (m/z 83), whereas 3+ dissociates by loss of

CH2=C=NH (m/z 85) and HN=C=O (m/z 83). The identity of
the fragments and the dissociation mechanisms have been
established by deuterium labeling and ab initio calculations.[8]

The important outcome from the CAD spectra and theoret-
ical calculations is that 2+ and 3+ are distinct stable isomers
that reside in potential-energy minima and do not intercon-
vert under our experimental conditions.

Collisional neutralization of 2+ and 3+ followed by
reionization yielded NR mass spectra that showed peaks of
survivor ions at m/z 126 for both 2 and 3 (Figure 2). These
signals indicate that a fraction of the cytosine radicals 2 and 3
did not dissociate on the 5.7-ms timescale of the measurement.
Thus, 2 and 3 represent intrinsically stable neutral species in
the gas phase. The NR mass spectra also show substantially
different dissociations of 2 and 3. In particular, 3 undergoes
the facile loss of a hydrogen atom (m/z 125) and C2H4N
(m/z 84) and the formation of C2H3N (m/z 41). The elimi-

Scheme 2. Generation of 1-methylcytosine radicals 2 and 3 by collisional
electron transfer in the gas phase.

Figure 1. CAD mass spectra of a) 2+ and b) 3+ obtained at 5.5-eV center-of-mass collision energy in a radio-
frequency-only quadrupole under multiple-collision conditions. The ion intensities are relative (%) to the total ion current.
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nation of C2H4N may be because of the combined
losses of (H+C2H3N) or (CH3+HCN), which would
require a detailed mechanistic study to be distin-
guished. In contrast to 3, 2 shows only minor loss of
hydrogen atoms, no fragment ion at m/z 84, and a
dominant CO fragment ion at m/z 28. The differ-
ences in the spectra confirm that 2 and 3 do not
interconvert by unimolecular isomerizations. This
deduction was further corroborated by dissociations
of deuterium-labeled radicals [3,7,7-D3]-2, [6-D]-3,
and [5,7-D2]-3, of which [6-D]-3 showed a specific
loss of a hydrogen atom, thus indicating the absence
of hydrogen/deuterium exchange at C5 and C6. A
competitive loss of hydrogen and deuterium atoms
from the methylene group at C5 was seen in [5,7-D2]-
3. These dissociations indicate that 1 forms as the
stable product from the loss of a hydrogen atom from
3. This conclusion is corroborated by the NR mass
spectrum of 1+C, which showed a dominant survivor ion at
m/z 125 and so confirmed that 1 was stable when formed by
collisional electron transfer in the gas phase.

The relative stability and dissociation energetics of 2 and 3
were addressed by combined ab initio and density-functional
theory calculations[6] to provide insight into the dissociation
mechanisms. Both 2 and 3 are found to reside in potential-
energy minima; whereby, 2 is more stable than 3 by
36 kJmol�1. The minimum-energy reaction pathway of 2 is
the dissociation of the N3�H bond (path a) to yield 1
(Scheme 3). Competitive dissociations may involve the loss
of a hydrogen atom from the amino group at N7 (path b) to
yield the imine–oxo tautomer 6. We note that it has been
postulated that 6 is formed by tautomerization of 1 in the gas
phase at 463 K.[11] Loss of the methyl group at N1 (path c)
yields a cytosine tautomer 7. The loss of the CH3 group is seen
to occur competitively with the loss of a hydrogen atom in the
NR mass spectrum of 2 (Figure 2a). Ring opening by C2�N1
and C2�N3 bond dissociations (paths d and e) require
somewhat higher transition-state (TS) energies (169–
170 kJmol�1) to form 8 and 10, respectively, as transient
intermediates in the loss of CO and HNCO (Scheme 3).
However, the ring cleavage of 2 and subsequent dissociations
require several steps with high TS energies or product
threshold energies (e.g., 9 and 11) and can be expected to
be kinetically disfavored on the potential-energy surface of

the ground electronic state. The preponderance of small
fragments ofm/z 26–29 and 38–43 in the NR mass spectrum of
2 (Figure 2a) is probably because of a combination of
dissociations that originate from the excited electronic
states of 2[12] and post-reionization dissociations of the
primary dissociation products. The calculations further indi-
cate that vertical electron transfer in 2+ results in only a
modest vibrational excitation in the ground electronic state of
2 by Franck–Condon effects (Eexc= 39 kJmol�1), which is in
keeping with the detection of a stable fraction of 2 in the
spectrum.

The potential-energy surface for dissociations of 3
(Scheme 4) is substantially different from that of 2. In
particular, 3 shows a low-energy dissociation pathway for
the loss of a hydrogen atom from the methylene group at C5
(path a), which is consistent with the prominent loss of a
hydrogen atom in the NR mass spectrum (Figure 2b). The
loss of the hydrogen atom competes with the loss of the CH3

group (path b, 12) and ring opening by cleavage of the weak
C2�N1 bond (path c, 14). The latter leads to expulsion of
CH3N�C, which appears as the intense peak at m/z 41 in the
NR mass spectrum of 3. The formation of another major
fragment at m/z 84 (Figure 2b) maybe because of combined
losses of (H+C2H3N) or (CH3+HCN), which are currently
unresolved and will require further study for satisfactory
elucidation. In contrast, a 1,2-hydrogen migration between C5

Figure 2. NR mass spectra. a) Neutralization of 2+ with CH3SSCH3 and reionization with O2 at 70% ion transmittance. b) Neutralization of 3+

with (CH3)3N and reionization with O2 at 70% ion transmittance.

Scheme 3. The relative energies in parentheses (kJmol�1) are from B3-PMP2/6-
311++G(3df,2p)+ZPVE calculations. ETS= transition-state energy.
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and C6 in 3 that yields isomer 13 requires a high-energy TS to
be crossed. This energy barrier explains why 3 does not
exchange H5 and H6 atoms prior to the loss of the methylene
hydrogen atom at C5.

In conclusion, transient radicals that correspond to
adducts with a hydrogen atom positioned at N3 and C5 of
the cytosine ring have been specifically generated in the gas
phase for the first time. The isomeric radicals 2 and 3 are
found to be intrinsically stable, distinct species that show
specific unimolecular dissociations by loss of a hydrogen atom
or the CH3 group and ring cleavage followed by expulsion of
small molecules. It can be expected that substituents at N1
larger than a methyl group (for example, 2’-deoxyribos-1-yl)
would increase the propensity for N1�C bond dissociation in
cytidine radicals, as the proposed mechanisms for nucleobase
loss from radiation damage to DNA suggest.[1] Generation
and computational studies of such nucleoside radical systems
are underway.

Experimental Section
NR mass spectra were measured on a tandem-quadrupole mass
spectrometer equipped with an electrospray ion source, as described
previously.[13] Precursor ions 2+ were produced by the electrospray of
50–100 mm solutions of 1-methylcytosine in methanol/water (70:30),
desolvated, cooled to ambient temperature, transferred to high
vacuum, accelerated to 7200 eV, and discharged by collisions with
dimethyl disulfide under predominantly (83%) single-collision con-
ditions. Radical 2 and its dissociation products were nonselectively
ionized after 5.7 ms by collisions with O2, decelerated to 70–75 eV, and
analyzed by mass. Another set of NR mass spectra of 3+ was measured
at 8-keV ion kinetic energy on a ZAB2-SEQ double-focusing mass
spectrometer that was furnished with an additional collision cell in the
first field-free region. The spectra were obtained by a linked scan of
the magnet and electrostatic sectors. Ion 3+ was generated in the ion
source by 70-eV electron ionization of 1-methyl-6-ethyl-5,6-dihydro-
cytosine. The details of the computational methods were described
previously.[6,14]
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F. Tureček, Int. J. Mass Spectrom. 2003, 228, 687 – 702.

[14] Structures were fully optimized with B3LYP/6-31+G(d,p) and
stationary points were confirmed by an appropriate number of
imaginary frequencies; single-point energies were calculated
with B3LYP and spin-projected MP2 by using the 6-311++
G(3df,2p) basis set and combined as described previously.[15]
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With the growing interest in applications based on nanoscale
materials[1] comes a need for an industrial-scale synthesis of
colloidal semiconductor nanocrystals with uniform size and
shape and well-confined surface passivation. To date, the most
successful and widely used nanocrystal synthesis relies on
rapid precursor injection.[2,3] However, it is difficult to scale
up such a synthesis for making nanocrystals in large quantities
(e.g., tens to hundreds of kilograms).[4] Therefore, there is a
need to develop nanocrystal synthesis without precursor
injection.

Although many publications have described the synthesis
of semiconductor nanocrystals without precursor injection,[5]

only a few of them have led to nanocrystals with very good
monodispersity.[5a–c] However, these nanocrystals exhibit
optical properties inferior to those of nanocrystals produced
by the injection method. They normally do not show as many
multiple exciton absorption peaks, which are critical for
nanocrystal applications in advanced optical and electronic
devices. Recently, we reported a non-injection-based syn-
thesis of CdS nanocrystals.[4] The sample quality (i.e., size
distribution and optical properties) is as good as that of the
best CdS nanocrystals synthesized by using precursor injec-
tion. Nucleation initiators are important to the CdS synthesis,
but unfortunately, such nucleation initiators are not readily
available for making nanocrystals with other compositions.
Herein, we report how to design a noninjection synthesis for
making high-quality CdSe and CdTe nanocrystals without
nucleation initiators.

The formation of high-quality nanocrystals is often
favored at high temperatures (e.g., > 200 8C). This factor
creates a major challenge for making monodispersed nano-
crystals through a noninjection synthesis because such a
synthesis involves a period of increasing temperature over a
broad range (e.g., from room temperature to over 200 8C). If
the reactivity of a precursor is too high, this broad change of
temperature often leads to concurrent nucleation and growth

of nanocrystals in the synthesis, which results in products with
poor monodispersity. However, if the precursors are too
stable, a very small number of nuclei may form, which leads to
uncontrollable particle growth. (Note that suitable nucleation
initiators could lead to a synthesis of monodisperse nano-
crystals in this case.) Therefore, when suitable nucleation
initiators are not available, only precursors with suitable
reactivity can result in monodisperse nanocrystals. In general,
the ideal precursors should exhibit no (or very low) reactivity
below the desired temperature for growth of the chosen
nanocrystals, but they should also exhibit high reactivity when
the temperature reaches the desired point.

To test this hypothesis, we first designed a noninjection
synthesis for making CdSe nanocrystals. We chose 240 8C as
the growth temperature, which was in accordance with the
lesson learned from the injection-based synthesis of CdSe
nanocrystals.[2,3] At this growth temperature, pure cadmium
myristate is a suitable cadmium precursor because it has a
decomposition point at about 226 8C.[6] Selenium powder can
be an effective selenium precursor for two reasons: 1) it has a
melting point at 221 8C;[6] 2) it is insoluble in octadecene
(ODE) at room temperature and becomes slightly soluble at
temperatures over 190 8C. As selenium has low solubility in
ODE, it is unreactive with cadmiummyristate up to 200 8C. In
a typical synthesis (see Experimental Section for detailed
conditions), small particles (i.e., nuclei) suddenly appeared at
210 8C (Figures 1a and b). As the nanocrystals grew, the
number of particles quickly increased to a maximum, and
then during further growth it continued to decrease. Signifi-
cantly, about 72% of the particles formed in the initial stage
disappeared after two hours of growth, while the size
distribution of the nanocrystals continued to become more
narrow throughout the synthesis (Figure 1c–e). Such size

Figure 1. Temporal evolution of a) the fluorescence (f) spectrum,
b) the absorption spectrum, c) the diameter (D) of the nanocrystals,
d) (and inset) the concentration (C) of the nanocrystals, and e) full
width at half-maximum (FWHM) of the fluorescence spectrum during
the CdSe synthesis. The size and concentration of the nanocrystals
were obtained according to a reported procedure.[2b, 3b]
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focusing is not likely to arise from diffusion-limited growth
because this growth does not lead to a decreasing number of
nanocrystals.[2b] Additional investigation is required to under-
stand the detailed mechanism involved in this phenomenon.

The addition of oleic acid during the synthesis is important
to control the quality of the nanocrystals. Without oleic acid,
the nanocrystals show absorption spectra with a tail of higher
intensity at the low-energy end after their diameter reaches
around 3.0 nm and with further growth, they show broad
absorption spectra (Figure 2, dotted lines). Such spectral

changes are normally attributed to broadening of the particle
size distribution due to Ostwald ripening. However, in this
synthesis we found that the phenomenon was caused by
particle aggregation as it could be reversed by adding a small
amount of oleic acid into the growth solution (Figure 2, solid
lines). After this addition, nanocrystal growth turned out to
be extremely stable. The size distribution of the nanocrystals
further narrowed with particle growth (Figure 1), and the
narrow size distribution was maintained for at least 16 h at the
reaction temperature.

Without size sorting, typical CdSe nanocrystals from this
synthesis show sizes with a standard deviation (s) of less than
5% (see Figure 3d) and a quantum yield of photolumines-
cence (PL) of about 30 to 40%. Interestingly, these nano-
crystals have a zinc-blende (ZB) structure but not a wurtzite
(W) structure. Although these two crystal phases produce
similar X-ray powder diffraction (XRD) results with nano-
crystals, the XRD pattern of 4.0-nm particles shows unam-
biguous evidence that the particles have a ZB structure
(Figure 3a): a) the valley between the the (220) and (311)
peaks is deep; b) the (400) peak is at 61.08 ; c) the (620) peak is
at 106.28. In the case of wurtzite crystals, there are no peaks in
these positions.[2a, 4, 6] This structural assignment is consistent
with the high-resolution transmission electron microscopy
(HRTEM) observation (JEOL-JEM 2010 operated at
200 kV): a square cross-fringe pattern represents an ordered
distance of 0.22 nm, which corresponds to the lattice spacing
of the (220) faces in ZB CdSe (Figure 3a, inset). Such a cross-
fringe pattern does not exist in a wurtzite structure. Note that
ZB CdSe nanocrystals have been made recently by an
injection-based synthesis.[7] However, this synthesis only led
to high-quality nanocrystals in very small sizes, and these
small nanocrystals show nearly identical XRD patterns to

those of small wurtzite nanocrystals made by Bawendi and co-
workers.[2a] In contrast, the noninjection method presented in
this paper can also result in larger CdSe nanocrystals, which
allow us to unambiguously identify ZB nanocrystals.

Indeed, zinc-blende and wurtzite CdSe nanocrystals can
be easily distinguished by their optical properties (Figure 3b–
e). For both cases, nanocrystals with an identical position of
the absorption peak for the first exciton transition band are
nearly identical in size. The Stokes shifts of the emission
peaks are nearly identical and PL quantum yields of band-gap
emissions are similar. However, the fine structures in their
absorption spectra are different. The gap between the first
(1S3/21Se) and second (2S3/21Se) exciton transition peaks for
ZB particles is clearly wider than that for W particles. The
peak positions for the exciton transitions with higher energies
also vary for these two types of CdSe nanocrystals. These
differences in the absorption spectra originate from the
different electronic band structures at the center of the
Brillouin zone for these two types of crystal phases.[8]

To further demonstrate the power of noninjection syn-
thesis, we synthesized nonspherical CdSe nanocrystals. In the
case of a ZB structure, nonspherical particles are normally
cubes, tetrahedral pyramids, or triangular prisms, and these
particles have a higher surface energy than spherical par-
ticles.[9] Therefore, making nonspherical particles requires
growth conditions with a high chemical potential, which we

Figure 2. Absorption spectra of CdSe nanocrystals with (solid lines)
and without (dotted lines) oleic acid a) after 16 min of growth and
b) after 60 min of growth.

Figure 3. a) XRD pattern of 4.0-nm-diameter ZB CdSe nanocrystals.
The standard diffraction peak positions and relative intensities of bulk
ZB CdSe are indicated. The inset shows an HRTEM image
(5 nm D 5 nm) of the nanocrystal sample. b) Absorption (black) and
emission (gray) spectra of the ZB CdSe sample. c) Absorption (black)
and emission (gray) spectra of a wurtzite (W) CdSe nanocrystal
sample made by chalcogen precursor injection according to a reported
procedure.[3a] d, e) TEM images of ZB (d) and W (e) CdSe nanocrystals.
Scale bar: 10 nm.
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thought could be achieved by increasing the per-particle
concentration of the precursors.[6] To create such conditions,
we chose a method to decrease the number of initial nuclei
while leaving the precursor concentration unchanged.
Because more reactive precursors can lead to fewer
nuclei,[4] we used tributylphosphine selenide (TBPSe) in
place of selenium powder for making CdSe nanocrystals.
Indeed, the number of nuclei at the initial stage in this
synthesis decreased by 75% as compared with the synthesis
with selenium powder; after 30 min, tetrahedral particles with
edge length of 5.0 nm and s of 7% were formed. The high
uniformity of these nanocrystals allows the formation of
ordered, triangular close-packed nanocrystal assemblies on
TEM grids (Figure 4).

Moreover, the principle for designing a noninjection
synthesis can be applied to the synthesis of CdTe nanocrystals.
The key point is to find suitable precursors. The reactivity of
cadmium myristate with tellurium powder in ODE is too low,
whereas with tributylphosphine telluride (TBPTe) it is too
high. Neither case resulted in the formation of uniform
nanocrystals. We then decreased the reactivity of the cad-
mium precursor by replacing cadmium myristate with cad-
mium octadecylphosphonate. The reaction between cadmium
octadecylphosphonate and TBPTe just perfectly fits the need
for growth of monodisperse CdTe nanocrystals. A typical
synthesis led to CdTe nanocrystals with a size distribution of
less than 5%, which exhibit up to five exciton absorption
bands (Figure 5). Such particle quality is at least comparable
with that of the best particles made by the injection
synthesis.[3b]

In summary, we reported the synthesis of high-quality
CdSe and CdTe nanocrystals without precursor injection. This
noninjection synthesis allows detailed control of nanocrystal
size and shape. In addition, because it exhibits easily control-
lable nanocrystal-growth kinetics, such a synthesis is very
important for a large-scale industrial preparation of CdSe and
CdTe nanocrystals in which the rates of heating and cooling of
reaction solutions are limited.

Experimental Section
Cadmium myristate was prepared by an ex situ method: a solution of
cadmium nitrate in methanol (0.05m, 40 mL) was added to a solution
of sodium myristate in methanol (0.025m, 240 mL). The resulting
white precipitate was washed twice with methanol and dried under
vacuum overnight to remove all solvents. Note that the purity of
cadmium myristate is important to the following CdSe nanocrystal
syntheses.

Synthesis of spherical CdSe nanocrystals: selenium powder
(0.05 mmol, 100 mesh from Aldrich) and cadmium myristate
(0.1 mmol) were added into a three-neck flask with ODE (5.0 g).
The mixture was degassed for 10 min under vacuum (� 3F 10�2 Torr)
at room temperature. Under a flow of Ar, the solution was stirred and
heated to 240 8C at a rate of 25Kmin�1. Serial quantitative aliquots
(50 mL) were taken for kinetic studies,[6] and the time was counted as
zero when the temperature reached 240 8C. After the particle
diameter had reached about 3.0 nm (i.e., the first absorption peak
at 550 nm), a solution of oleic acid in ODE (0.05m, 1.0 mL) was added
dropwise into the reaction solution to stabilize the growth of the
nanocrystals.

The synthesis of tetrahedral CdSe nanocrystals followed a similar
protocol as above, but TBPSe was used instead of selenium powder
(cadmium myristate: 0.1 mmol, and TBPSe in ODE: 0.05 mmol of
TBPSe in a mixture of tributylphosphine and ODE, 0.012 g and 0.5 g,
respectively[2]).

In the synthesis of CdTe nanocrystals, cadmium octadecylphosph-
onate was made in situ: a mixture of CdO (0.1 mmol), octadecyl-
phosphonic acid (0.22 mmol), and ODE (5.0 g) was heated to 300 8C
to give a colorless solution. The solution was cooled to room
temperature, and TBPTe (0.20 mmol in 0.19 g of tributylphosphi-
ne,[2a]) was added. The mixture was degassed, then stirred and heated
to 240 8C (25Kmin�1) under a flow of Ar. Note that adding oleic acid
is not needed during the CdTe synthesis.
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Figure 4. TEM image of tetrahedral CdSe nanocrystals.

Figure 5. a) Temporal evolution of the absorption spectrum in CdTe
nanocrystal synthesis. b) TEM image of CdTe nanocrystals with a first
absorption peak at 625 nm.
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Total Synthesis of (+)-Apiosporamide:
Assignment of Relative and Absolute
Configuration**
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Andrew F. Donnell, and William R. F. Goundry

Apiosporamide (1) was isolated from the fungus Apiospora
montagnei Saccardo (Amphisphaeriaceae) in 1994 by Gloer
and co-workers.[1] This unique 4-hydroxy-2-pyridinone exhib-
its potent antifungal activity against the coprophilous fungus
Ascobolus furfuraceus and exhibits antibacterial activity
against Bacillus subtilis and Staphylococcus aureus. Recently,
the corresponding ketone YM-215343 (2) was identified and
shown to demonstrate cytotoxicity against HeLa S3 cell
cultures.[2] Structural assignments of 1 (and 2) have proven

challenging. Although homonuclear and heteronuclear
2D NMR spectroscopic experiments permitted the assign-
ment of the relative configuration of the decalin ring, the
configuration of the epoxydiol system could not be deter-
mined unambiguously. The latter moiety was tentatively
assumed to have an all-syn topology. Unfortunately, the
stereochemical features of the trans decalin portion present
an independent 1H NMR spectroscopic system relative to the
cyclohexanediol moiety owing to the planarity of the central
pyridinone linkage. Lastly, the substitution pattern of the
pyridinone ring was assumed by comparison with the
13C NMR spectroscopic chemical shifts of 1 with ilicicolin H,
which was previously described and confirmed by total
synthesis as a 5-aryl-4-hydroxy-3-acyl-2-pyridone.[3] Some
examples of this family include militarinone A,[4] oxysporidi-
none,[5] fischerin,[6] and funiculosin.[7] Herein, we report a
convergent total synthesis of (+)-apiosporamide (1) and its
subsequent oxidation to yield YM-215343 (2). Our efforts
have established the assignments of the relative and absolute
configurations, which confirm the antipodal relationship of
our synthetic materials with the naturally occurring metab-
olites.

To address the structural ambiguities of 1, we chose to
explore a convergent plan for stereocontrolled syntheses of
the trans-decalin and the epoxydiol components. This strategy
required appropriate functionalization of each subunit for the
late stage formation of the central pyridone. Additionally, we
sought to devise general, stereodivergent schemes that would
permit the flexibility necessary to examine the substantial
stereochemical issues previously outlined.

Studies of the cyclohexanediol portion of 1 began with the
synthesis of nonracemic 4-hydroxy-2-cyclohexenones. The
multigram preparation of 4 (Scheme 1) utilized (�)-quinic
acid as a chiral-pool precursor through formation of the pure
acetonide 3 as described by Danishefsky and co-workers.[8]

Consideration of the appropriate functionality for direct link-
age with the decalin component as well as subsequent pyridone
ring formation led us to examine the enolate condensation of
N-(4-methoxybenzyloxy)azetidin-2-one (5) with 4.

Techniques for the incorporation of intact b-lactams are
rare.[9] Although the ring strain of 5 incorporates the desired
activation for coupling operations, the limited prospects for
addition reactions with unsubstituted b-lactams suggest issues
of incompatibility that arise from enolate instability, self-
condensation, and acylation of alkoxide intermediates. Thus,
we were gratified to find that the hydroxamic acid derivative 5
led to solutions of dependable enolates.[10] The starting b-
lactam 5 was readily obtained through procedures described
by Reinhoudt and van Elburg.[11] Complete deprotonation
was initially recorded through reaction with LiHMDS for 2 h
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at �78 8C. Although the enolate decomposed upon
warming to �40 8C, the addition of simple aldehydes
at�78 8C immediately led to the formation of addition
adducts in 80–95% yields.[12] In the case of cyclo-
hexenone 4, these experiments gave the two readily
separated b-lactam diastereomers 6 and 7 (1.2:1) in
high yields, (Scheme 1) without evidence of compet-
ing a deprotonation or conjugate addition. The ste-
reochemical features of 6 and 7 are rationalized by
arrangements A and B (Scheme 1), which illustrate
nucleophilic addition to either face of the carbonyl
group while minimizing nonbonded interactions with
the a-methylene of the starting ketone. Coordination
with the lithium cation is not essential as reactions in
the presence of 12[crown]-4 produced similar product
ratios. This conclusion was supported when the
reactions were increased to multigram levels, as the

use of KHMDS afforded diastereomers 6 and 7 (1.6:1 d.r.) in
97% yield. Although modest improvements in stereocontrol
were recorded,[13] the overall efficiency, scale, and ease of
separation for reactions with KHMDS proved most advanta-
geous for these efforts.

The relative stereochemistry within the cyclohexane ring
of 1 was investigated through the epoxidation of 6 and 7 with
catalytic molybdenum hexacarbonyl and tert-butylhydroper-
oxide,[14] to yield a single oxirane in each case. Coupling
constants derived from 1H NMR spectroscopic data for these
materials failed to provide a clear basis for stereochemical
assignments. However, mild hydrolysis of the TBS ethers gave
the crystalline diols 8 and 9, which were unambiguously
assigned by X-ray diffraction studies.[15] Internally directed
reactions were confirmed, and led to the use of the secondary
allylic alcohol derived from 10 for Henbest epoxidation and
silyl protection to yield diastereomer 11. Further studies to
prepare sufficient quantities of the remaining fourth diaster-
eomer that corresponds to the C4’ epimer of 11 encountered
several problems. Comparisons of 1H NMR spectroscopic
data for various derivatives of 8, 9, and 11 with the reported
1H NMR spectroscopic characteristics of apiosporamide were
not feasible. The presence of the pyridone ring of 1 effectively
inverts the relative positions of chemical shifts observed for
the hydrogen atoms of the neighboring oxirane moiety. Thus,
each b-lactam of Scheme 1 was independently advanced in
the synthetic pathway.

The decalin portion of 1 was prepared through an
intramolecular Diels–Alder reaction that began with (S)-
citronellol (12 ; Scheme 2). Oxidation[16] of 12 with TEMPO

Scheme 1. Formation of b-lactam diastereomers 8, 9, and 11. a) H2,
Pd(OH)2/C, 97%; b) DBU, TBSCl, heat, 72%; c) KHMDS, THF,
�78 8C, 2 h; then 4 at �78 8C; 97%, (d.r. 1.6:1); d) cat. [Mo(CO)6],
t-BuOOH, benzene/CH2Cl2 (5:1 by v/v), 80 8C, 2 h; 66%; e) cat. aq.
H2SiF6, CH3CN/tBuOH (9:1 by v/v), 22 8C, 80%; f) TBAF, 0 8C, 98%;
g) MCPBA, CH2Cl2, NaHCO3, 54%; h) TBSCl, imidazole, CH2Cl2,
100%. DBU=1,8-diazabicyclo[5.4.0]undec-7-ene; TBS= tert-butyldime-
thylsilyl; HMDS=1,1,1,3,3,3-hexamethyldisilazane; TBAF= tetrabutyl-
ammonium fluoride; MLPBA=meta-chloroperoxybenzoic acid.

Scheme 2. Formation of the trans-decalin 19. a) Cat. TEMPO, PhI(OAc)2,
CH2Cl2, 70%; b) 13, K2CO3, MeOH, RT, 82%; c) cat. OsO4, K3Fe(CN)6, K2CO3,
tBuOH/H2O (1:1 by v/v), 94%; then, NaIO4, aq. THF (1:1); then
H3CC(O)CH2P(O)(OMe)2, K2CO3, 91% (13:1 E/Z); d) [Cp2Zr(H)Cl], CH2Cl2, RT;
then I2, 77%; e) [Pd(PPh3)4] (5 mol%), (E)-BrZnCH=CHCH3 (2.5 equiv), THF/
Et2O/pentane (4:4:1), �30 8C!RT; 74%; f) Dess–Martin periodinane, py,
CH2Cl2, 90%; g) EtAlCl2, toluene, �78 8C!RT, 72% (>97:3 d.r.); h) LiHMDS,
THF, �78 8C!0 8C; then HMPA at �78 8C; then MeOC(O)CN, 62%; i) KOH,
aq. MeOH, 0 8C, 81%. TEMPO=2,2,6,6-tetramethyl-1-piperidinyloxy radical,
Cp=cyclopentadienyl, HMPA=hexamethylphosphoric triamide.
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and treatment with the Ohira–Bestmann reagent 13[17]

provided a volatile alkyne. Selective oxidative cleavage of
the trisubstituted olefin followed by treatment with
H3CC(O)CH2P(O)(OMe)2 led to the conjugated enone in
14 (13:1 E/Z). The syn hydrozirconation of 14 followed by
treatment with iodine yielded the E alkenyl iodide 15 with
concomitant reduction of the ketone.[18] Facile Negishi
coupling[19] with (E)-prop-1-enylzinc(ii) bromide cleanly
delivered a single diene diastereomer without the need for
protection strategies to prevent the competing Heck reaction,
and subsequent mild oxidation recovered the intact enone of
16.

The Lewis acid mediated intramolecular Diels–Alder
reaction of 16 proceeded in toluene at�78 8C with subsequent
warming to 22 8C. Excellent stereoselectivity was observed,
and the trans decalin 17 was assigned by 1H NMR spectros-
copy. Decalin 17 arises through an exo bridging arrangement
with endo positioning of the ester function; a chairlike
conformation of the tether is adopted with a pseudoequatorial
disposition of the methyl substituent.[20] The corresponding
thermal cycloaddition (toluene, 180 8C) occurred with poorer
stereocontrol (d.r. 70:30). Deprotonation of 17 under kinetic
conditions and C-acylation according to the Mander proto-
col[21] gave pure b-ketoester 18, which was then used to
produce the labile carboxylic acid 19 prior to coupling studies.

The synthesis of 1 was pursued from 11 (Scheme 3).
Although several pathways were examined, superior results
involved the initial nucleophilic opening of 11 to give the N-
alkoxyamine 20 for quantitative N-acylation with the carbox-
ylic acid 19. Subsequent acyl activation in the presence of
DBU resulted in ring closure to form 21. Reduction with

samarium diiodide yielded the dihydropyridone 22 with
selective N�O bond cleavage. Subsequent oxidation with
bromotrichloromethane, based upon our previous studies,[22]

gave the expected 4-hydroxy-2-pyridinone for final depro-
tection to afford (+)-apiosporamide (1). The spectral data of
1 proved to be identical to that reported for the naturally
occurring 1, but the optical rotation was opposite.[1,23,24]

Further confirmation was obtained by the Dess–Martin
oxidation[25] of synthetic 1 to yield the antipode of 2,
(+)-YM-215343„ which was validated by comparison with
published data for the natural product.[2,26] Although the
structural homology of pyridones 1 and 2 suggest evidence of
a common biogenesis, we did not assume homochirality.
However, the characterization of these natural products
provides physical and spectral data that uniquely identify
the synthetic 1 and 2 compared to other diastereomers of this
series.

In conclusion, we have established the relative and
absolute configuration of apiosporamide and have illustrated
an efficient strategy for the synthesis of complex pyridinones.
The use of unsubstituted b-lactams as b-alanine enolate
equivalents has been demonstrated. Finally, the conversion of
synthetic (+)-apiosporamide into (+)-YM-215343 has been
described and has confirmed the antipodal relationship to the
natural products.
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A major breakthrough in the field of zeolite catalysis was the
development of MFI-type (a zeolite framework type of ZSM-
5) titanosilicate (TS-1) as a liquid-phase oxidation catalyst.[1]

Nevertheless, TS-1 has a major disadvantage in that its
medium-sized pores with 10-membered rings (10-MRs)
restrict its application to molecules of relatively small size.
To overcome this problem of TS-1, other titanosilicates with
larger pores, such as Ti-Beta,[2,3] Ti-MOR,[4] Ti-ITQ-7,[5] and
Ti-MCM-41,[6] have been prepared and have partially solved
the problems of steric constraints encountered in the oxida-
tion of bulky molecules. However, it seems that none of the
above titanosilicates has sufficient intrinsic activity and
stability, and this has stimulated researchers to prepare Ti-
containing catalysts that are both highly stable and accessible
to bulky substrates. In this context, MWW-type zeolite has a
promising framework structure consisting of MWW sheets
and contains two independent noninterconnected pore sys-
tems with 10-MR channels.[7, 8] Three-dimentional (3D) Ti-
MWW was successfully prepared by hydrothermal synthe-
sis,[9] but on calcination of the layered MWW sheets, access to
the supercages is seriously restricted by the openings of the
10-MR pores. Thus, in the case of aluminosilicate, a micro-
mesoporous hybrid material MCM-36 was prepared by
swelling the MWW sheets of the lamellar precursor with

organic surfactant followed by pillaring with a silica precur-
sor.[10] With similar objectives, ITQ-2 was synthesized by
swelling the layers of the MWW lamellar precursor and than
sonicating the product.[11] Both MCM-36 and ITQ-2 have an
extremely high surface area that is highly accessible to bulky
molecules, but lack an ordered crystalline structure. From a
steric point of view, it is desirable to retain the space between
theMWW sheets after calcining the lamellar precursor. In the
particular case of the titanosilicate, this not only makes the
active sites within the supercages more accessible to bulky
molecules, but also promotes activity in oxidation reactions
with aqueous H2O2 as oxidant, as the silanol groups are less
hydrophilic than in pillared and delaminated materials. This
could open up new applications for titanosilicates in the
synthesis of fine chemicals. Previously, a novel titanosilicate
denoted Ti-YNU-1 was prepared from an MWW-type
precursor.[12] It has an expanded pore window between the
crystalline MWW sheets and shows a far higher intrinsic
catalytic activity than 3D Ti-MWWand large-pore Ti-Beta in
the epoxidation of bulky alkenes with H2O2. Although Ti-
YNU-1 was reported to contain MWW sheets, the nature and
structure of the linkage between the sheets were not
established. We have now investigated the structure of Ti-
YNU-1 by focusing on the pore structure and space between
the MWW sheets at the atomic scale by high-resolution
transmission electron microscopy (HRTEM), powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
NMR spectroscopy. From a combination of computer simu-
lations and experimental observations, we suggest a likely
structure of Ti-YNU-1.

The SEM images of the MWW lamellar precursor, 3D Ti-
MWW, and Ti-YNU-1 samples are shown in Figure 1. All

samples crystallized as thin platelets with hexagonal mor-
phology, and the unit cell c axis lies perpendicular to the plate
surface. The thin platelets of all samples were approximately
2 mm in width and 0.1 mm in thickness; no significant differ-
ences in morphology between the three samples can be
discerned from the images, although some roughening of the
crystal edges in the Ti-YNU-1 sample is evident.

The XRD pattern of the lamellar precursor shows
reflections at large scattering angles that are much broader
than those of 3D Ti-MWW and Ti-YNU-1 (Figure 2). This
indicates that the lamellar precursor is composed of MWW
sheets, and on acid treatment or calcination the sheets are
fully connected to form 3D Ti-MWW or Ti-YNU-1. The
powder XRD pattern of Ti-YNU-1 appears to be similar to
those of the lamellar precursor and 3D Ti-MWW, but the
principal difference is that the diffraction peaks associated

Figure 1. SEM images of a) lamellar precursor, b) 3D Ti-MWW, and
c) Ti-YNU-1.
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with unit-cell distance c are all
shifted to lower 2q values in com-
parison to the lamellar precursor
and 3D Ti-MWW. For example, the
(001) peak of Ti-YNU-1 is found at
3.208, (002) at 6.418, and (101) at
7.858, but for 3D Ti-MWWand the
lamellar precursor, (001) is found
at 3.528 and 3.298, (002) at 7.048
and 6.568, and (101) at 7.978 and
7.948. In contrast, the diffraction
peaks associated with unit-cell dis-
tance a remain almost constant:
(100) is found at 7.168, as opposed
to 7.158 and 7.238 for 3D Ti-MWW
and the lamellar precursor, respec-
tively. These observations suggest
that calcination and acid treatment
do not affect the basic crystalline
structure within the layers, but do
influence the space between the
MWW sheets. Table 1 lists the
powder XRD data of the lamellar
precursor, 3D Ti-MWW, and Ti-
YNU-1. The unit-cell parameters
were calculated to be a= b=
14.238 C and c= 27.571 C for Ti-
YNU-1, a= b= 14.263 C and c=
25.098 C for 3D Ti-MWW, and
a= b= 14.108 C and c= 26.926 C for the lamellar precursor.
The parameter c of Ti-YNU-1 is enlarged by about 2.5 and
0.6 C relative to those of 3D Ti-MWW and the lamellar
precursor, respectively. The structural expansion also led to
an enlarged specific surface area and pore volume for Ti-
YNU-1 (654 m2g�1 and 0.20 mLg�1) in comparison to 3D Ti-
MWW (548 m2g�1 and 0.16 mLg�1; see Supporting Informa-
tion).

The [001] HRTEM images of the lamellar precursor, 3D
Ti-MWW, and Ti-YNU-1 are shown in Figure 3 together with
corresponding Fourier diffractograms (FDs). The image and

FD of Ti-YNU-1 show no significant differences from those of
the lamellar precursor and 3D Ti-MWW, which clearly exhibit
the characteristic hexagonal framework topology of MWW-
type materials in this projection.[7] It is apparent that
postprocessing does not alter the structure within the
MWW sheet, and there is no evidence for aperiodically or
periodically repeating defects. As all three materials show the
same projected images of the MWW sheet (and the same
FDs), structural study of Ti-YNU-1 perpendicular to the
MWW sheet, that is, along [100], is essential to find differ-
ences between the lamellar precursor, 3D Ti-MWW, and Ti-
YNU-1.

The HRTEM images of the lamellar precursor, 3D Ti-
MWW, and Ti-YNU-1 with [100] incidence and the corre-
sponding FDs are shown in Figure 4. The image of the
lamellar precursor was taken under overfocus conditions and
indicates the presence of 3D order (Figure 4a). The image of

Ti-YNU-1 in Figure 4c was taken under underfocus condi-
tions and reveals that it has a structure similar to that 3D Ti-
MWW (Figure 4b) but with a different c distance. Selected-
area electron diffraction with the calibration of the camera
length was conducted to show the different c distances of Ti-
YNU-1 and 3D Ti-MWW (see Supporting Information). To
confirm the above observations, HRTEM images for [100]
incidence were simulated for both over- and underfocus
conditions by the multislice method using the structural
parameters of 3D MWW (see Supporting Information). By
comparing these simulated images with the observed

Figure 2. Powder XRD profiles of a) lamellar precursor, b) 3D Ti-MWW,
and c) Ti-YNU-1.

Table 1: Powder XRD data of lamellar precursor, 3D Ti-MWW, and Ti-YNU-1.

Lamellar precursor 3D Ti-MWW Ti-YNU-1
hkl 2q [8] dhkl [G] hkl 2q [8] dhkl [G] hkl 2q [8] dhkl [G]

001 3.29 26.926 001 3.52 25.089 001 3.20 27.571
002 6.56 13.463 002 7.04 12.544 002 6.41 13.786
100 7.23 12.218 100 7.15 12.352 100 7.16 12.331
101 7.94 11.126 101 7.97 11.082 101 7.85 11.257
102 9.77 9.047 102 10.04 8.801 102 9.62 9.191
003 9.85 8.975 003 10.57 8.363 003 9.62 9.191
103 12.23 7.233 103 12.77 6.925 103 12.00 7.369
111 12.96 6.824 111 12.89 6.860 111 12.83 6.893
004 13.14 6.731 004 14.11 6.272 004 12.83 6.893
112 14.16 6.248 112 14.27 6.200 112 13.99 6.326
200 14.49 6.109 200 14.33 6.176 200 14.35 6.166
201 14.86 5.957 201 14.76 5.997 201 14.71 6.017
104 15.01 5.896 104 15.83 5.593 104 14.71 6.017
202 15.92 5.563 202 15.98 5.541 202 15.73 5.628
113 15.97 5.546 113 16.32 5.426 113 15.73 5.628
005 16.45 5.385 005 17.66 5.018 005 16.06 5.514
203 17.55 5.050 203 17.84 4.968 203 17.30 5.120
105 17.99 4.928 210 18.99 4.669 105 19.03 4.661
210 19.20 4.618 105 19.08 4.649 210 19.03 4.661
211 19.49 4.551 211 19.32 4.590 211 19.30 4.596
204 19.61 4.524 204 20.16 4.401 204 19.30 4.596
006 19.77 4.488 212 20.28 4.375 006 19.30 4.595
212 20.31 4.368 006 21.23 4.181 212 20.09 4.415
115 20.73 4.280 300 21.57 4.117 115 20.35 4.360
106 21.07 4.212 115 21.64 4.104 106 20.61 4.306
213 21.62 4.106 213 21.78 4.076 213 21.36 4.157
300 21.81 4.073 301 21.86 4.063 300 21.60 4.111
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HRTEM images of Figure 4, we conclude that Ti-YNU-1 has
a 3D-connected framework structure of the MWW type,
analogous to that of 3D Ti-MWW. On the other hand, the
lamellar precursor also has a 3D ordered structure, which
indicates that the structure-directing agent present in the
interlayer region causes regular stacking along c at a well-
defined distance.

To further probe the nature of the interlayer structure in
Ti-YNU-1, 29Si MAS (magic-angle spinning) NMR spectro-
scopy was performed. The spectrum of Ti-YNU-1 (Figure 5)
showed a Q2 band around 89 ppmwhich was absent for 3D Ti-
MWW. This band implies the possible presence of Si(OH)2-
(SiO2)2 or Si(OH)(OTi)(SiO2)2 linkages between the MWW
sheets. Considering that Ti-YNU-1 has a lattice expansion of
about 2.5 C, as confirmed by XRD, wholly intact linkages

between MWW layers
according to HRTEM obser-
vations, and the potential
linking species indicated by
NMR spectra, it is proposed
that the Ti-YNU-1 structure
is simply an expanded form
of MWW in which a single
T site acts as a pillar con-
necting the MWW layers
(Figure 6).

Atomistic computer sim-
ulation techniques were
used to model the proposed
crystal structure. Initially, we
used methods based on
interatomic potentials, as de-
scribed by, for example, Chiu
et al.[13] and Jentys and
Catlow,[14] to verify the bulk
structure of pure Si-MWW,
using the GULP code.[15] The
computed cell parameters of
14.187, 14.187, and 24.957 C
are within 0.5% of the mea-
sured values reported by
Corma and co-workers.[16]

To assess potential Ti-
YNU-1 structures, we first

constructed a model in which two additional T sites are
introduced per unit cell, midway between the lamellar layers
of MWW, to form layer spacing or Si(OH)2 “pillars”. This

structure was then relaxed by using the computational
approach outlined above to give the structure shown in
Figure 7a. Introduction of two additional T sites causes
essentially no change in the a and b lattice parameters but
an expansion in the c direction of 2.59 C relative to pure Si-
MWW. This increase closely agrees with the magnitude of the
structural expansion inferred from XRD and TEM. Critically,
the introduction of the additional T sites expands the

Figure 3. HRTEM images of a) lamellar precursor, b) 3D Ti-MWW, and c) Ti-YNU-1 taken with [001]
incidence. Corresponding FDs are inset in each image.

Figure 4. HRTEM images of a) lamellar precursor, b) 3D Ti-MWW, and c) Ti-YNU-1 taken with [100]
incidence. Corresponding FDs are inset in each image.

Figure 5. 29Si MAS NMR spectra of a) Ti-YNU-1 and b) 3D Ti-MWW.

Figure 6. Schematic transformation of MWW to YNU.
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interlayer ten-membered ring to form a twelve-membered
ring, which affords increased transport rates and the potential
to filter larger products than the 10-MR. Two other possible
configurations were generated, one in which the T sites are
placed as close together as possible and an “indented 12-MR”
configuration (Figure 7b and c). The relative energies of the
configurations shown in Figure 7a–c (0.079, 0.084, and
0.000 eV, respectively) are almost identical and are compara-
ble to kT, and this suggests that at moderate temperature,
because the Si(OH)2 group can freely rotate, all three of these
configurational states will be occupied on a picosecond
timescale. The breathing of the 12-MR will lead to electron
scattering and hence weak contrast in the HRTEM image.

Finally, the substitution energetics for Ti in MWW was
assessed by the interatomic potential approach. The span of Ti
substitution energies measured relative to the most favorable
site is 0.70 eV for the potentials reported by Jentys and
Catlow.[14] The spread of energies is substantially greater than
that in silicalite, for which the range is about 0.22 eV, from
which it can be inferred that the selectivity of Ti for particular
lattice sites within MWW is rather high. As the typical Ti/Si
ratio for MWW is about 1:240, it follows that the sixfold rim
site shown in Figure 8, which is identified as the lowest energy
site, may be selectively occupied. As the next most favorable
site is 0.14 eV higher in energy than the rim site, the rim site is
likely to be occupied first. In Figure 8, the location of the most
(rim) and least (spiro) favorable sites (shown in white and
black, respectively) are displayed. However, it is worth noting
that the activation barrier for formation of MWW/YNU is
likely to be comparable to the range of substitution energies,

and hence ordering of Ti towards particular lattice sites may
be relaxed due to kinetically favored pathways.

To assess the preferred location of framework Ti in Ti-
YNU, the proposed Si-YNU structure was first relaxed using
the local-orbital-based, periodic density functional code
SIESTA.[17] A titanium center was then introduced into the
unit cell at the pillar site and at the most and least favorable
sites in the MWW sheet, identified by the interatomic
potential calculations, to give three distinct configurations
that were relaxed at constant pressure. The relative stability
of the three sites was rim> pillar> spiro, with relative
energies of 0, + 0.24, + 0.27 eV, respectively, under anhy-
drous conditions. Although the pillar site appears not to be
the most favorable framework site, the position of Ti within
the YNU lattice will depend strongly on the water content[18]

in the lattice and on the susceptibility to Ti leaching from
MWW lamellae under acid conditions. It is possible that
under acid/reflux conditions, Ti would leach from the rim site
and occupy the pillar site, where it could easily expand its
coordination sphere to give a quasi-octahedral configuration.
In the pillar site, Ti could easily physisorb one or more water
molecules and thus enhance its stability within the lattice
while retaining steric accessibility and a flexible coordination
number for catalytic activity.

The simulated XRD pattern of the proposed Ti-YNU-1
structure compares well with measured data (see Supporting
Information). The HRTEM images simulated for the new
structure with 12-MRs match very favorably with the
observed images (see Supporting Information). However
the differences between the images of MWW 10-MRs and Ti-
YNU-1 12-MRs are extremely slight, except for the marked
increase in c. The weight of evidence suggests that Ti-YNU-1
has 12-MRs between the MWW sheets from the observed
c period in the HRTEM image and the XRD data.

In conclusion, the structure of Ti-YNU-1, which is
structurally related to MWW, was studied by TEM in
combination with powder XRD, SEM, NMR spectroscopy,
and computer simulations. We found that Ti-YNU-1 has a 3D-
connected MWW-like framework with much larger spacing
along the c axis between the MWW sheets than the lamellar
precursor and 3D Ti-MWW. A newly formed 12-MR that is
distinct from the 10-MR of theMWW structure would explain
this cell expansion. The expanded pore window, which would
result in a concomitant increase in steric accessibility, may
explain the significant enhancement of catalytic activity
measured relative to other titanosilicates. Additionally, sim-
ulation results suggest that Ti has high site selectivity relative
to materials such as MFI,[18] and we speculate that the Ti
centers could occupy the pillar sites, which have a much
higher steric accessibility than framework positions in MWW
and, for example, TS-1. It is tempting to speculate that Ti in
the pillar site of YNU will be conducive to temporary
expansion of the Ti coordination sphere, which is thought to
be crucial to epoxidation activity in, for example, TS-1.[19] As
the silicon or titanium ions that intercalate the sheets must
originate from the framework by acid treatment, an intriguing
possibility would be to adjust the postsynthesis procedure to
include silicate monomers or larger oligomers, and thus to
potentially design the pillar height and hence ring size. Such

Figure 7. Three possible configurations for Si-YNU indicating the
flexible nature of the 12-MR, viewed along [100].

Figure 8. A [001] view of Ti-YNU indicating favorable substitution at
the “rim” site (white) and less favorable incorporation at the “spiro”
site (black).
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an approach could lead to tailored zeolites with the capability
to obtain extremely high selectivity.

Experimental Section
The lamellar precursor of the MWW titanosilicate was synthesized
from highly siliceous MWW zeolite, tetrabutyl orthotitanite (TBOT),
piperidine (PI), and deionized water following procedures reported
elsewhere.[12] Typically, PI (7.24 g) and TBOT (0.29 g) were dissolved
in 22.5 g of deionized water, then a highly deboronated MWW (5 g)
was added to the solution. The resultant mixture was rotated in an
autoclave at 443 K for 5 days. The as-synthesized precursor (Si/Ti=
100, containing 15.4 wt%PI) was directly calcined at 823 K for 10 h to
burn off PI and obtain the 3DMWW titanosilicate Ti-MWW (Si/Ti=
100). This was heated at reflux in 2m HNO3 solution and further
calcined at 823 K for 10 h to obtain a novel titanosilicate, denoted Ti-
YNU-1 (Si/Ti= 240).

Powder X-ray diffraction (XRD) patterns were collected on a
MAC Science MX-Labo diffractometer (CuKa radiation). The crystal
size and morphology were monitored by SEM on a Hitachi S-5200
microscope. For TEM measurements, the sample was crushed in an
agate mortar, dispersed in ethanol (95 vol%) by ultrasonication, and
then dropped onto a carbon microgrid. HRTEM observations were
carried out with a 300 kV TEM (JEOL-3010, Cs= 0.6 mm, resolution
1.7 C). Images were recorded with a Kodak electron film SO-163
using low-electron-dose conditions. The HRTEM images were
simulated by the multslice method using the MacTempas program
as a function of crystal thickness and defocus values under the
parameters of an accelerated voltage of 300 kV, Cs= 0.6 mm, and
semiangle of beam convergence of 0.6 mrad. The 29Si MAS NMR
spectra were recorded on a JEOL ECA-400 multinuclear solid-state
magnetic resonance spectrometer at 79.6 MHz at a spinning rate of
5 kHz and with a pulse interval of 15 s.
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Estrogen receptor (ER), a member of the nuclear hormone
receptor superfamily, is classically known to express as
intracellular steroid receptor. It shows up predominantly in
estrogen-responsive organs, such as ovary, uterus, and mam-
mary cells. ER possesses mainly genomic properties but
nongenomic, steroidal functions are also known.[1–5] Interest-
ingly, classical ERs are implicated in several cancer pheno-
types in the female population and are expressed in 60–80%
of breast cancer samples.[6] These receptors are mostly
confined to the primary stage of the tumor, and therefore
endocrine-based therapy is generally used in the initial stages
of neoplastic transformation.

b-Estradiol or estrogen is the endogenous ligand of ER.
Estrogen-induced ER acts as a ligand-dependent transcrip-
tion factor during its genomic activity, and regulates cell
proliferation in cancer cells such as that observed in breast
carcinoma, thereby becoming the principal target for breast
cancer therapy. There are several ER antagonists, aromatase
inhibitors, and selective estrogen receptor modulators
(SERMs) that alone, or in combination, provide several
clinical options for breast cancer therapy with limited
efficacy.[7–11]

Liposomes have long been utilized as viable options for
targeting cancers.[12–14] Poly(ethylene glycol)(PEG)-associ-
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ated liposomes offer a
stealth property to the pay-
loads encapsulated in liposo-
mal formulations with
enhanced circulation half-
lives.[14–16] Recently, a PEG-
and cyclic RGD-associated
(RGD: Arg-Gly-Asp) poly-
meric micelle has been
exploited to deliver encapsu-
lated doxorubicin to integ-
rin-expressing specific
tumorigenic cell types.[17]

We have also shown that
genetic payloads can be effi-
ciently targeted to sigma-
receptor-expressing breast
cancer cells when haloperi-
dol, a low-molecular-weight
sigma-receptor-targeting
drug, is covalently grafted to
the headgroup region of a
stealth cationic liposome.[18]

This finding prompted us to
investigate whether estro-
gen, the natural ER ligand,
associating with a gene-car-
rying stealth liposomal
system can act as a targeting
ligand for delivering genes to
breast cancer cells impli-
cated with ER. This option
of targeting genes at breast or estrogen-responsive cancer
cells is expected to eliminate the chemotherapeutic drug-
induced toxicity to normal cells.

Recently, it was found that estrogen exhibits high affinity
to GPR30, an orphan receptor ubiquitously present in most of
the cell types. In association with estrogen, GPR30 executes
several nongenomic functions.[1,19] We envisaged that an
estrogen-associated reporter-gene-carrying liposomal deliv-
ery system would uniquely target ER-expressing cells irre-
spective of existing GPR30.

With such a rationale in mind, we conjugated 17b-
estradiol (ES) to the distal end of a phospholipid with a
PEG spacer in between. The conjugation was performed
without potentially diminishing the estrogenic property of the
ligand. 3-Hydroxy-protected estrone was subjected to a
Grignard reaction by following a previously reported proce-
dure[20] to obtain the 17a-allyl moiety. This moiety was
converted to a primary alcohol which was reacted with
succinic anhydride to obtain an estradiol-associated molecule
with a carboxylic acid end group. After silyl deprotection, the
carboxylic acid group was conveniently conjugated to the
amine end group of the 1,2-dipalmitoyl-Sn-glycero-phospha-
tidylethanolamine (DPPE)-linked PEG moiety to obtain the
targeting lipid DPPE-PEG-ES (Scheme 1). NMR peaks at
d= 6.6–7.2 ppm ascertained the conjugation of the estrogen
moiety in DPPE-PEG-ES (Figure 1B), whereas no aromatic
peaks were obtained in the PEG-suppressed NMR spectrum

of DPPE-PEG-NH2 (Figure 1A). The MALDI mass spec-
trum of DPPE-PEG-ES showed an inverted U-shaped
pattern with an increment of 44 mass units between molecular
weights 2756 and 3410. In spite of the two PEG populations in
the sample, the peak of the U-shaped spectral pattern was
obtained at a molecular weight of 3018.8, which was about 132
(that is, about three CH2CH2O residues) less than the
calculated molecular weight of the product of 3151.67
(comparable to the peak at 3151.7 in Figure 1C). The
calculated molecular weight was obtained by summing the
molecular weights of the contributing estrogen fragment
(413.3) and the starting material (DPPE-PEG-NH2; 2739.37),
and then subtracting one (the hydrogen lost from the lipid
fragment upon conjugation). The mass spectrum of the
starting material also revealed two different populations of
PEG (the spectrum contains a molecular ion peak at 2739; see
the Supporting Information).

This ligand-conjugated PEG-lipid was included at
5 mol% with respect to the known cationic lipid N,N-di-n-
octadecyl-N,N-di-hydroxyethylammonium chloride
(DODEAC)[18] and the neutral colipid cholesterol (at 1:1
molar ratio), to form long-circulating and targeting cationic
liposomes. We used 5 mol% DSPE-PEG-mal (Scheme 1) in
association with a DODEAC/cholesterol (1:1) formulation as
our control liposome. This nontargeting lipid was included in
the study to show the effect of the estradiol moiety in
targeting liposomes to ER-expressing MCF-7 cells.

Scheme 1. Representative synthesis and structure of the lipids. Modified ES, which is produced in five steps,
is treated with DPPE-PEG-NH2 to obtain the targeting lipid DPPE-PEG-ES. DSPE-PEG-mal is the control lipid
(DSPE=distearoylphosphatidylethanolamine, mal=maleimide).
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The DNA-binding characteristics of both the targeting
and the nontargeting liposomes were confirmed by a simple
gel retardation assay, and the DNase I sensitivity of the
lipoplex-associated DNA was evaluated by a conventional
DNase I protection experiment (see the Supporting Informa-
tion). The sizes and surface charges of the lipoplexes under
transfection conditions were also measured (see the Support-
ing Information). The targeting and nontargeting lipoplexes
showed a comparable stability. Except for lipoplex sizes with

a charge ratio of 8:1, the surface charges and sizes of
lipoplexes in the presence of serum were comparable.

We measured the b-gal gene expression in ER-expressing
breast adenocarcinoma MCF-7 cells pretreated or untreated
with 100 mm tamoxifen, an ER antagonist. Cells were trans-
fected with cationic lipoplex containing either the targeting
lipid DPPE-PEG-ES or the nontargeting lipid DSPE-PEG-
mal. To mimic in vivo conditions, the transfection was carried
out in the presence of a serum-containing medium. Figure 2

shows that the cells treated with targeting lipoplex express
significantly more reporter gene than cells treated with
nontargeting lipoplex at all the charge ratios (20- to 100-
fold). Moreover, the presence of tamoxifen significantly
inhibits targeting-lipoplex-mediated gene expression at all
the charge ratios. However, in the case of the nontargeting-
lipoplex-mediated transfection, the presence of tamoxifen has
almost no effect (p> 0.1). This result demonstrates the ability
of the DPPE-PEG-ES containing targeting lipoplex to trans-
fect MCF-7 cells in a target-specific manner. The number of
ligands is higher at a charge ratio of 8:1, but the highest
transfection was obtained at a ratio of 4:1. This is probably
because the lipoplex size at a charge ratio of 8:1 is almost
three times that at a charge ratio of 4:1 (see the Supporting
Information), and also because the larger lipoplex size may
not be favorable for efficient cellular uptake, particularly in
this system. However, the size and surface charge of lip-
oplexes with other charge ratios are comparable. Therefore,
in comparison to lipoplexes obtained at charge ratios of 2:1 or
1:1, the lipoplex obtained at a charge ratio of 4:1 tends to have
a greater targeting ability as a result of the availability of more

Figure 1. 1H NMR spectra of A) the starting material, DPPE-PEG-NH2,
and B) the final product, DPPE-PEG-ES. The inset in (B) shows the
aromatic proton signals from the lipid-associated estradiol. C) MALDI
mass spectrum of DPPE-PEG-ES.

Figure 2. b-Gal gene expression in MCF-7 cells. MCF-7 cells, with or
without pretreatment by tamoxifen (100 mm), were transfected with
0.3 mg of pCMV-b-gal DNA complexed in the estradiol-associated
targeting cationic liposome (DPPE-PEG-ES) or in the nontargeting
control cationic liposome (DSPE-PEG-mal). All cells were treated in the
presence of 7% serum. Transgene expression is represented as b-
galactosidase activity. The targeting and nontargeting lipoplexes were
treated with the cells in cationic lipid/DNA charge ratios (+ /�) of 8:1,
4:1, 2:1, and 1:1. The transgene expression obtained for each data
point was acquired from triplicate treatments performed in a single
day. The difference between the data obtained for DPPE-PEG-ES and
DSPE-PEG-mal is statistically significant at all charge ratios (the
probability of getting more extreme results than the observed value
(p)<0.0001), whereas that for DPPE-PEG-ES and DPPE-PEG-
ES+100 mm tamoxifen is statistically significant at all charge ratios
(p<0.0001) except for a charge ratio of 4:1, when p=0.00029.
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ligands on the surface, and hence a higher transfection
efficiency.

MDA-MB-231 is an advanced-stage breast cancer cell
with drug-resistant properties. This cell does not possess ERs
but expresses GPR30 protein[19] and therefore it is a natural,
ER-knockout cell line. This cell line was chosen for trans-
fection with targeting lipoplex, and the extent of transgene
expression was compared with that obtained from MCF-7
cells. Figure 3 shows that there was almost negligible b-gal

expression in MDA-MB-231 cells compared to that obtained
in MCF-7 cells (p< 0.0001). This result shows that the
targeting lipoplex can deliver and hence express genes only
in cells possessing ER. GPR30 has a high affinity for
estrogen,[19] and perhaps upon interacting with targeting
lipoplex it can deliver gene to the cytoplasm. However, the
lipoplex is probably unable to mediate delivery of genes to the
nucleus because of the absence of ER. It is not clear how ER
mediates selective delivery of genes to the MCF-7 nucleus in
association with or in the absence of a lipid shell. This
interesting observation in itself warrants further investigation,
especially in the light of the finding that PEG blocks the
intracellular trafficking of DNA associated with the liposomal
system.[21]

Next, we evaluated the gene-targeting efficiencies of the
DPPE-PEG-ES-associated lipoplex in three more cell lines
not known to express ER, namely human cervical carcinoma
(Hela), Chinese hamster ovary (CHO), and murine sarcoma
cells (L-27, which is genetically modified to overexpress
integrin receptors), by using b-gal plasmid. The transgene
expression from these cell lines was compared with that
obtained from MCF-7 cells. Figure 3 shows that gene
expression in Hela, CHO, and L-27 cells is statistically
insignificant in comparison to that obtained in MCF-7 cells.
In general, the CHO and Hela cell lines are highly trans-
fectable with cationic lipids and the present targeting, stealth,

cationic transfection lipid/DNA complex mediates negligible
transfection in these cells, probably because the gene target-
ing is inefficient in the absence of ER.

Finally, we tested the targeting delivery system and
estimated the relative anticancer efficacies of the apoptosis-
inducing p53 gene delivered to MCF-7 cells with both the
targeting and nontargeting lipoplexes. Figure 4 shows that the

targeting lipoplex can indeed induce cell death, possibly
through apoptosis, in a target-specific manner. From the
second day onwards, the cell viability of the group treated
with DPPE-PEG-ES-associated targeting lipoplex showed
significant toxicity (p< 0.005 and p= 0.007), which persisted
during the subsequent six days. Furthermore, we examined
the stability of the targeting lipoplex at various serum
concentrations. No perceptible change in the targeting
efficiency, even at the biologically relevant in vivo serum
concentration of 53%, was observed (see the Supporting
Information). This result proves that the targeting gene
delivery system will remain undeterred in its targeting
efficiency in vivo.

In summary, our findings demonstrate a highly efficient,
novel route for targeting anticancer genes at breast cancer
cells through the use of 17b-estradiol-associated stealth
liposomes. The chemistry involved is simple and inexpensive.
Evaluation of the in vivo potential of the technique for
eradicating breast cancer is currently in progress.
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Figure 3. b-Gal transfection in various cell lines. MDA-MB-231 (ER-
knockout cell), Hela, CHO, and L-27 cells were transfected with
targeting cationic lipoplex containing DPPE-PEG-ES and the results
were compared with those for MCF-7 (ER-positive cell) for lipid/DNA
charge ratios (+ /�) of 8:1, 4:1, 2:1, and 1:1. The transgene
expression obtained for each data point was acquired from triplicate
experiments performed in a single day. The transgene expressions
obtained in MCF-7 cells were all statistically significant (p<0.0001)
when compared to those obtained from other cell lines.

Figure 4. Anticancer-gene-mediated targeted killing of MCF-7 cells.
The cells were treated with 0.3 mg of pCMV-p53 DNA complexed with
cationic liposomes containing targeting lipid, DPPE-PEG-ES (*), and
nontargeting lipid, DSPE-PEG-mal (&), in a cationic lipid/DNA charge
ratio (+ /�) of 2:1. The treatment was similar to that described for the
b-gal transfection experiments. The cells underwent MTT assay on
days 2, 4, and 6 after transfection. The y axis shows the percentage
viability, and each data point was acquired from triplicate treatments;
p<0.005 (**), p=0.007 (*).
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Hollow spheres and capsules have stimulated great interest
because of their potential applications in controlled delivery
systems, artificial cells, lightweight fillers, catalysis, and as
vessels for confined reactions.[1] Hollow spheres, in particular
those with complex core–shell structures, have increasingly
attracted interest as a result of their superior properties.[2] For
example, a unique plasmon hybridization has been reported
on hollow spheres with two concentric metallic nanoshells,
thus providing a novel method of tuning resonance frequency
by nanostructure engineering.[2a] Polymeric hollow spheres
with a movable gold nanoparticle core have also been
obtained, which allow the optical sensing of chemicals
diffused into the cavity.[2b] In addition, polyelectrolyte cap-
sules with a shell-in-shell structure exhibit an enhanced
mechanical strength and preserved permeability.[2d] To date,
the synthesis of such complex structures is essentially based
on a time-consuming layer-by-layer templating technique, in
which layers of desired materials (for example, metals,
polymers, and polyelectrolytes) and of sacrificial materials
(such as silica) are alternately grown on preformed spheres
(for example, silica and polystyrene particles).[2,3]

Herein, we report a one-step approach to the synthesis of
hollow spheres with a double-shelled complex structure by
using commercial polymer hollow spheres as templates. As
shown in Figure 1, a polystyrene hollow sphere containing a
thin hydrophilic inner layer and transverse channels of
poly(methyl methacrylate)–poly(methacrylic acid) (PMMA–
PMA)[2e] is treated with sulfuric acid, and sulfonation takes
place in three locations: the exterior shell surface, the interior
shell surface, and the transverse channels. This procedure

[*] M. Yang, J. Ma, C. Zhang, Prof. Z. Yang
State Key Laboratory of Polymer Physics and Chemistry
Institute of Chemistry, Chinese Academy of Sciences
Beijing 100080 (China)
Fax: (+86)10-6255-9373
E-mail: yangzz@iccas.ac.cn

Prof. Y. Lu
Department of Chemical and Biomolecular Engineering
Tulane University
New Orleans, LA 70118 (USA)
Fax: (+1)504-865-6744
E-mail: ylu@tulane.edu

[**] We thank the NSF of China (50573083, 50325313, 20128004, and
90206025), the Chinese Academy of Sciences, and the China
Ministry of Science and Technology (KJCX2-SW-H07, 2004-01-09,
and 2003CB615600) for financial support.

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

Angewandte
Chemie

6727Angew. Chem. Int. Ed. 2005, 44, 6727 –6730 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



creates a hollow sphere that contains a hydrophilic inner
layer, outer layer, and channels of sulfonated polystyrene gel.
Control of the shell thickness of the original polystyrene
sphere and the degree of sulfonation allows precise control
over the thickness of the hydrophilic sulfonated layers and of
the unsulfonated polystyrene middle layer. The sulfonation
process produces hydrophilic shells with sulfonic acid
(SO3

�H+) groups that are capable of adsorption or of forming
complexes with a large variety of functional components, such
as metal ions, metal oxide precursors (for example, titania
alkoxides), and basic organic precursors (for example, ani-
line).[4] Preferential growth of desired materials (such as
TiO2)

[4c] within the hydrophilic sulfonated regions followed by
removal of the middle polystyrene layer creates various
functional composites with a double-shelled structure. This
direct approach allows the fabrication of double-shelled
functional-composite spheres with controllable shell thick-
ness and shell separation distance.

Figure 2 shows scanning electron micrography (SEM) and
transmission electron micrography (TEM) images of unsulfo-
nated spheres, sulfonated spheres, and the resultant double-
shelled titania spheres. The unsulfonated hollow spheres
(Figure 2a) have an average diameter of 500 nm and a
smooth, uniform shell of thickness 80 nm. Sulfonation at 40 8C
for 0.5, 2, and 4 h results in sulfonated hollow-sphere
templates denoted as S1, S2, and S3, respectively. Compared
to the unsulfonated spheres, the S1 spheres (Figure 2b) show
a significantly thickened shell (from 80 to 125 nm), a
decreased cavity diameter (from 340 to 260 nm), and a
slightly deformed spherical shape, which indicate the effective
sulfonation and gel formation on both exterior and interior
shell surfaces. The appearance of the sulfonic and sulfonyl
peaks in the FTIR spectrum further confirms the sulfonation
(see Supporting Information). Elemental analysis showed
that the S1 spheres contain 2.5 wt% of sulfur atoms. An
increase in the sulfonation time to 2 h (sample S2) increased
the amount of sulfur to 6.1 wt% and resulted in a thinner

unsulfonated polystyrene middle layer, which indicates a
higher degree of sulfonation. An excess degree of sulfonation
may completely consume the entire polystyrene middle layer,
and cause collapse of the structure upon drying. Indeed, the
S3 spheres were easily deformed and lost their spherical
contour after freeze-drying (see Supporting Information).

We have previously found that tetrabutyl titanate (TBT)
can favorably undergo a sol–gel process within sulfonated
polystyrene gel to form titania.[4c] The same reactions can be
applied to the sulfonated hollow spheres. Figure 2c and d
shows the resultant titania spheres produced with S1 as the
template. The spheres are approximately 500 nm in diameter
(Figure 2c) with a similar morphology to that of the S1
template (Figure 2b). The removal of the polystyrene tem-
plates, which was confirmed by the weakening of the
characteristic peaks of polystyrene in the FTIR spectrum,
creates the double-shelled, concentric titania hollow spheres
shown in the TEM image (Figure 2c, inset). The thickness of
the shells is around 25 nm and the distance between the shells
is around 75 nm, although the contour of the inner shell is
somewhat unclearly defined (Figure 2d). The use of sulfo-
nated templates with a higher degree of sulfonation results in

Figure 1. Schematic illustration of the formation of double-shelled
hollow spheres.

Figure 2. Morphologies of representative templates and titania hollow
spheres. a) SEM and TEM (inset) images of unsulfonated polymer
hollow-sphere templates. b) SEM and TEM (inset) images of the
sulfonated S1 templates. c) SEM image of titania composite hollow
spheres templated by S1; the inset shows a TEM image of the
corresponding double-shelled titania hollow spheres after treatment
with DMF. d) Cross-sectional TEM images of ultramicrotomed titania
hollow spheres before and after (inset) treatment with DMF. e) SEM
image of titania composite hollow spheres templated by S2; the inset
shows a cross-sectional TEM image of the composite hollow spheres
after treatment with DMF. f) SEM image of titania composite hollow
spheres templated by S3; the inset shows a TEM image of the
corresponding titania hollow spheres after treatment with DMF.
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hollow titania spheres with an increased diameter and
decreased shell-to-shell distance. For example, the S2-tem-
plated titania hollow spheres show an average diameter of
580 nm, a reduced shell-to-shell distance of approximately
30 nm, and a thicker shell of 50 nm (Figure 2e). The use of the
S3 template results in 630-nm single-shelled titania hollow
spheres (Figure 2 f). These results demonstrate the efficiency
of controlling the morphology of the double-shelled structure
by simply tuning the degree of sulfonation. As a control
experiment, titania spheres were prepared by using the
unsulfonated hollow spheres as templates. Titania was
formed only within the hydrophilic inner layer[2e] and not on
the exterior surface, which indicates the key role of sulfona-
tion in the formation of such double-shelled structures.

The synthesized double-shelled titania hollow spheres are
strong enough to survive calcination at 450 8C in air, which
removes the polymer and generates titania crystalline phases.
In contrast to the dissolution of polystyrene by N,N-dime-
thylformamide (DMF), calcination leads to a significant
volume contraction. For example, the diameter of the S1-
templated titania spheres contracts from 500 to 400 nm (see
Figure 3a and Supporting Information). The inner shell, in

particular, contracts remarkably and becomes a movable
inner hollow sphere. High-resolution TEM analysis indicates
that the nanoparticles in both the shell layers have a
crystalline order and form almost fully crystallized inorganic
frameworks (see Supporting Information). Increasing the
amount of titania in the composite helps to stabilize the
double-shelled structure. For example, thermogravimetric
analysis (TGA) shows that titania/S1 and titania/S2 composite
spheres contain 24.3 and 37.1 wt% titania, respectively. As a
result, the S2-templated titania spheres maintain the concen-
tric double-shelled structure after calcination (Figure 3b and

Supporting Information). X-ray diffraction (XRD) studies
show that the calcined titania is composed of anatase
(Figure 4a). The average particle size calculated using
Scherrer?s formula is about 11.4 nm, consistent with the

TEM result. A higher calcination temperature (for example,
600 8C) results in a dominant rutile phase with a small amount
of the anatase phase (see Figure 4b and Supporting Informa-
tion; the calculated average particle size is 32.0 nm) and also
deterioration of the spherical structure (see Supporting
Information).

The unique template structure combined with the com-
plexation capability of the sulfonic acid groups within the
sulfonated layers allows this synthesis approach to be
generalized for the production of a large variety of double-
shelled composite spheres. For example, double-shelled
composite hollow spheres containing crystalline Fe3O4 nano-
particles can be fabricated, based on the complex of iron ions
and sulfonic acid groups. Figure 3c shows SEM and TEM
(inset) images of the Fe3O4 nanoparticle composite spheres
prepared with S2 as the template. The composite spheres
contain 57 wt% of Fe3O4 nanoparticles of diameter 10–15 nm,
as deduced from TGA and TEM studies. The positions and
relative intensities of all the XRD diffraction peaks (see
Supporting Information) are well-matched with those of
magnetite (JCPDS card 19-0629). Thus, it can be concluded
that magnetite dominates the nanoparticles. The crystallo-
graphic form was further verified by its color change from the
dark brown of the as-prepared sample to red, which
corresponds to maghemite, upon oxidation at 100 8C for 4 h.
The average particle size calculated from the XRD data is
11.0 nm. Such crystalline nanoparticles show superparamag-
netic behavior at room temperature (see Supporting Infor-
mation). Similarly, by utilizing acid–base interactions, aniline
monomer can favorably be adsorbed within the sulfonated
layer. Subsequent polymerization leads to the formation of
conductive double-shelled polyaniline composite spheres.
Figure 3d shows the SEM and TEM (inset) images of the
polyaniline composite spheres prepared with S2 as the
template; the spheres have a smooth surface with well-
retained spherical contour. Compared with the easily
deformed single-shelled polyaniline hollow spheres,[4d] the

Figure 3. Morphologies of representative double-shelled crystalline
metal oxides and conducting polymer hollow spheres. a,b) TEM
images of titania hollow spheres templated by S1 and S2, respectively,
followed by template removal by calcination at 450 8C in air to form
anatase. c) SEM image of double-shelled Fe3O4 hollow spheres tem-
plated by S2. d) SEM image of double-shelled polyaniline hollow
spheres templated by S2. The insets in (c) and (d) show TEM images
of the spheres after treatment with DMF.

Figure 4. X-ray powder diffraction spectra of TiO2 hollow spheres
calcined at a) 450 and b) 600 8C for 2 h in air (rutile !; anatase *).
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double-shelled structure effectively enhances the mechanical
stability of the hollow spheres, which is similar to the previous
reports of double-shelled polyelectrolyte capsules.[2c,d] As
revealed by the FTIR spectrum (see Supporting Information),
the resultant polyaniline (36.8 wt% of the composite, esti-
mated from elemental analysis) was doped in situ with the
sulfonated polystyrene and formed the emeraldine salt,[5]

which resulted in an appreciable conductivity of 6 C
10�3 Scm�1. Studies aimed at a detailed understanding and
possible applications of such functional spheres are in
progress.

In conclusion, we have demonstrated a one-step method
for the synthesis of double-shelled composite hollow spheres
by using sulfonated hollow spheres as templates. Controlled
sulfonation allows the synthesis of templates with tunable
thickness of the sulfonated outer layer, sulfonated inner layer,
and unsulfonated middle layer. The sulfonation process gives
layers with sulfonic acid groups that allow the formation of a
wide variety of functional composites. This research provides
a novel and efficient approach to the synthesis of various
double-shelled functional spheres for many important appli-
cations.

Experimental Section
Sulfonated hollow-sphere templates: Freeze-dried polymer hollow
spheres[2e] (Rhom & Haas Company) were immersed in concentrated
sulfuric acid. Sulfonation at 40 8C for 0.5, 2, and 4 h resulted in the
sulfonated hollow-sphere templates denoted as S1, S2, and S3,
respectively. The sulfonated spheres were thoroughly rinsed with
water and ethanol.

Titania hollow spheres: Freeze-dried sulfonated templates (0.1 g)
were immersed in tetrabutyl titanate (TBT)/ethanol (1:1 v/v, 5 mL)
for 24 h. After centrifugation and rinsing with ethanol, the resultant
materials were transferred to a closed vessel containing ethanol
(5 mL) at ambient temperature. Water (5 mL) was then added to the
dispersion with stirring, and the sol–gel process was allowed to
proceed for 4 h. Double-shelled titania hollow spheres were obtained
after centrifugation, rinsing with ethanol, and template removal by
dissolution in DMF or calcination at 450 8C for 2 h in air.

Magnetite hollow spheres: Freeze-dried S2 (0.1 g) was immersed
in ammonium hydroxide (10m, 5 mL) for 12 h before transfer to a
solution containing water (10 mL). Aqueous ferrous chloride/ferric
chloride (1:2m, 0.6 mL) was then added dropwise with stirring under a
nitrogen atmosphere.[6] Magnetite hollow spheres were obtained after
the polymer was dissolved with DMF and collected by a magnet (see
Supporting Information). The collected spheres could be readily
redispersed by ultrasonication.

Polyaniline hollow spheres: Freeze-dried S2 (0.1 g) was dispersed
in water (10 mL) containing monomeric aniline (0.1 g) with stirring.
After 2 h, aqueous ferric chloride (1m, 0.5 mL) was added to initiate
oxidative polymerization at room temperature for 24 h. Polyaniline
hollow spheres were obtained after centrifugation and treatment with
DMF to dissolve the polystyrene.

Characterization: The structure and morphology of the spheres
were characterized by TEM (JEOL 100CX instrument operated at
100 kV) and SEM (Hitachi S-4300 instrument operated at an
accelerating voltage of 15 kV). TEM samples were prepared by
dispersing the spheres from dilute ethanol dispersions onto carbon-
coated copper grids or by the ultramicrotoming technique. The
ultramicrotomed samples were prepared by embedding the spheres in
resin and ultramicrotoming to form 30–50-nm-thick slices with a
Leica ultracut UCT ultramicrotome at room temperature. The SEM

samples were prepared by vacuum sputtering of Pt onto the dried
samples at ambient temperature.

FTIR spectroscopy was performed using a Bruker Equinox 55
spectrometer with the samples pressed into KBr pellets. X-ray
powder diffractometry (Rigaku D/max-2500) was used to character-
ize the crystalline phases of the materials. A Perkin-Elmer TGA 7
apparatus was used to determine the inorganic content of the
composite spheres. Elemental analysis was carried out with a Flash
EA-1112 apparatus. A vibrating-sample magnetometer (VSM JDM-
13) was used to characterize the magnetic properties of the magnetite
composite spheres. Conductivity measurements were performed on
pieces of compressed dry powder by using a standard four-probe
method at room temperature.[4d]
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In contemporary biochemistry, enzymatically synthesized,
activated aminoacyl-tRNA esters (aa-tRNA) serve as sub-
strates for coded peptide synthesis by ribosomes,[1] and a
major goal is to understand the evolutionary path through
which this process arose. As a first step towards this goal, we
have been looking to find a prebiotically plausible means for
the aminoacylation of ribonucleotide 2’-/3’-hydroxy groups. A
number of simple, potentially prebiotic, activated amino acid
derivatives have been reported, most notably N-carboxyan-
hydrides (NCAs).[2] The case for NCAs in prebiotic evolution
has recently been strengthened by the finding that they can be
produced from amino acids through the action of the simple
volcanic gas carbonyl sulfide.[3]

We therefore decided to investigate the aminoacylation of
nucleotides by NCAs. Initially we were concerned that the
nucleobase amino groups of adenine and cytosine would
prove more nucleophilic than the 2’-/3’-hydroxy groups;
however, recent findings show that NCAs react with inorganic
phosphate to give aminoacyl phosphates.[4] This suggests that
it might be possible to generate nucleotide aminoacyl esters
by initial aminoacylation of the phosphate monoester,
followed by intramolecular aminoacyl transfer. Nucleotide
aminoacylation by way of intermediate carboxylic phosphoric
anhydrides would be analogous to the chemistry of amino-
acyl-tRNA synthetase (aa-RS) enzymes. These enzymes

generate 5’-aminoacyladenylates (5’-aa-AMP) 1 (A= ade-
nine) through an initial nucleophilic attack of an amino acid
carboxylate on ATP. The aa-RS then catalyzes the intermo-
lecular aminoacyl transfer from 1 to the 2’/3’-terminus of a
cognate tRNA to give adenosine-5’-monophosphate (5’-
AMP) (2) and an equilibrating mixture of 3’- and 2’-aa-
tRNAs 3 and 4 (Scheme 1).

When separated from the protective environment of an
aa-RS, 5’-aa-AMPs are highly unstable and undergo hydrol-
ysis and isomerization in aqueous solution.[5,6] The isomer-
ization involves a slow initial intramolecular aminoacyl
transfer from the 5’-phosphate to the 3’-hydroxy group via
an eight-membered transition state to give the 3’-aminoacyl
ester 5, followed by rapid equilibration of the latter with a 2’-
aminoacyl ester. If it were possible to generate 5’-aa-AMP 1
from 5’-AMP 2 by reaction with an NCA, then this intra-
molecular transfer would hopefully result in the sought-after
formation of aminoacyl esters.

We first investigated whether the aminoacylation of a
simple model phosphate monoester with an NCA was
possible. We chose methyl phosphate 6 as the model
phosphate monoester and the valyl derivative 7 to allow
comparison with the previous work on inorganic phosphate[4]

and because 7 can be easily prepared and stored (Scheme 2).[7]

In a general sense, the reaction of a phosphate monoester
with any electrophile is faster at pH values above 7 when the
phosphate is in its dianionic state, (pKa for the monoanionic
state� 6–7 (Supporting Information)); however, NCA
hydrolysis/polymerization is also favored at high pH values.

Scheme 1. The biochemistry and chemistry of 5’-aa-AMP 1: biochemi-
cally (upper), 1 is used by aa-RS enzymes for the aminoacylation of
cognate tRNA. In the absence of enzymes (lower), 1 can undergo
intramolecular aminoacyl transfer and hydrolysis reactions.
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To slow such degradative reactions while still allowing
reaction of the NCA with the phosphate group of 6, we
conducted our experiments under very slightly acidic con-
ditions. In this case, although 6 was predominantly mono-
anionic, some of the reactive dianionic form still existed.
Using 1H NMR spectroscopy for analysis, we observed a low-
level conversion of 6 and 7 into l-valyl methyl phosphate 8
(not isolated, according to 1H NMR integration � 23% based
on 7, see Supporting Information). The conversion was only
transient, however, and 8 was gradually converted back into
the starting methyl phosphate 6 along with valine and
oligovaline.

These observations imply that the reaction of 6 and 7 to
give 8 is an equilibrium that is rapidly established and lies in
favor of 6 and 7. The equilibrium is eventually dissipated
through the hydrolysis of 7 and 8 to valine, and the subsequent
reaction of the valine with further 7 and 8 giving oligovaline.
The existence of the proposed equilibrium was proven when
we found that 8, as prepared by conventional synthesis, was
almost completely converted into 6 and 7 in the presence of
bicarbonate. Once again, hydrolysis/polymerization of the
activated valine derivatives subsequently yielded the free
amino acid and oligomers.

We next turned our attention to the reaction of nucleo-
tides with Val-NCA 7. 5’-AMP 2 showed similar behavior to
methyl phosphate 6, and we observed an equilibrium
production of 5’-Val-AMP 1 (R= iPr). However, the equilib-
rium was dissipated by NCA hydrolysis/polymerisation
before the rearrangement of 1 into 5 occurred (see Supporting
Information).[5, 8] We next studied the reaction of other
regioisomeric nucleotides with Val-NCA 7. We recognized
that if a nucleoside 3’/2’-valyl phosphate 9/10 could be
transiently formed from the corresponding 3’/2’-nucleotide
11/12 and 7, then intramolecular aminoacyl transfer to the
2’/3’-OH group, via a seven-membered transition state[9]

might now be faster than hydrolysis/polymerization of the
NCA or the intermediate mixed anhydrides (Scheme 3). We
reasoned, therefore, that even an unfavorable equilibrium
situation might lead to subsequent intramolecular aminoacyl
transfer, and that this transfer should then displace the
equilibrium according to Le Chatelier>s principle. There was a
major concern with the 3’/2’-nucleotides, however, as we
foresaw cyclization of the intermediate 3’/2’-aminoacyl phos-
phates 9/10 to give the 2’,3’-cyclic phosphate 15 as a likely
competing reaction (Scheme 3). Indeed, 2’/3’-phosphates can
be cyclized with great ease, to 2’,3’-cyclic phosphates via five-
membered transition states, by almost any form of phosphate
activation.[10]

Undeterred by this concern, we initially studied the
reaction of cytidine-3’-monophosphate (3’-CMP) 11 (base
(B)= cytosine (C)) with Val-NCA 7, again under very slightly
acidic conditions. After 55 min, no new signals consistent with
9 (B=C) were observed in the 1H NMR spectrum. However,
new signals were observed which were tentatively assigned to
the aminoacyl-transfer product 13 (B=C) (Figure 1a)). In

particular, a diagnostic triplet between d= 5.4 and 5.5 ppm
was shown by COSYanalysis to correspond to 2’-H of the new
species, and the downfield shift of this signal was consistent
with a 2’-ester. Although 13 was not isolated,[11] integration of
the 1H NMR spectrum of the reaction mixture suggested that
it had been formed in � 9% overall yield (Table 1).

Scheme 2. Aminoacylation of model phosphate monoester by Val-NCA
7.

Scheme 3. Aminoacylation/cyclization of 3’- and 2’-nucleotides by Val-
NCA 7.

Figure 1. 1H NMR spectra (500 MHz, D2O) of the products of the
reaction of 3’-CMP 11 (B=C) with Val-NCA 7. a) Spectrum acquired
after 1 h. b) Spectrum acquired after spiking the sample with authentic
15 (B=C) (0.5 mg).
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As our experiment was initiated at a pD value close to the
pKa of the monoanionic form of 11, the yield of 13, based
upon the reactive dianionic form of 11, is probably consid-
erably higher. This suggests that isomerization of the inter-
mediate 9 into 13 is highly efficient relative to the fast
backwards reaction of 9 with CO2. After further time had
passed (> 1 h), 1H NMR spectroscopic analysis suggested that
13 underwent very slow reversion to 11, presumably by a
combination of hydrolysis and nucleophilic attack by the
amino group of valine and valyl derivatives, including 13. The
minor signals in the 1H NMR spectrum (accompanying the
signals of 13) in the reaction of 11 and 7 were shown, by
spiking the reaction with an authentic sample, to be due to the
2’,3’-cyclic phosphate 15 (B=C) (Figure 1b)). However, this
anticipated by-product was formed in much lower amounts
(13/15> 10:1), and we have not been able to prove the
structure of the second minor product definitively, but MS
and HMBC data strongly suggest that it is the 2’-divalyl
analogue of 13.

We next investigated the effect of the nucleobase on this
remarkable conversion and examined the reaction of 3’-AMP
11 (B=A) with Val-NCA 7. Again, we could not detect the
intermediate aminoacyl phosphate 9 (B=A) but observed
the aminoacyl-transfer product 13 (B=A) in a maximal
overall yield of � 14% after 30 min (Table 1). In this
experiment the putative 2’-divalyl analogue of 13 was also
formed in a greater quantity and, after 90 min, had accumu-
lated to the level of � 6%. On the basis of the amount of the
reactive dianionic starting material, the combined synthesis
efficiency of 13 (B=A) and the divalyl analogue is again,
probably considerably higher. Close examination of the
1H NMR spectra revealed the presence of the 2’,3’-cyclic
phosphate 15 (B=A) in low yield (13/15> 8:1). It thus
appeared that the nucleobase had a relatively small effect on
the aminoacylation of 3’-nucleotides with Val-NCA, and as
such, we switched our attention to the isomeric 2’-nucleotides
with the expectation of equally efficient aminoacylation.

Through the use of the same conditions employed for the
3’-isomer, we found that cytidine-2’-monophosphate (2’-
CMP) 12 (B=C), in the presence of Val-NCA 7, gave the
3’-ester 14 (B=C) in only � 3% yield after 45 min (Table 1).
Not only was the aminoacyl-transfer product formed in low
yield, but it was accompanied by a comparable (� 2%)
amount of the 2’,3’-cyclic phosphate 15 (B=C) (14/15 < 2:1).
The lower yield of the ester product and the higher yield of 15
suggest that aminoacyl transfer from 10 is less efficient than it
is from the 3’-phosphoryl isomer 9. This conclusion was

supported by experiments with 2’-AMP 12 (B=A) and Val-
NCA 7 in which we found that both the 3’-ester 14 (B=A)
and the cyclic phosphate 15 (B=A) were formed in only trace
amounts. This marked contrast in aminoacylation behavior
between 3’- and 2’-nucleotides was not anticipated. It now
seems likely that the efficiency of the aminoacylation reaction
depends on the pKa value of the phosphate and 2’/3’-OH
groups, and possibly on conformational effects such as the
furanose ring pucker. The pKa value of the phosphate
presumably influences the efficiency of the intramolecular
aminoacyl-transfer step through a correlation with the leav-
ing-group ability. Although the absolute pKa values reported
in the literature for the individual nucleotides differ (Sup-
porting Information),[12–14] there is a consensus that the 3’-
phosphates are more acidic than the 2’-phosphates by
approximately 0.2 pKa units and this is consistent with the
more efficient conversion of 11 into 13. Within the 3’-
phosphate series, the greater yield of 13 (B=A) relative to 13
(B=C) is possibly related to the fact that aden-9-yl is a better
stabilizer for the 2’-oxyanion than any other aglycons.[15]

The results described herein indicate that uncoded amino-
acylation of 3’-nucleotides by NCAs is a prebiotically
plausible reaction. The chemical mechanism of this process
suggests that it should also be possible for 3’-phosphoryl
oligoribonucleotides to undergo aminoacylation by NCAs in
the same way, but with potential assistance by the ribonucleic
acid chain through stereocomplementary binding. It is there-
fore possible that ribozymes, capable of coded aminoacyla-
tion by NCAs might have evolved and could have been key
intermediates in the emergence of translation.[16] The use of
5’-aa-AMPs as intermediates in coded aminoacylation of
RNA is most likely a later evolutionary development.
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Table 1: Yields of the products observed in the reactions of 3’/2’-
nucleotides 11/12 with Val-NCA 7.

Nucleotide t
[min]

Starting
material
[%]

Valyl ester
(13 or 14)
[%]

Divalyl
ester
[%]

15
[%]

11 (B=C) 55 90.6 (13) 8.7 trace 0.7
11 (B=A) 30 82.2 (13) 13.8 3.9 trace

90 79.5 (13) 13.4 5.6 1.5
12 (B=C) 45 94.9 (14) 3.0 0 2.1
12 (B=A) 90 99.0 (14) 0.5 0 0.5
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Phosphinidenes, that is, carbene-analogous com-
pounds of monovalent phosphorus (phosphany-
lidenes, R�P) represent a simple class of valuable
electrophilic building blocks in organophospho-
rus chemistry, which are usually highly reactive
transients and therefore difficult to isolate.[1]

However, one simple chemical trick that aids the preparation
of a room-temperature stable phosphinidene is the intra- or
intermolecular addition of a donor group D to the initially
electron-deficient phosphorus atom (D!PR); this affords an
electron-rich (nucleophilic) phosphinidene, having eight or
more valence electrons at the phosphorus center. Several
types of donor-stabilized phosphinidenes have already been
isolated and used as versatile precursors for the preparation
of “free” phosphinidenes such as phospha-Wittig reagents
(R3P=PR’)[2] and related phosphinidene metal complexes
(LnM=PR).[3] The intramolecular donor-stabilization of a

P(+1) atom is also the reason for the intriguing stability of the
nucleophilic phosphinidene 1 (Scheme 1), which has a planar,
T-shaped three-coordinate phosphorus atom with 10 valence
electrons (10-P-3 system).[4] Although 1 is a promising
versatile building block for the synthesis of novel electroni-
cally tunable organophosphorus ligands, its reactivity has only
been sparingly investigated.[5] The relatively high nucleophi-
licity at the P atom prompted us to investigate whether
alkylation of phosphorus with classical alkylation reagents
RX (R= alkyl; X= anionic leaving group) leads to a nucleo-
philic phosphenium salt A, phosphonium species B, or neutral
phosphorane C as possible valence isomers, depending on the
electronic nature and steric demand of R and X, respectively
(Scheme 1).

Here we report the surprising formation of the unusual
phosphonium cage cation in 2, which results from a domino
cyclization of two molecules of 1 in the presence of methyl
trifluoromethylsulfonate (MeOTf). When a solution of
MeOTf in CH2Cl2 was added to a solution of 1 in CH2Cl2 in
the molar ratio of 1:1 at 20 8C, a rapid reaction occurs
(31P NMR monitoring), affording the unexpected phosphoni-

um salt 2 [Eq. (1)]. The latter is insoluble in hydrocarbon
solvents and other nonpolar solvents and can be isolated in

the form of a colorless solid in 35% yield. The yield can be
increased up to 78% by changing the molar ratio of the
starting materials MeOTf and 1 to 1:2. Interestingly, com-
pound 2 results also exclusively even if a solution of 1 in
CH2Cl2 is slowly added to a very large molar excess or even by
using neat MeOTf at room temperature or below (�10 8C).

The composition and constitution of 2 was established by
EI-FAB and ESI (electrospray ionization) mass spectrometry

Scheme 1. The possible valence isomers A, B, and C formed by alkylation of 1 with RX
(R=alkyl, X=anionic leaving group; ET=electron transfer.
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(m/z 497), correct combustion analyses (C,H,N,P), and NMR
spectroscopy (1H, 13C, 31P). The 31P NMR spectrum of 2 in
CD2Cl2 shows two multiplets at d= 107.4 and 112.8 ppm
without scalar 31P–31P coupling. Since the connectivity of 2
was difficult to interpret based exclusively on the NMR
spectra, its structure was unequivocally established by an
single-crystal X-ray diffraction analysis (Figure 1).[6] The
latter revealed that 2 is an ion pair that consists of a bowl-
shaped phosphonium cage with a l3-pyramidal and a l4-
tetrahedral coordinate phosphorus atom, and a “non-coordi-
nating” triflate anion.

The pentacyclic cation consists of a C7O3N2P2 skeleton
with “globular-fused” five-membered rings. The core of the
cation can be simply described as a cycloadduct of two
molecules of 1. The P�O and P�N distances are shorter than
those in 1 but similar to the values for related phosphane-P�O
and -P�N systems[7] and corresponding phosphonium-P�O[8]

and -P�N systems,[9] respectively. The terminal P1�C26
distance of the phosphonium-P atom (175.8(6) pm) is signifi-
cantly shorter than the other P�C distances within the cation
core and in other phosphonium cations with P�CH3 bonds.[10]

This is probably due to the relatively high positive partial
charge at the phosphorus center and the resulting s-bond
polarity of the P1�C26 bond. Because of the steric congestion
around the N1 atom, it adopts an almost trigonal-planar
configuration (sum of bond angles �= 350.28); this is in

contrast to the coordination geometry around the N2 atom
which displays a less distorted pyramidal configuration (�=

3288). The structural parameters have been consistently
reproduced by density functional theory (DFT) calcula-
tions[11] on the model cation 2’, in which the tBu groups
were replaced by Me groups: The values for the distances and
angles differ by less than 3 pm and 28, respectively. The
formation of 2 is in strong contrast to the result of the related
protonation of 1 with HOTf, which, surprisingly, leads to the
nucleophilic phosphenium ion in 3 as the sole product
[Eq. (2)].[12] Since the molecular structure of the cation in 3

was hitherto unknown, we carried out a single-crystal X-ray
diffraction analysis (Figure 2).[6] The phosphenium cation
consists of a planar, five-membered C2NOP ring, which has
close structural and electronic similarities to other related
cyclic phosphenium ions.[13]

The P1�N1 distance of 165.1(3) pm is slightly longer than
that in the acyclic phosphenium ion [P(NiPr2)2]

+

(161.3(4) pm)[14] but similar to the values in related cyclic
phosphenium ions.[13] The relatively long P�O distances of 282

Figure 1. a) Molecular structure of the cation in 2 ; b) core of the cage
in 2, including the terminal methyl carbon atom (C26) at the
phosphonium P atom; hydrogen atoms are omitted for clarity. Selected
distances [pm] and angles [8]: P1�O1 155.3(4), P1�O2 156.1(4), P1�
N2 164.0(5), P1�C26 175.8(6), P2�O3 165.1(5), P2�N1 171.7(5), P2�
C1 191.2(5); O2-P1-O1 117.0(2), O2-P1-C26 106.8(3), N2-P1-C26
121.8(3), O3-P2-N1 89.5(2), C20-N1-C12 106.6(4), C20-N1-P2 132.4(4),
C12-N1-P2 111.1(3), C13-N2-C6 110.6(4), C13-N2-P1 108.6(3), C6-N2-
P1 108.7(3).

Figure 2. a) Molecular structure of 3 ; b) side view of the cation in 3.
Selected distances [pm] and angles [8]: P1�O1 163.1(3), P1�N1
165.1(3), O1�C2 137.7(4), N1�C1 139.2(5), N1�C7 146.5(4), O2�C8
122.4(4), C7�C8 149.0(5), C1�C2 134.3(5), P1�O2 250.1(1); O1-P1-N1
90.65(1), O1-P1-O2 165.2(2), C2-O1-P1 115.0(2), C1-N1-C1 118.9(3,
C1-N1-P1 112.4(2), C7-N1-P1 128.6(2).
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and 285 pm of two oxygen atoms of neighboring OTf groups
reflect the very weak donor–acceptor interactions between
the phosphorus atom and the counterion. Thus, it is peculiar
that the low-coordinate P atom is only weakly stabilized by
intramolecular coordination of the carbonyl oxygen atom as
indicated by the relatively long O2�P1 distance of
250.1(1) pm. Surprisingly, the carbonyl oxygen atom
approaches the P atom in the ONP plane and not perpendic-
ular to it, as usually observed for other donor adducts of
phosphenium ions.[13] This is confirmed by DFT calculations
of the respective model compound 3C, which show that
instead of the vacant pz orbital at the phosphorus
center, the P1�O1 s* orbital serves as the acceptor
orbital.[11] The respective geometry optimizations of
the corresponding isomers 3A–3C clearly confirm
the preference for 3C by 10.6 (3A) and 37.5 kcal -
mol�1 (3B) (Figure 3). The nature of the phospho-
rus atoms in 3A and 3B should be quite different:
While 3A possesses a P(+3) atom with a lone pair
of electrons and the atom is coordinated by a
monobasic, tridentate ketoimino-enolate, 3B has a
P(+5) atom of the “classical” phosphonium type,

coordinated by a tribasic, tridentate bis(enolate)amido
ligand. How can one explain the formation of the cation in
2? Apparently, the reaction implies a remarkable domino-
cycloaddition reaction between the hitherto unknown P-
methylated cationic species 4 and 1, which involves the
formation of one new P�C and three additional C�C bonds.
However, the structural analogue of 3c, that is, the donor-
stabilized phosphenium ion 4c (see Figure 3), can be excluded
as the key intermediate for the formation of 2. Since no
intermediate could be observed, we performed DFT calcu-
lations[11] of the respective model systems 4A, 4B, and 4C

(Me groups instead of tBu groups in 4) to learn
whether the phosphenium cation 4A or the sym-
metric phosphonium valence isomer 4B is the
preferred initial product of the oxidative addition
of a methyl cation. Interestingly, the geometry
optimizations revealed that even in the series 4A–
4C, the O!P stabilized phosphenium analogue 4C
(O!P distance 237.0 pm) is slightly favored over 4A
by 3.5 kcalmol�1 but is 19.2 kcalmol�1 lower in
energy than 4B (DE (4B�4A)= 15.7 kcalmol�1).
DFT calculations of the possible experimental sys-
tems 4 (A-type and C-type with tBu groups) at a
lower level of theory (BLYP/6-31G*) revealed that
the A-type is now slightly favored over the C-type by
about 2 kcalmol�1 due to steric hindrance.[11]

Accordingly, the formation of the unexpected phos-
phonium cage cation in 2 as the sole “self-trapping”
product during the methylation of 1 clearly suggests
the preferred population of the 4A-type compound
as the reactive intermediate. Since the latter phos-
phenium cation possesses a highly electrophilic
backbone, it gets easily attacked by the electron-
rich phosphinidene 1, which initiates the tandem-
cyclization (Scheme 2).

Further investigations in the presence of other
competing trapping reagents are currently underway
to explore the use of the strong electrophilic
phosphenium transient 4 as a novel building block
for other polycyclic phosphonium ions.

Experimental Section
2 : MeOTf (0.432 g, 2.65 mmol) was added to a stirring
solution of 1 (1.27 g, 5.31 mmol) in dichloromethane
(50 mL). The resulting clear solution was stirred at room

Figure 3. B3LYP/6-311+G(d)-optimized structures of 3A–3C and 4A–4C.[11] Relative
energies in parentheses [kcal mol�1] ; distances in F.

Scheme 2. Proposed domino-cyclization for the formation of 2.
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temperature and then concentrated to 10 mL. The desired product
was precipitated by addition of diethyl ether (10 mL), filtered, and
dried under vacuo to yield a white solid (1.32 g; 78%). Slow diffusion
of diethyl ether in a solution of 2 in dichloromethane afforded crystals
suitable for an X-ray structure analysis. M.p.: 205–2078C (decomp);
1H NMR (CD2Cl2): d= 1.27 (s, 9H; tBu), 1.32 (s, 9H; tBu), 1.35 (s,
9H; tBu), 1.49 (s, 9H; tBuCO), 2.62 (d, 2J(1H,31P)= 17.3 Hz, 3H;
MeP), 3.62–3.65 (m, 2H; HC-N), 4.92 ppm (d, 3J(1H,31P)= 17.0 Hz,
1H; HC-N); 31P{1H} NMR (CD2Cl2): d= 107.4 (s), 112.8 ppm (s); EI-
FAB: m/z (%): 497 ([M�OTf]+, 5), 57 (tBu+, 100); ESI-MS (CH2Cl2):
m/z : 497 ([M�OTf]+, 100); elemental analysis (%) calcd. for
C26H46F3N2O7P2S (649.67): C 48.06, H 7.13, N 2.15, P 9.54; found: C
47.65, H 7.15, N 2.08, P 9.33.

3 : The compound was prepared as reported by Arduengo et al.
and the NMR data (1H, 31P) of the sample were identical with the
reported values.[12]
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There are only a few reports on intramolecular electron-
transfer (ET) reactions in coordination compounds of the
main-group elements.[1] Some years ago, Arduengo et al.
reported on the intriguing coordination properties of the
electron-rich trianionic amido-bis(enolate) ligand [N{CH=
C(tBu)O}2]

3� (generated in situ from HN[CH2C(O)tBu]2 (1)
and a base),[2] which can serve both as a tridentate NO2 ligand
and intramolecular two-electron reducing agent toward
heavier Group 15 elements (P, As, Sb, Bi) owing to ligand-
to-element ET.[3,4] Thus, reaction of PCl3 with 1 in the
presence of a base furnishes solely the corresponding
nucleophilic phosphinidene with a planar l3, T-shape-coordi-
nated phosphorus atom with 10 valence electrons. Recently,
we have shown that trilithiated 1 is a remarkable redox ligand
even towards metal dihalides of the Group 14 elements Ge,
Sn, and Pb, leading to novel nucleophilic carbene homo-
logues.[5] The fascinating coordination properties of 1
prompted us to explore whether the ligand is also capable
of ET to a tetracoordinate Si4+ center. Here we describe the
unexpected coordination behavior of 1 toward halosilanes,
which affords two different types of unprecedented silicon
complexes. Reaction of SiX4 (X=Cl, Br) or RSiCl3 (R=H,
Ph) with 1 in the presence of NEt3 as an auxiliary base
furnishes deeply colored solutions from which the dimeric
bis(N!Si) donor complexes 2a–d can be isolated as the sole
products (Scheme 1) in high yields. As expected, there is no
reaction or color change if the halosilanes are added to
solutions of 1 without the presence of a base. The final
products 2a–d are air-stable, moisture-sensitive, colorless
solids that are well soluble in common aprotic organic
solvents.

The composition and constitution of 2a–d was confirmed
by EI mass spectrometry, combustion analyses, and multi-
nuclear NMR spectroscopy. The high-field 29Si NMR chem-

ical shifts in solution and in the solid state are diagnostic for
l5-coordinate silicon, and the similarity of respective solid
state and solution values proves that the dimeric structure is
retained in solution (see Table 1).[6]

The shielding of the 29Si nucleus is influenced by the
nature of the substituents, thus the least shielding in the case
of the phenyl-substituted complex 2d is in accordance with
values for related pentacoordinate silicon complexes with
N!Si donor bonds (e.g., intramolecular amine!Si(Ph)
donor–acceptor adducts).[7] Remarkably, there was no indi-
cation for a dissociation up to 100 8C in toluene solutions, as
shown by variable-temperature 29Si NMR experiments. The
dimeric structure of 2c was additionally confirmed by a
single-crystal X-ray diffraction analysis.[8] Compound 2c
crystallizes in the triclinic space group P1̄, and the molecular
structure consists of a planar four-membered Si2N2 ring as the
central structural motif (Figure 1). The latter results from a
head-to-tail dimerization through N!Si donor–acceptor
bonds of two hypothetical monomeric amido-bis(enolate)
silicon bromide units. This leads to a slightly distorted
trigonal-bipyramidal coordination of silicon with the Br1
and N1 atoms in axial and the O1, O2, and N1A atoms in
equatorial positions. The axial Si1�N1 distance is about 20 pm
longer than the equatorial Si1�N1Avalue (180.4(14) pm) but
similar to N!Si distances observed in related Si2N2 dimers
and silatranes.[9] The Si1�O1 distance (166.2(13) pm) is
slightly longer than the Si1�O2 value (163.8(13 pm) but
similar to Si�O distances observed for hypercoordinate
silicon in silatranes with a N2O3 coordination.[9] Both the

Scheme 1. Synthesis of 2a–d via the hypothetical monomers 3a–d.

Table 1: 29Si NMR chemical shift values for 2a–d ; CP-MAS solid-state
values in parentheses.

Complex 2a 2b 2c 2d

d [ppm] �81.8[a]
(�87)

�85.9
(�93)

�106.7
(�112)

�38.3
(�45)

[a] 1JSi,H=276.6 Hz.
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Si�O single and the endocyclic C6�C7 and
C11�C14 double-bond lengths of the ligand
skeleton confirm that each silicon atom in 2c
is coordinated by a trianionic amido-bis-
(enolate) chelate ligand.

Since similarly substituted amido-di-
alkoxyhalosilanes such as XSi(OR)2(NR

0
2)

(X=Cl, R=Me, R’= alkyl, SiMe3)
[10] are

reluctant to dimerize, the formation of the
thermally resistant dimers 2a–d is amazing.
To understand the facile dimerization of the
hypothetical monomers 3 (see Scheme 1), we
performed DFT calculations (B3LYP/6-
311G** level of theory)[11] of the three
possible monomeric valence isomers 3A–
3C. The resulting energy profile for 3A–3C
is depicted in Figure 2. The calculations
revealed that the amido-bis(enolate)-chloro
silicon complex 3A, which has a puckered,
bicyclic C4O2NSi skeleton, is most favored,
whereas the silylene-like species 3C, which
implies a two-electron transfer from the
ligand to silicon, is disfavored by 34.4 kcal -
mol�1 and the least stable one. This is in
marked contrast to the Ge and Sn analogues,
which clearly prefer the formation of nucle-
ophilic germylenes and stannylenes,[4, 5]

reflecting that Si4+ is more electropositive
than Ge4+ and Sn4+. Interestingly, the opti-
mized structure of 3B with a planar-tetra-
coordinate silicon atom represents the tran-
sition state (one imaginary frequency) for
the ring inversion of 3A, being only
12.3 kcalmol�1 higher in energy (Figure 2).
The latter process is reminicent of related theoretical results
on the hypothetical bis(o-catecholate)silicon complex with a
much higher inversion barrier of 32.9 kcalmol�1.[12] In accord-
ance to previous predictions,[12] the significant lowering of the
barrier in 3 indicates that the tridentate amido-bis(enolate)
chelate is a more efficient p-donor–s-acceptor than the

bidentate o-catecholate ligand. What is the driving force for
the facile dimerization of 3A? According to the calculation of
the natural atomic charges in 3A, the Si and the N atoms bear
partial charges (Si + 2.14, N �0.88) in accordance with the
presence of a masked (ylide-like) Si�N p bond, reminiscent of
iminosilane adducts with l4-coordinate silicon and l3-coor-
dinate nitrogen atoms.[13]

In fact, the HOMO exhibits an unsymmetrical p-charge
distribution around the nitrogen and silicon atom and two
symmetrical C�C p bonds (Figure 3). The calculated energy
of the head-to-tail Si=N dimerization of 3A to the corre-
sponding dimer 2A is �21 kcalmol�1, and the geometrical

Figure 1. Molecular structure of 2c ; hydrogen atoms are omitted for
clarity. Selected distances [pm] and angles [8]: Si1�Br1 227.5(6), Si1�
O1 166.2(13), Si1�O2 163.8(13), Si1�N1 200.6(13), Si1�N1A
180.4(14), O1�C14 139(2), O2�C6 143(2), C7�N1 146(2), C11�N1
145(2), C6�C7 129(2), C11�C14 131(2); O1-Si1-O2 124.1(6), O2-Si1-
N1A 115.8(6), O1-Si1-N1 85.1(6), N1-Si1-N1A 79.4(6), Br1-Si1-N1
177.4(4).

Figure 2. Top: DFT-(B3LYP/6-311G**)-optimized structures of 3A–3C ;[11] distances are given in F.
Bottom: Energy profile for the isomerization of 3A to 3B and 3C. The valence isomer 3B is the
transition state (one imaginary frequency) for ring-inversion of 3A.

Figure 3. HOMO of 3A with an ylidic Si�N p bond.
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parameters of the latter are in good agreement with the
respective experimental data of 2c. Thus, the remarkably
exothermic process prevents the observation of the mono-
meric units in 2a–d. To protect the Si=N moiety against
dimerization, we used the highly substituted trifluoro(silyl)-
silane tBu3SiSiF3 as starting material:[14] The latter readily
reacts with trilithiated 1 in THF at �78 8C but leads to the
unusual dimer 4 in the form of pale yellow crystals in
moderate yield (29%) as the only isolable product [Eq. (1);
LDA= lithium diisopropylamide].

The composition and constitution of 4 was confirmed by
NMR spectroscopy, EI mass spectrometry, and an X-ray
diffraction analysis (Figure 4).[8] The latter reveals that 4
crystallizes as a racemic mixture in the triclinic space group
P1̄.

In contrast to the dimeric complexes 2a–d, the dinuclear
compound 4 possesses only tetracoordinate silicon atoms. Its
formation involves a remarkably mild C�C bond coupling of
two amido-bis(enolate) frameworks of 1 and the concomitant

hydrogenation of the C8 and C8A atoms, presumably by a
radical mechanism in which THF functions as the hydrogen
source, to afford a hexa-basic bis[amido(enolate)-alkoxide]
ligand capable of coordination of two formal tBu3Si�Si3+
fragments. The observed distances and angles (Figure 4) are
in the range expected for tetravalent silicon compounds (e.g.,
amido-alkoxysilanes).[10] In summary, the deprotonated
(anionic) ligand 1 shows remarkable coordination and
electron-donor ability even towards tetravalent silicon, lead-
ing to the new types of silicon complexes 2 and 4. Further

investigations aimed at isolating the initial
colored intermediates during the conversion
of the halosilanes with deprotonated 1 and at
synthesizing a stable monomeric silicon
complex 3 are underway.

Experimental Section
General procedure for the synthesis of 2a–2d : To
a mixture of 1 (2 g, 9.38 mmol) and the equimolar
amount of the corresponding halosilane (HSiCl3
for 2a, SiCl4 for 2b, SiBr4 for 2c, and PhSiCl3 for
2d) in dried, Ar-saturated THF (50 mL) at �78 8C
was added dropwise three molar equivalents of
triethylamine. The reaction mixture was allowed
to warm up to room temperature (6 h) and was
then stirred for an additional 2 h. All volatiles

were removed in vacuo and the solid residue was extracted with
hexane (3 I 10 mL). After filtration, the solvent was evaporated off
and the residue was recrystallized from CH2Cl2 to afford a micro-
crystalline sample of 2a (0.73 g, 1.52 mmmol; 33%); m.p.: 127–
129 8C; 1H NMR (CDCl3): d= 1.18 (s, 36H; tBu), 4.22 (br s, 2H; SiH),
5.67 ppm (brs, 4H; NCH); 13C{1H} NMR (CDCl3): d= 27.56 (s, CH3),
34.87 (s, C(CH3)3), 106.01 (s, CN), 164.17 ppm (s, CO); 29Si NMR
(CDCl3): d=�81.8 ppm (d, JSi,H= 276.56 Hz); EI-MS: m/z (%): 478
([M]+, 20), 463 ([M�Me]+, 10), 239 ([M/2]+, 15), 224 ([M/2�Me]+,
20), 209([M/2�2Me]+, 20), 57 (tBu+, 100); correct elemental analyses
(C,H,N,Si).

2b : (2.5 g, 4.69 mmol; 100%); m.p.: 120–1228C; 1H NMR
(CDCl3): d= 1.12 (s, 36H; tBu), 5.55 ppm (s, 4H; NCH); 13C{1H}
NMR (CDCl3): d= 27.19 (s, CH3), 33.84 (s, C(CH3)3), 107.63 (s, CN),
163.83 ppm (s, CO); 29Si NMR (CDCl3): d=�85.9 ppm (s); EI-MS:
m/z (%): 546 ([M]+, 90), 431 ([M�Me]+, 20), 511 ([M�Cl]+, 10), 273
([M/2]+, 95), 258([M/2�Me]+, 100), 243 ([M/2�2Me]+, 20); correct
elemental analyses (C,H,N,Si).

2c : (2.5 g, 3.94 mmol, 84%); m.p.: 131–1338C (decomp);
1H NMR (CDCl3): d= 1.07 (s, 36H; tBu), 5.48 ppm (s, 4H; NCH);
13C{1H} NMR (CDCl3): d= 27.38 (s, CH3), 34.47 (s, C(CH3)3), 107.63
(s, CN), 163.81 ppm (s, CO); 29Si NMR (CDCl3): d=�107.6 ppm (s);
EI-MS: m/z (%): 636 ([M]+, 100), 621 ([M�Me]+, 20), 557 ([M�Br]+,
17), 318 ([M/2]+, 87), 302 ([M/2�Me]+, 78), 289 ([M/2�2Me]+, 18);
correct elemental analyses (C,H,N,Si).

2d : (1.56 g, 2.73 mmol, 58%); m.p.: 117–1198C (decomp);
1H NMR (CDCl3): d= 1.17 (s, 36H; tBu), 5.55 (s, 4H; NCH), 7.3–
7.9 ppm (m, 10H; Ph); 13C{1H} NMR (CDCl3): d= 28.73 (s, CH3),
34.97 (s, C(CH3)3), 112.39 (s, CN), 127.9 (s, Ph), 129.8 (s, Ph), 135.8 (s,
Ph), 149.7 ppm (s, CO); 29Si NMR (CDCl3): d=�38.3 (s); EI-MS:
m/z (%): 630 ([M]+, 30), 615 ([M�Me]+, 10), 315 ([M/2]+, 35), 300
([M/2�Me]+, 30), 57 ([tBu+, 100); correct elemental analyses
(C,H,N,Si).

4 : A solution of BuLi in hexane (Aldrich, 0.76 g, 12 mmol) at
�78 8C was added to a stirred solution of diisopropylamine (1.21 g,
12 mmol) in THF (10 mL). The solution was allowed to warm up to
room temperature and stirred for 0.5 h. To this freshly prepared
solution of LDA, a solution of 1 (0.8 g, 3.75 mmol) in THF (10 mL)

Figure 4. Molecular structure of 4 ; hydrogen atoms are omitted for
clarity. Selected distances [pm] and angles [8]: Si1�Si2 236.8(10), Si2�
O1 168.6(5), Si2�O2 164.7(6), Si2�N1 174.9(8), C1�O1 139.8(6), C8�
O2 144.7(8), C6�N1 144.6(5), C1�C6 132.2(6), C7�C8 156.3(7), C7�
C7A 154.7(6); O1-Si2-O2 122.3(2), O1-Si2-N1 94.2(3), O1-Si2-Si1
104.1(3), N1-Si2-Si1 136.8(2), C1-O1-Si2 110.6(3), C6-N1-C7 115.8(3),
C1-C6-N1 115.8(3).
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was added dropwise at �20 8C over 10 min, affording a deep red
solution of lithated 1. The reaction mixture was warmed up to room
temperature and stirred overnight. Subsequently, all volatile compo-
nents were removed in vacuo and the red solid was redissolved in
THF. To this solution was added a solution of (tBu)3SiSiF3 (1.06 g,
3.75 mmol) THF (in 10 mL) and the reaction mixture was stirred
overnight. The solvent was removed under vacuo and the pale yellow
solid was taken up in CH2Cl2 (30 mL). The filtrate, a slightly yellow
solution, afforded (at �30 8C) pale yellow crystals suitable for X-ray
diffraction analysis (0.48 g, 0.54 mmol, 29%); 1H NMR (CDCl3): d=
0.88 (s, 54H; tBuSi), 1.22 (s, 18H; tBu), 1.14 (s, 18H; tBu), 1.34 (m,
2H; HCN), 1.39 (m, 2H; HCO), 5.21 (s, 2H; NCH); EI-MS:m/z (%):
877 ([M]+, 40), 862 ([M�Me]+, 30), 438 ([M/2]+, 15), 57 ([tBu+, 100);
correct elemental analyses (C,H,N,Si).
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d-Desosamine (1), a 3-(dimethylamino)-3,4,6-trideoxyhexose
found in a number of macrolide antibiotics including methy-
mycin and pikromycin produced by Streptomyces venezuelae,
plays an essential role in conferring biological activities to its
parent aglycones.[1] Although numerous strategies for the
biological C�O bond scission have been elucidated, little is
known about the mechanism of deoxygenation at the
C4 position in the formation of desosamine.[2] Insight into
the mechanism of this key transformation is essential to fully
establish the sequence of reactions in the desosamine path-
way.

Past studies of the biosynthesis of various deoxyhexoses
showed that the deoxygenation mechanism correlates with
the position of the scissile C�O bond, either a or b to an
activating group such as a keto group.[3] For example, a
stepwise dehydration–reduction sequence catalyzed by a
pyridoxamine 5’-phosphate (PMP)-dependent [2Fe-2S]-con-
taining enzyme, E1,

[4] and an iron–sulfur flavoprotein reduc-
tase, E3,

[5] is the prototypical mechanism for a-deoxygenation
of a ketosugar substrate (Scheme 1).[6] Hence, deoxygenation

at C4 in the biosynthesis of d-desosamine could follow the a-
deoxygenation path similar to that catalyzed by E1 and E3

starting from 3-keto-6-deoxyhexose (3) to give 3-keto-4,6-
dideoxyhexose (4, Scheme 2, path A). This possibility is
supported by the fact that the translated sequences of two
genes, desI and desII, which are assigned to encode proteins
involved in the C4 deoxygenation in the desosamine biosyn-
thetic gene cluster,[7] are highly similar to B6-dependent
enzymes and those containing an iron–sulfur center, respec-
tively.

However, recent characterization of the purified DesI
protein showed that it catalyzes the C4 transamination of 2 to
generate TDP-4-amino-4,6-dideoxy-d-glucose (5 ; TDP=

thymidine diphosphate) in the presence of pyridoxal 5’-
phosphate (PLP) and l-glutamate.[8] Further sequence anal-
ysis revealed that DesII, which contains a [4Fe-4S] consensus
motif (CXXXCXXC), belongs to the recently identified S-
adenosylmethionine (SAM) superfamily of radical enzymes.[9]

These two observations prompted a revision of the proposed
biosynthetic pathway for TDP-d-desosamine. As depicted in
Scheme 2 (path B), the DesI/DesII reaction may be initiated
by the incorporation of a nitrogen-containing functional
group from PMP at C4 (such as 6), followed by a radical-
induced 1,2-nitrogen shift (6!7!8!9) to yield an aminol
intermediate (such as 10). Subsequent elimination of an
ammonium ion would afford the predicted product 4. The
regeneration of PMP may be facilitated by the transamination
activity of DesI in the presence of l-glutamate.

The key mechanistic components of this reaction are
reminiscent of those used in the reaction catalyzed by lysine
2,3-aminomutase (LAM), which is a [4Fe-4S]-containing
enzyme that requires PLP and SAM for activity.[10] Catalysis
by LAM is triggered by the abstraction of a hydrogen atom
from the lysine–PLP adduct by the 5’-deoxyadenosyl radical
(11; AdoCH2C), which is formed by the reductive cleavage of

SAM through involvement of the reduced
[4Fe-4S] center.[11] A similar abstraction of a
hydrogen atom, induced by the 5’-deoxyade-
nosyl radical, from 6 at C3 to give 7 may also
be the key event of the C4 deoxygenation
reaction. To test this hypothesis, we purified
and studied the catalytic properties of DesII.
Herein, we report the biochemical character-
ization of DesII and the mechanistic impli-
cations for the overall C4 deoxygenation
reaction.

The desII gene was amplified from the genomic DNA of S.
venezuelae[7b] by the polymerase chain reaction and cloned
into the pET24b(+) vector at the NdeI and XhoI restriction
sites.[12] The DesII protein with a His6 tag at the C terminus
was purified to near-homogeneity by using a Ni-NTA column
followed by elution from a MonoQ column attached to an
FPLC system.[13] A molecular mass of 48.4 kDa for DesII as
estimated by gel filtration chromatography suggests that
DesII, which has a calculated molecular mass of 54.265 kDa
(including the His6 tag), is a monomer in solution. Although
purified DesII exhibits a broad absorption band between 400
and 500 nm (e420= 4000m�1 cm�1), which is indicative of an
iron–sulfur center,[14] titration showed the presence of only

Scheme 1. A prototypical mechanism for a-deoxygenation of a ketosugar substrate. E1 and E3 are
iron- and sulfur-containing enzymes. PMP=pyridoxamine 5’-phosphate; NAD(H)= (reduced)
nicotinamide adenine dinucleotide.

[*] P.-h. Szu, X. He, L. Zhao, Prof. Dr. H.-w. Liu
Division of Medicinal Chemistry
College of Pharmacy and
Department of Chemistry and Biochemistry
University of Texas
Austin, TX 78712 (USA)
Fax: (+1)512-471-2746
E-mail: h.w.liu@mail.utexas.edu

[**] The authors gratefully acknowledge financial support provided by
the National Institutes of Health (GM 35906 and 54346). H.-w.L.
also thanks the National Institute of General Medical Sciences for a
MERIT Award. We are particularly grateful to Professor Duilio
Arigoni for his comments on the deoxygenation mechanism.
TDP= thymidine diphosphate.

Communications

6742 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6742 –6746



0.6 equivalents of iron[15] and 0.5 equivalents of sulfur[16] per
DesII monomer. Hence, most of the iron–sulfur cluster was
depleted and/or decomposed during purification under aero-
bic conditions. Anaerobic reconstitution, carried out in the
presence of a sixfold molar excess of Na2S and Fe(NH4)2-
(SO4)2 in 100 mm Tris-HCl buffer, at pH 8 containing 5 mm

dithiothreitol (DTT) at 18 8C,[17] led to holo-DesII, which
contains nearly 4 equivalents of iron and 3.9 equivalents of
sulfur atoms per subunit, with a broad absorption band at

420 nm (e420= 9200m�1 cm�1). Both features are characteristic
of a [4Fe-4S]2+ cluster.[14]

To test the proposed mechanism of C4 deoxygenation, the
purified and reconstituted DesII was treated with sodium
dithionite anaerobically to reduce the [4Fe-4S]2+ cluster to the
[4Fe-4S]+ state.[18] The reduced DesII was then incubated with
DesI and 2[8] in the presence of SAM, PMP (or PLP), and l-
glutamate under anaerobic conditions.[19] HPLC analysis of
the reaction mixture using a Dionex anion-exchange column

Scheme 2. a) Organization of the d-desosamine biosynthetic gene cluster. Scale indicates the length of DNA (kb). b) Possible mechanisms of
deoxygenation at the C4 position in the biosynthesis of d-desosamine. TDP= thymidine diphosphate; l-Glu= l-glutamate; NAD(P)H= reduced
nicotinamide adenine dinucleotide (phosphate).
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(4 ? 250 mm)[20] revealed a new prod-
uct with a retention time of
28.2 minutes which was not detected
when dithionite or SAM was omitted
from the incubation mixture. This new
product was identified as 4 on the
basis of its retention time, which was
identical to that of a standard,[21] as
well as high-resolution FAB-MS data
(calcd for [M�H]� : 529.0625, found:
529.0621). These results clearly dem-
onstrate that SAM and the reduced
[4Fe-4S]+ cluster are required for
DesII activity and they establish, for
the first time, an essential role for
DesII in the C4 deoxygenation reac-
tion. The fact that the addition of
DesV (in the presence of PLP and l-
glutamate) to the above incubation
mixture[22] led to the isolation of 12 as
the final product[23] provided further
evidence for the formation of 4 as a
result of reaction with DesI/DesII.

To our surprise, when the reduced
DesII was incubated by itself under
anaerobic conditions with SAM and 5,
which was generated separately using
DesI and 2 in the presence of PLP and
l-glutamate,[8] compound 4 was again
detected as the sole TDP–sugar prod-
uct.[24] This finding, obtained in the
absence of DesI, strongly suggests
that the actual substrate of DesII is 5
and that the conversion of 2 into 4
proceeds in two steps, in which DesI catalyzes the C4
transamination of 2 to 5 and DesII carries out the C4
deamination of 5 to give 4. The failure to establish the
formation of a DesI–DesII complex in vivo by the yeast two-
hybrid assay[25] is consistent with the observation that DesI
and DesII function independently. Taken together, these
results clearly demonstrate that DesII is a SAM-dependent
deaminase, not a deoxygenase as previously surmised.

To account for these results, two possible mechanisms for
the DesII-catalyzed reaction can be envisioned. As depicted
in Scheme 3, generation of the 5’-deoxyadenosyl radical (11)
is expected to be the first part of the reaction facilitated by the
reduced [4Fe-4S]+ center as found in other SAM–radical-
dependent enzymes.[26] The actual chemical conversion may
be triggered by abstraction of a hydrogen atom at C3 of 5 by
11 to give 13. The mechanism for the subsequent trans-
formation is less obvious, but may parallel the reaction
catalyzed by the coenzyme B12 dependent ethanolamine
ammonia lyase, which converts ethanolamine into ammonia
and acetaldehyde.[27] As shown in Scheme 3 (path A), the key
step may be a radical-induced deamination followed by the
readdition of ammonia to the resulting cation radical
intermediate (14/15), which is effectively a 1,2-amino shift
(13!14/15!16!10), to form an aminol radical 16.[28]

Reclaiming a hydrogen atom from 5’-deoxyadenosine results

in the formation of 10 and the regeneration of 11, or more
likely the reduced [4Fe-4S]+–SAM complex.[29] Elimination of
an ammonium ion from 10would afford the desired product 4.
The reaction may also involve deprotonation of the 3-hydroxy
group of 13 to yield a ketyl radical anion 17,[30] whose
resonance form 18 facilitates the b-elimination of the 4-amino
group (Scheme 3, path B). The reaction catalyzed by (R)-2-
hydroxyacyl-CoA dehydratase[31] in the fermentation of a-
amino acids by anaerobic bacteria provides a precedent. The
key step of the latter reaction involves ketyl radical anion
induced Cb

�O cleavage to expel a hydroxy group. Experi-
ments to distinguish these mechanistic proposals are in
progress.

In summary, the data reported herein show that DesII is a
SAM-dependent [4Fe-4S]-containing enzyme and is directly
responsible for the production of a key intermediate 4 in the
biosynthesis of desosamine. In contrast to our previous
proposal that DesI/DesII function as a pair to catalyze the
a-deoxygenation of a 3-ketosugar substrate 3, the C4
deoxygenation step is now established to proceed in two
stages via an amino sugar intermediate 5. These results are
significant for two reasons: DesII has been identified as a
unique deaminase, and the entire desosamine pathway has
now been characterized (2!5!4!12!1). Although the
mechanism of DesII catalysis remains elusive, utilization of 5’-

Scheme 3. Possible mechanisms of deoxygenation at C4 in the biosynthesis of d-desosamine.
Generation of 5’-deoxyadenosyl radical (11) is expected to be the first part of the reaction.
Met=methionine.
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deoxyadenosyl radical (11) derived from SAM to abstract a
hydrogen atom from 5 is believed to be an integral part of the
reaction of DesII. Evidently, the mode of C4 deoxygenation
by DesI/DesII is distinctly different from that of the E1/E3

paradigm. Currently, only a handful of SAM–radical enzymes
have been characterized and all are involved in unusual
biotransformations.[32] The fact that DesII is responsible for a
radical-induced deamination further illustrates the catalytic
versatility of this class of enzymes. Its participation with a
transaminase (DesI) in an overall deoxygenation reaction
underscores NatureCs ingenuity in devising strategies for C�O
bond scission.
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Experimental Evidence for a Jahn–Teller
Distortion in AuCl3**
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Gold halides have generated considerable interest amongst
both computational and experimental chemists because of
their intriguing bonding and structures.[1–4] Advances in gas-
phase (mass-spectrometry) experiments[5] and the theoretical
importance of relativistic effects in gold chemistry[6] have
recently been reviewed. The common oxidation states for
gold are AuIII and AuI, with AuII being comparatively rare.
The AuI monohalides display large structural relativistic
effects, and the very short Au···Au distances in their dimers
(caused by the so-called “aurophilic attraction”) are regarded
as classic examples of metallophilic interactions.[6] All of the
monohalides have been characterized experimentally.[1,5, 7]

Monomeric AuII is a rare oxidation state, although multi-
nuclear complexes are more common,[8] and some examples
such as solid-state AuCl2 are mixed valent.[9] Perhaps the most
significant AuII complexes are those containing Au�Xe bonds,
such as [AuXe4][Sb2F11]2.

[10] Schr6der et al. have recently
identified AuCl2 (as neutral, anionic, and cationic species) in
sophisticated mass-spectrometric experiments.[11] The D3h

trigonal-planar structure of the d8 AuIII halides are Jahn–
Teller distorted to T-, Y-, and L-shaped geometries. This
distortion was highlighted computationally by Schwerdtfeger
et al. in 1992,[12] and recently elaborated by Hargittai and co-
workers[1–3] as well as by Schwerdtfeger and co-workers.[4]

Both the stability of the gold trihalides and the Jahn–Teller
stabilization energy decrease from the fluoride through to the
iodide. The T-shaped structure is the minimum of the Jahn–
Teller surface for AuF3, AuCl3, and AuBr3, and is the global
minimum of the ground state for the first two. The Y-shaped
geometry is a transition state between the T-shaped geo-
metries. For AuI3, the Y-shaped structure lies at lower energy
than the T-shaped structure, but for both AuBr3 and AuI3 the
potential-energy surface is very flat, and the energy gain
arising from a Jahn–Teller distortion is small. Schulz and
Hargittai[1] suggest that AuF3 and AuCl3 are static Jahn–Teller
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systems, whereas AuBr3 and AuI3 are dynamic Jahn–Teller
systems. Of the monomeric AuIII halides, experimental data is
only available for AuF3, with the T-shaped structure being
confirmed by electron diffraction studies.[13] AuI3 has been
reported to be stabilized in a cuprate lattice,[14] but more
recent calculations[15] and experiments[16] suggest that the gold
is present as AuI and not AuIII, therefore the D3h structure is
unsurprising. The solid-state structures of both Au2Cl6 and
Au2Br6 consist of discrete D2h-symmetric halogen-bridged
dimers[12] which become the principal gold-containing vapor
species. Vaporization is accompanied by extensive decom-
position, and in the recent electron-diffraction study, only
approximately 6% of the vapor was Au2Cl6 (the remainder
being Cl2), and it was noted that it was not possible to obtain
any data for monomeric AuCl3.

[2] Therefore, the authors
proposed that the only way forward was to use detailed
computational methods.

We have previously used matrix isolation in combination
with IR, UV/Vis and extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy to synthesize and characterize
monomeric noble-metal chlorides such as PtCl and PtCl2.

[17]

For the platinum chlorides, hollow-cathode sputtering with
chlorine-doped argon was used to generate the atomic Pt, and
although this approach was used for AuCl3, thermal evapo-
ration and laser ablation were also employed.

Figure 1a shows the electronic absorption spectrum of
Au2Cl6 in an argon matrix, and is in good agreement with the
vapor-phase spectrum.[18] The intense bands at 40590 and

46060 cm�1 were assigned to bridging- and terminal-ligand-
to-metal charge-transfer transitions, respectively.[18] The
weaker features at 22300 and 32890 cm�1 were assigned to
d-d transitions.[18] Figure 1b shows the spectrum obtained
when thermally evaporated gold atoms were matrix isolated
in 1% Cl2/Ar. The sharp peaks at 39050, 43670, and
44085 cm�1 are due to atomic gold.[19] The broad feature at
approximately 30500 cm�1 and the tail into the UV region are
both due to Cl2. In addition to these, a weaker band at about
16000 cm�1 with vibrational fine structure was observed. The
spectra obtained when thermally evaporated gold atoms were
trapped in a 5% Cl2/Ar matrix were very similar, except that
there was less unreacted gold, and the fine structure on the
band at 16000 cm�1 was less well resolved. A similar spectrum
was obtained when gold was sputtered with Cl2/Ar mixtures,
and the band at 16000 cm�1 was also present when HCl was
used as the chlorine source in the sputtering experiments.
Figure 1c shows the spectrum obtained when thermally
evaporated gold atoms were condensed in a 1% Cl2/Ar
mixture that had passed through a microwave discharge just
prior to deposition. This process had the effect of increasing
the yield of the feature at 16000 cm�1 relative to similar
experiments with no discharge, as well as reducing the amount
of residual Cl2 present, although there is a substantial amount
of unreacted gold. These observations indicate that the band
at 16000 cm�1 only appears when chlorine atoms or molecules
are present, and that there are no high energy features
associated with the band at 16000 cm�1 that are obscured by
the UV tail arising from the presence of Cl2 (Figure 1b). As
the feature at 16000 cm�1 was only present in spectra which
contained both gold and chlorine and is independent of the
source of both gold atoms and chlorine, it can readily be
assigned to an AuClx species. An expansion of the vibrational
fine structure on this band is shown in Figure 1d, and the
separation of about 310 cm�1 between the sharpest peaks on
the low energy side is consistent with a symmetric Au�Cl
stretching mode in an excited state. The observation of only
one band implies the presence of one AuClx species. As this
band is much lower in energy than both the charge-transfer
and d-d bands in Au2Cl6, it is most likely to be a d-d transition,
with any charge-transfer bands beyond the effective upper
spectral limit of about 50000 cm�1.

IR spectroscopy of the Au�Cl stretching modes (nAu�Cl) in
combination with the natural isotopic abundances of Cl (35Cl,
75.5%; 37Cl, 24.5%) is a very powerful method of identifying
molecular shape. For AuCl, a simple 3:1 isotope pattern is
expected. For AuCl2, a 9:6:1 pattern would be observed, and if
the separation of the outermost components could be
identified accurately, the bond angle could be determined.
The presence of threefold rotation axes in both D3h- and C3v-
symmetric AuCl3 would result in nonbinomial isotope pat-
terns for the degenerate modes. One IR-active E’ nAu�Cl band
with a 81:9:27:11 pattern is expected for D3h-symmetric
AuCl3, whereas C3v-symmetric AuCl3 would have two IR-
active nAu�Cl bands, an E mode with a 81:9:27:11 isotope
pattern, and an A1 mode with a 27:27:9:1 pattern. Calcula-
tions[1,2] for T-shaped AuCl3 predict three IR-active nAu�Cl

modes (2A1 + B2), but the two A1 modes have very low
intensity so that only the B2 mode is expected to be observed.

Figure 1. Matrix-isolation electronic absorption spectra of a) Au2Cl6 in
Ar, b) thermally evaporated gold atoms in 1% Cl2/Ar, c) thermally
evaporated gold atoms mixed with 1% Cl2/Ar passed through micro-
wave discharge, d) expansion of (c).
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Our calculations indicate that the B2 mode will display a 9:6:1
chlorine isotope pattern, and the two very low intensity
A1 modes will yield a complex isotope pattern derived from
9:6:1 and 3:1 isotope patterns, but which is dependent on their
separation. The Y-shaped transition state is also calculated[1,2]

to have three IR-active nAu�Cl modes (2A1 + B2) with similar
frequency, intensity (intense A1, very weak A1 + B2), and
isotope patterns to the T-shaped geometry.

The argon-matrix IR spectrum of Au2Cl6 is shown in
Figure 2a. This spectrum is in very good agreement with the

previous data from both the solid state and the gas phase,[20]

and complex chlorine isotopic structure is observed in both
bands. The feature at approximately 386 cm�1 arises from
terminal nAu�Cl asymmetric stretching modes (n12 (B2u) and
n16 (B3u)), and the bridging nAu�Cl asymmetric stretching modes
are at about 312 cm�1 (n13 (B2u) and n17 (B3u)). Figure 2b
displays the spectrum of the matrix-isolated products from a
gold foil sputtered with 5% Cl2/Ar. The only significant nAu�Cl

band is at approximately 420 cm�1, and it is clear that there is
no evidence for the formation of Au2Cl6 under these
conditions. Although this band shows signs of asymmetry, it
did not display isotopic chlorine features at higher spectral
resolution, probably because of the considerable Cl2 concen-
tration in the matrix. Although sputtering, thermal evapo-
ration, and laser ablation were all used with lower Cl2/Ar
concentrations, the spectral quality was not sufficient to

provide convincing evidence of the geometry of the gold-
containing species. Pure Cl2 matrices were then used, and
thermally evaporated gold atoms were condensed at 50 K and
then cooled to about 12 K. The resulting spectrum is shown in
Figure 2c. The most intense band at approximately 410 cm�1

clearly displays a 9:6:1 isotopic pattern with a splitting that is
consistent with a vibrational mode involving two chlorine
atoms attached to a heavy element. There is also evidence for
a second 9:6:1 pattern with a similar peak separation a few
wavenumbers higher. The most reasonable interpretation of
this is that there are two 9:6:1 patterns in close proximity that
are derived from the same vibrational mode, which is subject
to matrix-site effects in the pure Cl2 matrix. This band is in a
very similar position to that obtained for argon matrices with
sputtering, laser ablation, and thermal evaporation, thus
indicating that it arises from the same species in all cases,
which also gives rise to the band at 16000 cm�1 in the
electronic absorption spectra. In addition to the relatively
intense bands around 410 cm�1, there is a complex multiplet
at 375–350 cm�1. Although TaCl5 is known to have spectral
features in this region,[21] no such bands were observed when a
bare tantalum filament was heated during the deposition of a
pure Cl2 matrix. Therefore, this multiplet is also assigned to an
AuClx species.

The presence of 9:6:1 isotope patterns in the bands at
410 cm�1 rules out AuCl, but they could be assigned to either
AuCl2 or AuCl3. AuII is commonly considered to be a rare
oxidation state, especially for monomeric compounds.[8] Solid-
state AuCl2 is known to be mixed valent[9] and AuCl2 has only
been detected in the vapor phase by using sophisticated mass
spectrometric experiments starting with mass-selected
AuCl2

� .[11] Stace and co-workers have reported that AuII can
be stabilized in the gas phase by s-donor, p-acceptor ligands,
especially if the ligands have a large dipole moment and high
ionization energy,[22] but this is not the case for chloride. It
would be expected that pure Cl2 matrices would yield stable
gold chloride with the highest oxidation state. From all of the
various experimental conditions used for the electronic
absorption spectra, only one band at 16000 cm�1 was asso-
ciated with both gold and chlorine, and whereas the presence
of Cl atoms increased its intensity, no other bands were
observed. The presence of weak features in the region
between 375 and 350 cm�1 is compatible with AuCl3, but not
with AuCl2. Despite reporting an extensive set of calculations
on monomeric, dimeric, and anionic gold halides, Hargittai
and co-workers[1, 2] did not appear to consider AuCl2. Schr6der
et al. have carried out some DFT calculations that indicate
that AuCl2 would be stable to disproportionation in the
idealized gas phase, but not in the solid state.[11] Our DFT
calculations[23] indicate that although the DfH values for
AuCl2(g) and AuCl3(g) from gold atoms and Cl2 are very similar
(�271 and �273 kJmol�1, respectively), the enthalpy of
atomization to gold and chlorine atoms is much larger for
AuCl3 than for AuCl2 (672 and 537 kJmol�1, respectively).
The previous MP2 and B3LYP calculations[2] indicate that the
IR-active nAu�Cl mode of “T-shaped” AuCl3 should be about
20 cm�1 higher than the terminal nAu�Cl modes in Au2Cl6, with
the most intense nAu�Cl mode of the Y-shaped transition state
being a few wavenumbers less than that of the T-shaped nAu�Cl

Figure 2. Matrix-isolation IR spectra of a) Au2Cl6 in Ar, b) gold atoms
sputtered with 5% Cl2/Ar, c) thermally evaporated gold atoms in
100% Cl2.
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mode. The nAu�Cl mode of AuCl is calculated[2] to be just above
midway in terms of energy between the terminal and bridging
nAu�Cl modes in Au2Cl6, although our DFT calculations
incorporating the high-level relativistic effects within ADF
(Amsterdam Density Functional package) indicate that the
value should be closer to that of the terminal nAu�Cl mode in
Au2Cl6. Our calculations on AuCl2 indicate that its IR-active
nAu�Cl mode should be higher than that of AuCl3 by about
17 cm�1.

Therefore, on the basis of both experimental and compu-
tational considerations, the most reasonable assignment of
the bands at about 420 cm�1 in the IR spectrum is to AuCl3.
The 9:6:1 chlorine isotope pattern demonstrates that it does
not have D3h (or C3v) symmetry but adopts a Jahn–Teller-
distorted geometry, which on the basis of the calculations[2] is
most likely to be T shaped. These calculations also indicate
that the two A1 modes in the T-shaped AuCl3 species will be
separated by about 10 cm�1 and be about 30 cm�1 lower than
the B2 mode, but will have very low (effectively zero)
intensity. The two low-intensity A1 and B2 modes in the Y-
shaped geometry are also calculated to be separated by
10 cm�1, and about 30–40 cm�1 lower than the intense
A1 mode. The complex multiplet at 375–350 cm�1 clearly
falls into this region, but the intensity is incompatible with the
calculations.[2] It is possible that the Cl2 matrix exerts
sufficient perturbation so that these modes gain some
intensity. The isotope pattern is very sensitive to the
separation of the two modes, and as a site effect was observed
on the intense nAu�Cl mode, it is likely that this multiplet is also
subject to site effects.

The Au L3-edge EXAFS and FT for the matrix products of
gold sputtered with 5% Cl2/Ar are shown in Figure 3.
Sputtering was chosen as it gives the best dilution of metal
atoms in the matrix, thus avoiding the problems of aggrega-
tion.[17] The FT contains one peak that fits[24] to a single Au�Cl
bond length with no evidence for two different bond lengths,
thus ruling out the presence of Au2Cl6. The Au�Cl bond
length of 2.22(2) L is 0.06 L shorter than that observed for
[AuCl4]

� with the same analysis protocols. Previous B3LYP
and MP2 calculations[2] indicate that the T-shaped ground
state of AuCl3 will have Au�Cl bond lengths shorter by about
0.07 L than [AuCl4]

�
, and our ADF calculations indicate that

the Au�Cl bond length in AuCl2 will be approximately 0.04 L
shorter than that of AuCl3. The chlorine occupation number
refined to a value of about 1.7, or an AuCl3 fraction of about
57%. Whereas this could indicate a lower-coordination
species, the presence of bands corresponding to unreacted
gold in all of the electronic absorption spectra, the IR
evidence for AuCl3, as well as the Au�Cl bond lengths,
indicate it is much more likely to be caused by the presence of
both AuCl3 and Au in the matrix. Although the small peak at
around 4.4 L in the FT might be due to multiple scattering
pathways through the central Au atom, indicative of a linear
or very near linear (> 1608) AuCl2 unit,[25] its intensity is too
low to make any firm conclusions, and this is also where
Au···Ar interactions would be expected.

In conclusion a combination of matrix-isolation electronic
absorption, IR, and Au L3-edge EXAFS has provided the first
experimental data for AuCl3 and shown conclusively that it

does not have D3h symmetry in the matrix, but rather a Jahn–
Teller-distorted geometry. The experimental data is consistent
with a calculated ground state having a T-shaped geometry.

Experimental Section
The general features of our matrix-isolation experimental method-
ology have been described previously.[17] The gold atoms were
sputtered from a gold-foil hollow cathode, thermally evaporated
from gold wire wound onto a tungsten filament, or laser ablated (Xe�
Cl excimer laser) from a gold target disc. The Cl2/Ar mixtures were
prepared by using standard manometric procedures. The Au L3-edge
EXAFS spectra were collected on station 9.2 of the Daresbury
Laboratory SRS (2 GeV, 150–250 mA) using a Si220 monochromator
detuned by 50% to reduce harmonic contamination. The fluores-
cence data were collected with a Canberra 13-element solid-state
detector. The spectra were averaged, calibrated (using the first
maximum in the first derivative of gold foil at 11919 eV), and
background subtracted (quadratic pre-edge, 6th-order polynomial
post-edge) by using PAXAS.[26] The data were modeled with
EXCURV98.[27] The DFT calculations at 0 K with zero-point energy

Figure 3. Au L3-edge EXAFS (top) and FT (bottom) of the matrix-
isolated products of gold atoms sputtered with 5% Cl2/Ar.
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and basis-set supposition-error corrections used ADF BP86/TZP with
ZORA.[28]
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strong-exponential replicator according to our minimal
replicator theory.[2]

Self-replication of chiral information has recently
received considerable interest from its relevance to the
question of the breaking of chiral symmetry on the early
earth[3] . An impressive implementation of Frank-s model[4]

now exists in the reaction of Soai et al. , whose kinetic analysis
has recently revealed important insight.[5] Further examples
of self-replication with prochiral precursors were successfully
designed for cycloaddition reactions.[6] Self-replication
experiments with peptides as chiral building blocks consti-
tuted the first example of homochiral autocatalysis in the
sense that templating requires the same helicity, as in the case
of template precursors.[7] The general predictability of homo-
chiral autocatalysis versus heterochiral cross-catalysis is,
however, far less pronounced for molecules without a
predefined secondary structure (Figure 1).

We therefore became interested in the re-evaluation of
the Wang–Sutherland system with respect to its stereochem-
ical features.[1] Our approach is guided by our curiosity as to
whether a combination of kinetic, computational, and theo-
retical methods could lead to a better understanding of
structurally simple but dynamically complex systems. The

components and principle reactions of the Wang–Sutherland
system are shown in Figure 2a.

We thought that the replacement of the heterocyclic
recognition units by amidopyridines and carboxylic acids,
independently used by the research groups of Hamilton[8] and
Philp,[6] could also expand the solubility range in the Wang–
Sutherland system. Our components and reaction products as

Figure 1. Principle of a) heterochiral cross-catalysis and b) homochiral
autocatalysis.

Figure 2. Reaction schemes; each arrow indicates a distinguishable reaction channel. a) Self-replicating Diels–Alder reaction as described by
Wang and Sutherland.[1] b) Our self-replicating system taking into account both enantiomeric forms. c),d) Control reactions with compounds
without recognition properties.
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well as model components without recognition properties are
depicted in Figure 2b–d.

We synthesized diene 4 in racemic form and as separate
enantiomers from the corresponding 2,4-cyclohexadienylace-
tic acids[9] (Supporting Information). The reactions were
monitored by 1H NMR spectroscopy and evaluated by using
our SimFit program.[10] A stack plot of the 1H NMR spectrum
of the reaction of rac-4 with 5a to give rac-6a is depicted in
Figure 3, which shows the olefinic protons of rac-6a.

Three phenomena are directly observable: an induction
period, an autocatalytic increase of integrals, and a concom-
itant change of chemical shifts for the development of the
product signal. The latter caused by the transition of free
templates at low concentrations to template complexes and
duplexes at higher product concentrations. Minimal modeling
according to A + B + pC!(1 + p)C for the autocatalytic
channel and A + B!C for the non-autocatalytic channel,
both for the building blocks 5a and 5b as B, leads to the
profiles of theoretical concentration over time shown in
Figure 4 and yields the kinetic parameters given in Table 1.
From this data it is evident that our variants are reasonable
approximations of the Wang–Sutherland system, of which the
autocatalytic reaction order p over similar conversion was
0.8.[1]

Wang and Sutherland assumed an endo product but were
not sure whether one or two diastereomers that differ in the
configuration of the stereocenter carrying the recognition site
at the [2.2.2]bicyclo-octene scaffold are formed. We were able
to crystallize a single racemic diastereomer of the reaction
product, rac-6b, the X-ray crystallographic structure is shown
in Figure 5.[11]

There is no indication for another diastereomer above the
detection limits of NMR spectroscopy. Transition-state mod-
eling of simplified model reactions at the B3LYP/6-31G* level
of calculation confirmed that the diastereomer with NN or-
ientation is expected (Supporting Information).[12] An inter-
esting detail from these studies is the presence of weak
bifurcating hydrogen bonds, which stabilize the transition
state of the model reaction between 5’-methyl-1,3-cyclohex-
adiene and N-carboxymethylmaleimide, but these are absent
in the product. Weak bifurcating hydrogen bonds were also
found to stabilize the transition state of the noncatalyzed
template-formation reaction in the NNN conformation.[12] As
expected, model reactions with the building blocks 7a and 9
that are without recognition properties revealed no autoca-
talysis, but allowed us to determine the second-order rate
constants: (rac-4+ 7a!rac-8a, T= 293 K, k= 4.49 E
10�5m�1 s�1; 9 + 5a!10, T= 293 K, k= 5.83 E 10�5m�1 s�1).

We studied the individual reactions involving diene (R)-4
and (S)-4 in the presence of the template (R)-6a at 10%.

Figure 3. Stack plot of 1H NMR spectra of the reaction of rac-4 with 5a
to give rac-6a (CDCl3, 600 MHz, 293 K).

Figure 4. Profiles of concentration over time for the reaction of a) rac-4
and 5a (CDCl3, 293 K, 15 mm) with template rac-6a initially added at 0
(&), 10 (~), and 15% (*); b) rac-4 and 5b (CDCl3, 313 K, 15 mm) with
template rac-6b initially added at 0 (&) and 17% (*). Continuous lines
represent theoretical curves.

Table 1: Results of the analysis of the reactions of rac-4 and 5a/5b based
on the value of p.

R p ka [m
�(p+1) s�1] kb [m

�1 s�1] RMS [%] T [K]

H 0.89 (4.48�0.01)L10�1 (2.10�0.02)L10�4 2.21[a] 293
CH3 0.9 (6.32�0.13)L10�2 (4.43�0.23)L10�4 1.09[b] 313

[a] Based on experiments with added template initially at 0, 10, and 15%.
[b] Based on experiments with added template initially at 0 and 17%.

Figure 5. X-ray crystallographic structure of rac-6b.

Communications

6752 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6750 –6755

http://www.angewandte.org


From Figure 6 it is clear that the effect of the template is
similar in both cases, which indicates the presence of
autocatalytic and cross-catalytic reaction channels. This find-
ing could be confirmed by kinetic modeling and fitting both

data sets simultaneously to the model shown in Figure 7. The
ratio of the association constants of the template duplexes
(K2 hetero/K2 homo� 2) suggests that homochiral and heterochi-
ral duplexes are nearly equally populated.

The limited structural and dynamic complexity of our
replication system led us to the question of whether computa-
tional chemistry could help to explain the kinetic data on the
base of an energy profile. We took the following approach: a
conformational search of the noncomplexed template at the
MMFF94 level followed by further refinement at the B3LYP/
6-31G* level led to two conformational families, NNN and
NNX,[12] which differed in the orientation of the carboxy
group relative to the C�C double bond.

Formation of template duplexes requires the units of
recognition to be in a specific orientation, coaligned in the
same direction. Considering that each of these template
conformations can exist in both enantiomeric forms, we
systematically constructed the six possible duplexes by
manual docking and energy refinement at MMFF94, PM3,
and B3LYP/6-31G* levels, successively. As expected,
duplexes arising from inner-family combinations were found
to be centrosymmetric in the heterochiral case and to have
rotational symmetry in the homochiral case. The lowest-
energy duplex has the conformation that was found in the
crystal structure of 6b. Transition states were derived from a
transition-state search of the model reaction between N-
methylmaleimide and 5-methyl-1,3-cyclohexadiene; all
atoms, except those of the methyl groups, were frozen and
the skeleton of frozen atoms were inserted into the respective
position of the corresponding duplex. Geometry optimization
of the nonfrozen atoms was carried out at the B3LYP/6-61G*
level. The termolecular complexes were derived from the
transition states by relaxation after unfreezing. Figure 8 shows
the result of our computational study. For the case of the
nontemplated reactions, we were able to find the true
transition states. These are greater than 6 kcalmol�1 below

the approximated counterparts in Figure 8. We observed that
the energy difference between the respective conformations is
similar to their counterparts in the approximated transition
states with frozen atoms. Therefore, we trust the approxi-
mated transition states.

The largest energy differences between autocatalytic and
cross-catalytic pathways were found at the level of transition
states and template duplexes. Interestingly, transition-state
stabilization by weak bifurcating hydrogen bonds (approx-
imately �1.5 kcalmol�1) leads to the lowest-energy confor-
mations only in the autocatalytic cases. For the cross-catalytic
cases the effect is counterbalanced by repulsive and/or
dihedral distortion, which leads to a less optimal geometry
at the recognition sites. The cross-catalytic pathway shows the
lowest enthalpy of activation. There is always a clear
enthalpic preference of termolecular complexes over the
respective template duplexes. Further work on the temper-

Figure 6. Profiles of concentration over time for the reaction of male-
imide 5a with: a) diene (R)-4 to give (R)-6a (the gray line demon-
strates product formation without any template added initially);
b) diene (S)-4 to give (S)-6a, both with 10% of template (R)-6a added
initially (CDCl3, 293 K, 15 mm). The first four hours of the reaction
time were analyzed.

Figure 7. Full model that considers the complexes participating in the
reaction (CDCl3, 293 K, 15 mm), which results from a distinction
between the diene enantiomers (A=diene 4, B=maleimide 5a,
C= template 6a). RMS=1.44%.
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ature dependence of rates and equilibria in a slightly modified
self-replicating system has revealed evidence that the above
enthalpic preference is not overcompensated by the respec-
tive entropy differences.[13]

In summary, our re-evaluation of the Wang–Sutherland
replicator with simplified variants reveals that the exponen-
tial dynamics arise from conformational constraints. Whereas
the termolecular complexes offer enough freedom for an

optimal docking of the reactants with the template, template
duplexes are conformationally restricted in their finding of an
optimal orientation of the recognition units. A similar ration-
ale was reported to explain the nearly exponential growth of a
peptide replicator.[14] Our replicator theory predicts that for
systems with a negligible background channel, the question of
parabolic versus exponential growth is solely answerable by
the stabilities of the ground-state and not the transition-state
complexes involved.[2] Further cases are needed to prove that
exponential growth can be literally designed by taking into
account the conformational control of ground states. If this
recipe can be generalized, it could open a door to a field that
may be termed “systems chemistry”, namely, the design of
prespecified dynamic behavior.
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The transformation of lower alkanes into higher homologues
is still a great challenge in chemistry.[1–3] A highly electrophilic

tantalum hydride supported on silica, [(�SiO)2TaH], catalyt-
ically transforms a given alkane into its higher and lower
homologues—an alkane metathesis reaction.[4,5] This reaction
involves selective cleavage and formation of carbon–carbon
bonds; for example, propane metathesis selectively gives
ethane (45–50%) and butanes (30–35%) along with methane
and minor amounts of higher alkanes. Moreover, it is possible
to catalyze the reverse reaction, which allows methane to be
incorporated into higher alkanes.[6] Similarly, the cross-meta-
thesis of ethane and toluene is also catalyzed by
[(�SiO)2TaH].[7] With [(�SiO)Ta(=CHtBu)(CH2tBu)2] as a
catalyst precursor,[8] the ratio of cross-metathesis products
and the selectivity in higher alkanes led us to propose that the
key step in alkane metathesis involves metallocarbenes and
metallacyclobutane intermediates as is the case with olefin
metathesis.[9,10]

This discovery led us to investigate the use of Group 6
metals, particularly W, which play a central role in olefin
metathesis.[11] By using surface organometallic chemistry
(SOMC), the goal of which is to enter directly into the
catalytic cycle via reaction intermediates,[12] several attempts
have been directed at generating well-defined tungsten
carbene complexes on oxide surfaces by grafting
[W(�CtBu)(X)3] (X=Cl, OtBu, CH2tBu). It was proposed
that metallocarbenes were formed on the basis of their
activity in olefin metathesis.[13–15] In fact, we have recently
shown that the reaction of [W(�CtBu)(CH2tBu)3] (1) with
partially dehydroxylated silica (PDS) at 700 8C generates the
corresponding supported metallocarbyne [(�SiO)W(�CtBu)-
(CH2tBu)2]PDS (2) instead of a metallocarbene.

[16] Although
highly active in olefin metathesis and highly electrophilic
(formal 12-electron species),[13–15] this complex and the
corresponding hydride displayed little to no activity in
alkane metathesis.[4, 5] Therefore, we decided to generate
more electrophilic centers by preparing the corresponding W
alkyl and hydride on partially dehydroxylated alumina
(PDA).[17–23] Herein, we report the grafting and character-
ization of 1 on alumina, the preparation of the corresponding
hydride, and their respective activity in alkane metathesis.
Grafting of 1 was performed typically by heating a

mixture containing an excess of 1 (0.40 mmol per gram of
alumina) and Al2O3-(500) at 66 8C to provide solid 1–Al2O3.
Excess molecular complex was removed by washing the solid
with pentane (3 cycles), and the final solid was dried under
vacuum. A yellow solid was obtained, which was fully
characterized by IR and NMR spectroscopy as well as
elemental and chemical analysis. During grafting, 0.9 equiv-
alents of 2,2-dimethylpropane/W was formed, and the
W loading of the resulting solid was 3.8–4.7 wt% (0.20–
0.26 mmolWg�1). The reaction with surface hydroxy groups
was only partial, as revealed by IR spectroscopy (presence of
residual hydroxy groups; see Figure 1b). Carbon elemental
analysis data (3.6–4.6 wt%) corresponded to 14.3–14.8 C/W,
and the reaction of the solid with excess H2 at 150 8C for 15 h
gave a mixture of CH4 (13.7–14.7 CH4/W) and C2H6 (0.3–0.4
C2H6/W), corresponding to 14.3–15.5 C/W. Both results are
consistent with about 2.9� 0.15 neopentyl-like ligands per
Watom for 1-Al2O3. Therefore, the surface complex has the
following average structure: [(AlsO)W(�CtBu)(CH2tBu)2] (2,
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Scheme 1). The solid-state magic-angle spinning (MAS)
1H NMR spectrum exhibits only one broad signal at d=

1.0 ppm, whereas the solid-state cross-polarization (CP)/
MAS 13C NMR spectrum of the 13C-enriched complex,

selectively labeled on the carbon atom bonded to the metal,
displays the following features (Supporting Information): a
broad and weak signal at d= 318 ppm, a broad intense signal
at d= 85 ppm with a shoulder at d= 103 ppm, several signals
around d= 52 ppm, and a signal at d= 32 ppm with a shoulder
at d= 29 ppm. The signal at d= 318 ppm is consistent with a
neopentylidyne ligand.[16] The two broad signals at d= 85 and
103 ppm are attributed to different types of methylene carbon
atoms (CH2tBu), probably associated with the heterogeneity
of alumina and possibly with the presence of neutral and
cationic W surface complexes.[22,23] The signals at d= 52 and
32 ppm, already observed on silica materials, have been
assigned respectively to the quaternary carbon atoms of the
neopentylidyne group and to the methyl groups of the various
tBu groups.[16] The shoulder at d= 29 ppm, not
observed on other supports, may correspond to
the presence of small amounts of [(Al�
CH2tBu)

�] fragments. This species would
result from the reaction of a neopentyl group
with an adjacent Lewis acidic Al site, as
already proposed.[22,23] The data are therefore
consistent with an average struc-
ture formulated as [(AlsO)W(�CtBu)-
(CH2tBu)2]PDA, which corresponds to a mixture
of a neutral complex 2a as the probable major
species (d= 85–95 ppm), along with the possi-
ble minor cationic or partially cationic surface
complexes 2b and 2c (d= 95–110 ppm).[17–23]

Whereas the neutral complex 2a arises from
the reaction of 1 with the hydroxy groups of
alumina, the partially and fully cationic surface
complexes 2b and 2c would have been formed
by the interaction/reaction of 2a with a neighboring Lewis
acidic site; the latter complex is consistent with the formation
of a small amount of [(Als�CH2tBu)�] (as revealed by a

shoulder at d= 29 ppm in the 13C NMR spectrum).[22,23] The
structure was further confirmed by extended X-ray absorp-
tion fine structure (EXAFS) data (Table 1 and Supporting
Information), and is consistent with the following coordina-

tion sphere aroundW: 1) about one carbon (1.773 E) and one
oxygen (1.862 E) atom, the distances of which are consistent
with a carbynic carbon atom[24–28] and s-bonded OAls,
respectively;[25] 2) two carbon atom neighbors at a greater
distance (2.110 E) assigned to two neopentyl ligands;[28,29]

3) two carbon atoms at 3.314 E, assigned to the two quater-
nary carbon atoms of the neopentyl ligands; and 4) a carbon
atom at 3.323 E, corresponding to the quaternary carbon
atoms of the neopentylidyne ligand.
The preparation of the corresponding hydride was then

investigated. Heating of 2 under H2 for 15 h at 150 8C caused
the pale yellow solid to turn brown. Monitoring by IR
spectroscopy (Figure 1) shows the disappearance of 95% of

the bands associated with n(C�H) and d(C�H), as well as
consumption of some residual AlOH, while two large bands
appear at 1903 and 1804 cm�1. The latter are readily
exchanged under D2 to generate the corresponding W�D
bands at 1388 and 1293 cm�1. After this D2 treatment, a weak
band at 1930 cm�1 remains unexchanged and is assigned to
n(Al�H).[30] Solid-state NMR and ESR spectroscopy on this
alumina-supported tungsten hydride 3 provided no further
information.[31] Moreover, no particles were detected in the
transmission electronmicroscopy (TEM) image, in contrast to
what is observed on silica, which shows that the migration of
Watoms (sintering) is prevented on alumina. These data are

Scheme 1. Grafting of molecular complex 1 on Al2O3-(500) to give 2.

Table 1: EXAFS parameters for solid 2 (R factor 1=10%).

Neighboring
atom of W (bold)

Number
of atoms

Distance
[H]

Debye–Waller
factor [H]

�CCMe3 1.1 1.773 0.0411
OAls 1.1 1.862 0.0623
CH2tBu 2.1 2.110 0.0724
CH2CMe3 2.0 3.314 0.0882
�CCMe3 1.0 3.323 0.0917

Figure 1. a) Monitoring the reaction of [W(�CtBu)(CH2tBu)3] and Al2O3-(500) (100 mg) by
IR spectroscopy; 1) Al2O3-(500), 2) [W(�CtBu)(CH2tBu)3]/Al2O3-(500), 3) after treatment
under H2 at 150 8C for 15 h. b) Spectrum (1) subtracted from spectrum (3).
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therefore consistent with the presence of isolated Watoms
grafted to the surface through covalent AlsO�W bonds. The
formation of the final species probably involves the reaction
of WH with adjacent Al�O�Al bridges or AlOH species
(Scheme 2). The former generates AlH, as observed in the

formation of other hydrides,[32–35] and the latter is consistent
with partial consumption of AlOH. As the formation of WH
species is accompanied by the formation of AlH and the
consumption of AlOH, we propose this WH species to be the
bis-aluminoxy tungsten hydride 3, but further work will be
necessary to propose a definitive structure.
The activity of species 2 and 3 is noteworthy. In contrast to

the W complex supported on silica, 2 is active in the
metathesis of propane under our standard conditions (Sup-
porting Information). The initial rate is 1.8 molpropane
mol�1W h

�1, which is slightly lower than that of [(SiO)Ta
(=CHtBu)(CH2tBu)2] (3.0 molpropane mol

�1
Ta h

�1, turnover
number (TON)= 35 molpropane mol�1Ta at 120 h), but the
TONs after 120 h are similar, which indicates that deactiva-
tion of this catalyst is slower (Table 2).[9] Under similar
conditions, the initial rate (8–9 molpropane mol�1W h

�1) and
the TON (120 molpropane mol�1W ) after 120 h for tungsten
hydride 3 are higher than those obtained with the best Ta-
based catalysts. For example, the initial rate and TON at 120 h

for [(�SiO)2TaH] are 3–4 molpropane mol�1Ta h
�1 and

60 molpropane mol�1Ta under the same experimental condi-
tions. To understand the origin of this beneficial effect,
alumina-supported tantalum hydride 4 was prepared (Sup-
porting Information). However, its activity is similar to that of
[(�SiO)2TaH] (for 4 : initial rate= 2.5 molpropane mol�1Ta h�1
and TON= 60 molpropane mol�1Ta). Thus, W is indeed the key
to the improved activity in alkane metathesis.
The product selectivities are also noteworthy (Table 2).

As observed for Ta, linear alkanes are favored over branched
alkanes, and the selectivities for higher homologues are as
follows: Cn+1>Cn+2@Cn+3. These selectivities are fully con-
sistent with the model proposed earlier (Scheme 3),[9, 10] which

is based on olefin metathesis intermediates and predicts that
the favored pathway for the formation of higher homologues
involves a 1,3-disubstituted metallacyclobutane rather than a
1,2-disubstituted one, as proposed in olefin metathesis.[36] The
higher selectivity of linear over branched compounds is also
consistent with this model, as the latter would involve the less-
reactive disubstituted carbenes. The major difference
between the Ta and the W catalysts is that the selectivity for
methane is less than 3% (after 120 h) for the W-based
catalysts 2 and 3, whereas it is about 10% for the correspond-
ing Ta-supported catalysts, which is consistent with the
greater hydrogenolysis capability of Ta.
In conclusion, we have shown that organo- and hydrido-

tungsten surface complexes (2 and 3, respectively) supported
on alumina catalyze the metathesis of propane. Tungsten

hydride 3 has an overall turnover
number of 120 mol propane mol�1W ,
which is much higher than that of
the best known Ta system, that is,
tantalum hydrides supported on
silica or alumina. This significant
improvement in activity probably
reflects the difference between the
intrinsic properties of W and those
of Ta. Interestingly, in olefin meta-
thesis, the same trend is observed
(W-based are much better than Ta-
based homogeneous catalysts
because of the instability of tanta-
lacyclobutanes).[28,37] These data
corroborate what we observed
and proposed earlier: alkane meta-

Scheme 2. Proposed structure of 3 on Al2O3-(500) (x=1–3 ; y=1–3).

Table 2: Propanemetathesis: comparison of the activity (TON) and the product selectivities of tungsten
and tantalum perhydrocarbyl species on oxide and their corresponding hydrides after 120 h of reaction
in a batch reactor (see Supporting Information).

Precatalysts TON[a] Product selectivity [%][b]

Methane Ethane Butanes[c] Pentanes[d] Hexanes[e]

[(�SiO)Ta(=CHtBu)(CH2tBu)2] 35 (5.8) 12.8 47.7 22.8/10.4 3.5/2.5 0.9
[(�SiO)2TaH] 60 (6.1) 10.0 46.0 30.6/6.0 4.8/2.2 0.4
[(�SiO)W(�CtBu)(CH2tBu)2] 0 (0) – – – – –
[WH/SiO2] 8 (1.2) 5.7 56.0 29.0/2.8 5.1/1.4 n.d.[f ]

[(AlsO)W(�CtBu)(CH2tBu)2] (2) 28 (3.2) 2.7 65.4 20.7/2.9 5.3/1.5 1.5
[WH/Al2O3] (3) 121 (18) 2.4 57.3 28.9/3.7 5.0/1.3 1.4
[TaH/Al2O3] (4) 60 (8.2) 9.5 47.6 32.6/3.8 5.0/1.1 0.4

[a] TON (turnover number) is expressed in moles of propane transformed per mole of metal (Ta, W).
The values in parentheses are conversions after 120 h. [b] The selectivities are defined as the amount of
product i over the total amount of products; they do not significantly change with time and conversion.
[c] C4/iC4. [d] C5/iC5. [e] Selectivity for the sum of all C6 isomers. [f ] Not determined.

Scheme 3. Model for product selectivities in alkane metathesis. R1= tBu,
R2=H; R1=Et, R2=H; R1=Me, R2=Me.
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thesis proceeds via carbene and metallacyclobutane inter-
mediates.[9,10,38]

Experimental Section
Representative procedure for grafting 1 on Al2O3: An excess of 1
(311 mg, 0.66 mmol, 1.1 equiv) and Al2O3-(500) (1.8 g) were stirred at
66 8C for 4 h. All volatile compounds were condensed into another
reactor (of known volume) to quantify 2,2-dimethylpropane evolved
during grafting. GC analysis indicated the formation of 0.21�
0.05 mmol of 2,2-dimethylpropane (0.9� 0.1 CH3tBu/W). Pentane
(10 mL) was introduced into the reactor by distillation, and the solid
was washed three times. After evaporation of the solvent, the
resulting light brown powder was dried under vacuum to yield 2.

Preparation of 3 : Solid 2 was heated at 150 8C in the presence of a
large excess of anhydrous H2 (77 kPa). After 15 h, the gaseous
products were quantified by GC, and the resulting solids were
obtained after evacuating the gas phase for 15 min.

General procedure for propane metathesis: In a glove box, the
solid was introduced into a batch reactor (of known volume). After
evacuation of Ar, dry propane was added, and the reaction mixture
was heated at 150 8C. To monitor the reaction, aliquots were
expanded in a small volume, brought to atmospheric pressure, and
analyzed by GC (see Supporting Information for experimental
details).
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1,5-Lactamized Sialyl Acceptors for Various
Disialoside Syntheses: Novel Method for the
Synthesis of Glycan Portions of Hp-s6 and
HLG-2 Gangliosides**

Hiromune Ando,* Yusuke Koike, Sachiko Koizumi,
Hideharu Ishida, and Makoto Kiso*

The ongoing studies on oligosaccharide synthesis have
resulted in the development of precise synthetic methods by
which a large portion of the complex natural oligosaccharides
can be duplicated.[1] Although the synthesis of the sequence
Neu5Aca(2!8)Neu5Ac (a(2!8)disialic acid; Neu5Ac=N-
acetylneuraminic acid) has been a major difficulty, the
emergence of several exquisite methods[2] that employ
indirect coupling by using a C3-functionalized N-acetyl
sialyl donor and direct coupling by using an N-trifluoroacetyl
(TFAc)-protected sialic acid donor with the help of the nitrile
solvent effect have paved the way for the successful synthesis
of a(2!8)disialic acid containing oligosaccharides, such as
those with GD3[2c] and GQ1b[3] glycan portions. However, it is
obvious that the synthesis of new congeners of disialic acid,
such as 8-O-sulfo-Neu5Aca(2!8)Neu5Ac in ganglioside Hp-
s6[4] and Neu5Gca(2!4)Neu5Ac in ganglioside HLG-2[5]

(Scheme 1), is still difficult because of the diverse modifica-
tions possible at the functionality level. On the basis of the
predicted biological functions of the disialic acid congener
containing oligosaccharides relevant to functions such as
neural network formation and fertilization, the establishment
of an expedient synthetic method that includes the entire
disialic acid family seems essential not only for the progress of
glycochemistry but also for studying in detail the molecular

basis underlying the biological functions of these compounds.
In this study, we report a novel synthetic method for the
synthesis of disialic acid congener containing glycans that uses
highly reactive lactamized sialyl acceptors and an N-2,2,2-
trichloroethoxycarbonyl (Troc)-protected sialyl donor.

Recently, we reported an N-Troc-protected sialyl donor
(N-Troc donor 1) that shows elevated reactivity and a high
degree of accessibility for various sialic acid congeners such as
N-glycolylneuraminic acid (Neu5Gc), 8-O-sulfo-Neu5Ac, and
1,5-lactam-Neu.[6] Initially, we anticipated that use of the N-
Troc donor would enable the design of HLG-2 and Hp-s6
glycan sequences in an expedient manner. However, as
depicted in Scheme 2, the results of the condensations with
4-OH and 8-OH sialyl acceptors, 2 and 3, respectively, did not
meet expectations with regard to yields and stereoselectivity.
Even in the case of 2, which showed the relatively higher
reactivity, a-disialyl glycoside was obtained in less than 5%.
We hypothesized that the poor results were mainly due to
unfavorable hydrogen bonding with the amide moiety at C5,
as proposed previously by Tsvetkov and Schmidt.[7] This
hypothesis was the basis of the idea that the conformational
transformation from the 2C5 chair form to the fixed boat form
with the 1,5-lactam bridge would result in increased reactivity
of both the C4- and C8-hydroxy groups.[8]

To form the 1,5-lactam bridge in the sialoside, the
previously reported N-TFAc-sialic acid derivative 6[9] was
used as the key precursor (Scheme 3). After the coupling
reaction of 6 and tribenzylated glucosyl acceptor 7, the
resulting sialyl-a(2!6)Glc disaccharide, 8, was subjected to
1,5-lactamization. First, we attempted a carbodiimide-medi-
ated intramolecular amide formation after the complete
deacylation and saponification of 8, but this reaction yielded a
complex mixture. The optimum yield was obtained when 8
was treated with methanolic sodium methoxide in the
presence of Drierite under reflux to provide the 1,5-lactam-
sialyl glucoside 9 in 85% yield; through regioselective
benzoylation of the C9-hydroxy group of 9 with benzoyl
chloride and pyridine, under kinetic control, triol acceptor 10
was produced. For the synthesis of the 8-hydroxy-1,5-lacta-

Scheme 1. Structures of novel disialyl gangliosides Hp-s6 and HLG-2.
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mized sialyl acceptor, 8,9-O-benzylidenation was required
prior to the lactamization because 8,9-O-acetalization of the
lactamized derivative was unsuccessful. Thus, compound 6
was de-O-acetylated and this was followed by the conven-
tional 8,9-O-bezylidenation with benzaldehyde dimethyl
acetal and camphorsulfonic acid to produce 11, which was
then subjected to the one-pot 1,5-lactam formation men-
tioned earlier to yield bicyclo-sialoside 12 in 89% yield. Next,
12 was completely acetylated with Ac2O in the presence of
pyridine and the product was successively de-N-acetylated
with hydrazinium acetate in a chemoselective manner to
produce compound 14. Finally, reductive ring opening of the
benzylidene acetal moiety, influenced by BH3·NMe3 and
AlCl3 in THF,[10] produced the 8-OH lactam acceptor 15.

Next, we carried out the glycosylation of the
lactam acceptors 10 and 15 with N-Troc- and N-
TFAc-sialyl donors to evaluate their properties as
glycosyl acceptors (Scheme 4). First, the triol
acceptor 10 was treated with N-Troc donor 1 in the
presence of NIS, TfOH, and a molecular sieve in
EtCN[11] at �40 8C to provide the Neua(2!4)Neua-
(2!6)Glc sequence 17, along with the correspond-
ing b isomer. The anomeric configuration of the new
ketosidic linkage was determined on the basis of
previous reports[12] by measuring the long-range
3JC1,H3ax coupling constants. For compound 17 this
coupling constant was 5.4 Hz, whereas for the
b isomer it was less than 1.0 Hz, a fact indicating
that the amomeric configuration of 17 was a.
Similarly, the coupling reaction with the N-TFAc
donor 6 and the complete acetylation that followed
yielded the corresponding Neua(2!4)Neua(2!
6)Glc sequence 17 in 41% yield, along with the
b isomer (10%) and the Neu(2!8){[Neu(2!4)]
Neua}(2!6)Glc sequences as an anomeric mixture
(8%).

Next, we attempted to fashion the purest form of
Neua(2!8)Neu sequence (Scheme 4). As initially expected,
the glycosylation reactions of the lactam acceptor 15 with N-
Troc and N-TFAc donors (1 and 6) yielded the corresponding
Neua(2!8)Neu sequences. Thus, N-Troc donor 1 and N-
TFAc donor 6 were incorporated, in the presence of NIS,
TfOH, and a molecular sieve in EtCN, at �80 8C to yield
a(2!8)disialosides 18 and 19 in 49 and 71% yield, respec-
tively; no corresponding b form was generated in either
event. To the best of our knowledge, the yield of addition to
the C8-hydroxy group of sialic acid (71%) during the
sialylation process was the highest value obtained by direct
coupling methods[2] In keeping with the results of the previous
experiments, the anomeric configuration of the new linkages
was determined to be a from 3JC1,H3ax coupling constants that

Scheme 2. Unsuccessful sialylation to 4-OH and 8-OH sialyl acceptors. Bn=benzyl,
MS=molecular sieves, NIS=N-iodosuccinimide, SE=2-(trimethylsilyl)ethyl, TfOH= tri-
fluoromethanesulfonic acid.

Scheme 3. a) 7, NIS, TfOH, CH3CN/CH2Cl2, MS (3H), �30 8C, 5 min, 74%; b) NaOMe, MeOH, Drierite, reflux, 44 h, 85%; c) BzCl, py/CH2Cl2,
�40 8C, 90 min, 79%; d) NaOMe, MeOH, room temperature, 29 h; e) PhC(OMe)2, CSA, DMF, 40 8C, 2 h, 88% (2 steps); f) NaOMe, MeOH,
Drierite, reflux, 5 d, 89%; g) Ac2O, py, DMAP, room temperature, 3 h; h) NH2NH2·AcOH, THF, room temperature, 80 min, 94% (2 steps);
i) BH3·NMe3, AlCl3, THF, MS (4H), 0 8C!RT, 6 h, 74%. Bz=benzoyl, CSA= (� )-10-camphorsulfonic acid, DMF=N,N-dimethylformamide,
DMAP=4-dimethylaminopyridine, py=pyridine, THF= tetrahydrofuran.
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ranged from 6.7 to 6.9 Hz. Furthermore, the phenylsulfenyl
group at the bridgehead anomeric center of acceptor 15
remained unaffected during the coupling reactions. This result
confirmed our initial hypothesis, based on BredtCs rule,
suggesting the basis of a novel method for the complete
deactivation of a sialyl donor.

On the basis of the results obtained with regard to the
performance of 1,5-lactamized sialic acid acceptors 10 and 15
in the sialylation reactions, we focused on the synthesis of the
glycan portions of HLG-2 and Hp-s6 gangliosides of 16 and
18, respectively, in order to demonstrate the practical efficacy
of the synergic strategy for synthesizing variant disialosides
from the 1,5-lactam-sialyl acceptor and N-Troc-sialyl donor.

In the initial stages of the synthesis of the HLG-2 glycan
portion (Scheme 5), the trisaccharide 16 was O-acetylated to
provide 20, to which the N-glycolyl moiety was introduced by
our reported method,[6] thereby providing 21 in a relatively
high yield (66% from 16). Next, we attempted to recover the
2C5 conformation of the inner sialic acid unit. The following
reaction sequences supplied HLG-2 glycan frame 23 in a high
yield: N-benzyloxycarbonylation, basic hydrolysis, and ensu-
ing methylation of the carboxy group. Debenzylation and
acetylation to replaced the Cbz group of 23 by the acetyl
group and full deprotection of the product 24 yielded the
HLG-2 glycan structure 25.

In the case of the Hp-s6 glycan frame, the “locked-up”
phenylsulfenyl group at the bridgehead carbon atom of 18was
converted into an active state in the initial stages (Scheme 6).
To be precise, the reaction sequences mentioned earlier
yielded 2C5 conformer 27 in 62% overall yield. For the
purpose of 8-O-sulfonylation in the final stages of the
synthesis, 27 was further transformed into the 8-hydroxy
derivative 28 by our regioselective acetyl-transfer method,[6]

and the C8 hydroxy group was capped with a levulinoyl group

to produce high yields (89%) of the suitably protected disialic
acid donor 29 in two steps. Compound 29 was then treated
with glucosyl acceptor 7, influenced by the NIS/TfOH
activator system in EtCN at �80!�60 8C, to provide Neua-
(2!8)Neua(2!6)Glc sequence 30 in 66% yield, predom-
inantly in the a configuration. Next, replacement of the Cbz
and benzyl groups of trisaccharide 30 by the acetyl group,
followed by chemoselective deblocking of the levulinoyl
group with hydrazinium acetate[13] and sulfonylation with
SO3·pyridine resulted in the formation of a completely
protected Hp-s6 glycan frame, 33.[14] The 1H NMR signal for
the C8 proton of the outer sialic acid appeared in compound
33 at lower magnetic field (d= 4.92 ppm) than in compound
32 (d= 4.22 ppm), and the heteronuclear multiple-bond
coherence (HMBC) spectrum of compound 33 contained
cross-coupling signals between carbonyl carbon atoms of
acetyl groups at C7 and C9, and H7 (d= 5.40 ppm) and H9

Scheme 4. a) 1 (2.0 equiv), NIS (3.0 equiv), TfOH (0.3 equiv), EtCN, MS (3H),
�40 8C, 6 h, 84% (a/b 66:18); b) 1. 6 (2.0 equiv), NIS, TfOH, EtCN, MS (3H),
�40 8C, 6 h; 2. Ac2O, py, DMAP, 40 8C, 17 h, 51%; c) 1 (3.0 equiv), NIS, TfOH,
EtCN, MS (3H), �80 8C, 5 h, 49% (a only); d) 6 (3.0 equiv), NIS, TfOH, EtCN,
MS (3H), �80 8C, 3 h, 71% (a only).

Scheme 5. a) Ac2O, py, room temperature, 10 h, 89%; b) 1. Zn, AcOH,
room temperature, 2 h; 2. BnOAcCl, THF, room temperature, 1 h, 74%
(2 steps); c) Cbz2O, DMAP, py, 40 8C, 26 h, 95%; d) 1. Et3N, H2O/
CH3CN, room temperature, 2 d; 2. MeI, K2CO3, DMF, room temper-
ature, 30 min, 74% (2 steps); e) 1. H2, 10% Pd(OH)2/C, NH3, EtOH,
room temperature, 2 h; 2. AcCl, room temperature, 1 h, 68%
(2 steps); f) 1. H2, 10% Pd(OH)2/C, EtOH; 2. Ac2O, py, room temper-
ature, 54% (2 steps). Cbz=benzyloxycarbonyl.
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(d= 4.19 ppm). Thereby, the installation of the sulfonyl group
on the C8-hydroxy group was determined.

In conclusion, we have discovered that 1,5-lactam bridg-
ing in sialic acid endows high reactivity to the C4- and C8-
hydroxy groups, thereby leading to the supply of a(2!4)- and
a(2!8)disialic acid sequences in high yields. Furthermore,
the practical efficacy of the synergic synthetic approach
toward diverse disialic acid containing oligosaccharides,

based on the N-Troc donor and the lactamized acceptors as
the main units, has been demonstrated by the novel method
for the synthesis of the HLG-2 and Hp-s6 glycan chains. On
the basis of these results, we are now investigating the
synthesis of a(2!8)-linked oligosialic acids.

Received: May 11, 2005
Revised: July 13, 2005
Published online: September 27, 2005

.Keywords: gangliosides · glycosylation · lactams · sialic acids

[1] Selected reviews: a) H. Herzner, T. Reipen, M. Schultz, H.
Kuntz, Chem. Rev. 2000, 100, 4495 – 4537; b) K. C. Nicolaou,
H. J. Mitchell, Angew. Chem. 2001, 113, 1624 – 1672; Angew.
Chem. Int. Ed. 2001, 40, 1576 – 1624; selected papers on
oligosaccharide synthesis: c) H. Yoshizaki, N. Fukuda, K. Sato,
M. Oikawa, K. Fukase, Y. Suda, S. Kusumoto, Angew. Chem.
2001, 113, 1523 – 1528; Angew. Chem. Int. Ed. 2001, 40, 1475 –
1480; d) I. Matsuo, M. Wada, S. Manabe, Y. Yamaguchi, K.
Ohtake, K. Kato, Y. Ito, J. Am. Chem. Soc. 2003, 125, 3402 –
3403; e) K. Hori, N. Sawada, H. Ando, H. Ishida, M. Kiso, Eur. J.
Org. Chem. 2003, 3752 – 3760; f) P. Wang, Y.-J. Kim, M. Navarro-
Villalobos, B. D. Rohde, D. Gin, J. Am. Chem. Soc. 2005, 127,
3256 – 3257.

[2] a) Review: G.-J. Boons, A. V. Demchenko,Chem. Rev. 2000, 100,
4539 – 4565; leading articles on sialyl-a(2!8)sialoside synthesis:
b) K. Okamoto, T. Kondo, T. Goto, Tetrahedron Lett. 1986, 27,
5229 – 5232; c) Y. Ito, M. Numata, M. Sugimoto, T. Ogawa, J.
Am. Chem. Soc. 1989, 111, 8508 – 8510; d) J. C. Castro-Palomino,
Y. E. Tsvetkov, R. R. Schmidt, J. Am. Chem. Soc. 1998, 120,
5434 – 5440; e) A. V. Demchenko, G.-J. Boons, Chem. Eur. J.
1999, 5, 1278 – 1283; f) C. De Meo, A. V. Demchenko, G.-J.
Boons, J. Org. Chem. 2001, 66, 5490 – 5497.

[3] Y. Ito, S. Numata, S. Shibayama, T. Ogawa, J. Org. Chem. 1992,
57, 1821 – 1831.

[4] T. Ijuin, K. Kitajima, Y. Song, S. Kitazume, S. Inoue, S. T.
Haslam, H. R. Morris, A. Dell, Y. Inoue, Glycoconjugate J. 1996,
13, 401 – 413.

[5] K. Yamada, R. Matsubara, M. Kaneko, T. Miyamoto, R.
Higuchi, Chem. Pharm. Bull. 2001, 49, 447 – 452.

[6] H. Ando, Y. Koike, H. Ishida, M. Kiso, Tetrahedron Lett. 2003,
44, 6883 – 6886.

[7] Y. E. Tsvetkov, R. R. Schmidt, Tetrahedron Lett. 1994, 35, 8583 –
8586.

[8] SchmidtCs group first disclosed the idea of conformational
change of the sialyl acceptor to enhance the reactivity of the
C8-hydroxy group. They exploited the 1,7-lactonated sialyl
acceptor for 8-O-sialylation but obtained mainly b-disialoside.
See reference [7].

[9] S. Komba, C. Glalustian, H. Ishida, T. Feizi, R. Kannagi, M. Kiso,
Angew. Chem. 1999, 111, 1203 – 1206; Angew. Chem. Int. Ed.
1999, 38, 1131 – 1133.

[10] M. Ek, P. J. Garegg, H. Hultberg, S. Oscarson, J. Carbohydr.
Chem. 1983, 2, 305 – 311.

[11] a) T. Murase, H. Ishida, M. Kiso, A. Hasegawa, Carbohydr. Res.
1988, 184, c1 – c4; b) A. Hasegawa, T. Nagahama, H. Ohki, K.
Hotta, H. Ishida, M. Kiso, J. Carbohydr. Chem. 1991, 10, 493 –
498.

[12] a) H. Hori, T. Nakajima, Y. Nishida, H. Ohrui, H. Meguro,
Tetrahedron Lett. 1988, 29, 6317 – 6320; b) J. Haverlamp, T.
Spoormaker, L. Dorland, J. F. G. Vliegenthart, R. Shauer, J. Am.
Chem. Soc. 1979, 101, 4851 – 4853; c) S. Prytulla, J. Lauterwein,
M. Klessinger, J. Thiem, Carbohydr. Res. 1991, 215, 345 – 349.

Scheme 6. a) CbzOSu, DMAP, py, room temperature, 42 h, 79%;
b) 1. Et3N, H2O/CH3CN, 40 8C, 45 h; 2. MeI, K2CO3, DMF, room
temperature, 3 h, 79% (2 steps); c) Zn, AcOH, THF, room temper-
ature, 28 h, 94%; d) LevOH, DCC, DMAP, CH2Cl2, room temperature,
2 h, 95%; e) 7, NIS, TfOH, EtCN, MS (3H), �80!�60 8C, 4 d, 66%;
f) 1. H2, 10% Pd(OH)2/C, NH3, EtOH, room temperature, 1 h;
2. Ac2O, py, room temperature, 30 min; 3. H2, 10% Pd(OH)2/C, EtOH,
40 8C, 3 h; 4. Ac2O, py, room temperature, 12 h, 86% (4 steps);
g) NH2NH2·AcOH, EtOH, room temperature, 6 h, 90%; h) SO3·py, py,
room temperature, 7 h, 65%. Lev= levulinoyl=4-oxopentanoyl, Su=
succinimidyl, DCC=N,N’-dicyclohexyl carbodiimide.

Communications

6762 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6759 –6763

http://www.angewandte.org


[13] J. H. van Boom, P. M. J. Burgers, Tetrahedron Lett. 1976, 4875 –
4878.

[14] FuruhataCs group first reported the 8-O-sulfonylation of neu-
raminic acid. They also confirmed that no migration or cleavage
of the sulfonyl group at the C8-hydroxy group had occurred
during the full deacylation and saponification process: M.
Tanaka, T. Kai, X.-L. Sun, H. Takayanagi, K. Furuhata, Chem.
Pharm. Bull. 1995, 43, 2095 – 2098.

Angewandte
Chemie

6763Angew. Chem. Int. Ed. 2005, 44, 6759 –6763 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Corrole Derivatives

DOI: 10.1002/anie.200502335

Synthesis of Corrole Derivatives through
Regioselective Ir-Catalyzed Direct Borylation**

Satoru Hiroto, Ichiro Hisaki, Hiroshi Shinokubo,* and
Atsuhiro Osuka*

Corroles are 18-p-aromatic tetrapyrrolic macrocycles that
contain a direct pyrrole–pyrrole linkage, that exhibit inter-
esting optical properties and unique metal-coordination
chemistry, and serve as excellent ligands for oxidation
catalysis.[1] Although covalently linked multiporphyrinic mol-
ecules have received much attention from the viewpoint of
the development of novel functional materials and molecular
devices,[2] the synthesis of molecular assemblies based on
corroles has remained rather limited owing to the lack of
effective synthetic strategies for their regioselective modifi-
cation.[3] Thus, considerable efforts have been made to
develop selective methods that allow the effective function-
alization of corroles. However, electrophilic substitution of
corroles can occur at the C3 position, and multisubstitution
products are sometimes formed.[4] To the best of our knowl-
edge, the selective derivatization of corroles at the C2 posi-
tion has not been reported. Very recently, we reported the
highly regioselective direct borylation of porphyrins at the
b position under iridium catalysis.[5,6] Herein, we disclose the
successful application of this strategy to 5,10,15-triarylcor-

roles which enables easy functionalization of the corrole
structure at the 2-position with perfect regioselectivity. Owing
to the rich chemistry of organoboranes, this strategy offers a
powerful tool for the construction of corrole-based molecular
assemblies.

A solution of 5,10,15-tris(pentafluorophenyl)corrole (1)[7]

in dioxane was heated at 100 8C for 24 h with bis(pinacola-
to)diborane (1.1 equiv) in the presence of a catalytic amount
of [Ir(cod)OMe]2 (1.5 mol%) and 4,4’-di-tert-butyl-2,2’-bipyr-
idyl (dtbpy; 3.0 mol%) according to the Miyaura–Hartwig–
Smith protocol (Scheme 1).[5,6b] Purification by preparative
GPC-HPLC afforded the monoborylated corrole 2 in 91%

yield. Introduction of the boryl group was confirmed by the
presence of the parent-ion peak at m/z 921.1529 (calcd for
(C43H21BF15N4O2)

� : 921.1531 ([M�H]�)) by high-resolution
electrospray-ionization time-of-flight mass spectrometry
(HRMS). Even with the use of excess diborane reagent for
a prolonged period, bisborylated corrole could not be
obtained. The 1H NMR spectrum of the product revealed its
unsymmetrical nature. One singlet and one doublet peak,
which can be assigned to hydrogen atoms H3 and H4,
respectively, were shifted downfield as a result of the
neighboring effect of the boryl group which indicates that
the boryl group is introduced at the 2-position. This reaction
proceeded with perfect regioselectivity, and none of the other
isomers were detected.

The structure of the 2-boryl-substituted corrole 2 was
unambiguously confirmed by X-ray diffraction analysis
(Figure 1).[8] The most sterically accessible hydrogen atom
H1 in 1 is replaced by boron. The dioxaborolane rings in 2 are
only slightly tilted (27.88) relative to the corrole core, thereby
probably maintaining electronic interaction between the
vacant orbital of boron and the p orbital of the core. In this
conformation, the bulky tetramethyldioxaborolane moiety
hampers the access of a second molecule of the reactive metal
complex, hence preventing the second borylation at another
pyrrolic site (18-position). While electronic factors generally
dominate the regioselectivity at the 3-position in the electro-
philic substitution of corroles,[4c–e] the regioselectivity in the
present protocol is likely to be determined by steric reasons:
the peripheral aromatic groups block borylation at sites other
than the 2- and 18-positions. This selectivity is consistent with
our observations with previous borylation reactions of
porphyrins under iridium catalysis.

Figure 2 shows the UV/Vis absorption and emission
spectra of 1 and 2. The Soret bands as well as the Q bands

Scheme 1. Iridium-catalyzed direct borylation of corrole 1. PinB�BPin=
bis(pinacolato)diborane; cod= cycloocta-1,8-diene.
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of 2 are slightly red-shifted relative to those of 1. Interestingly,
introduction of the boryl group resulted in an increase in the
fluorescence intensity.

Organoboron compounds are the most
useful substrates for the formation of carbon–
carbon bonds by the Suzuki–Miyaura cross-
coupling reaction. Indeed, the reaction of 2 with
bromoanthracene or bromodimethoxybenzene
afforded the desired coupling products 3a and
3b in excellent yields (Scheme 2). We also
report the synthesis of a directly linked cor-
role–porphyrin hybrid 3c through the coupling
of 2 with meso-bromoporphyrin. In contrast to
the recent developments in directly linked
porphyrin arrays,[9, 10] there has been no previous
report on directly linked corrole–porphyrin
molecules. Corrole–porphyrin 3c may be used
to ligate two metal ions in different valence

states (M2+ and M’3+). Additionally, the 1,4-phenylene-
bridged dimer 3d was also very easily obtained by the
Suzuki–Miyaura coupling of 2 with 1,4-dibromobenzene. The

present procedure provides the desired com-
pounds in excellent yields in only two steps—
borylation and cross-coupling—from the orig-
inal corroles.

The oxidation of organoboranes is a versa-
tile tool for the synthesis of alcohols and
phenols. Thus, we attempted the synthesis of
2-hydroxycorroles by oxidation of 2 with oxone
according to SmithGs procedure (Scheme 3),[11]

and oxidation product 4 was obtained in 62%
yield. HRMS revealed a parent-ion peak for 4
at m/z 811.0629 (calcd for (C37H10F15N4O):
811.0621 ([M�H]�). The 1H NMR spectrum

Figure 1. X-ray crystal structure of 2 : a) top view and b) side view.

Figure 2. a) UV/Vis absorption spectra and b) emission spectra of 1 (a) and 2 (c) in
CH2Cl2.

Scheme 3. Synthesis of 2-hydroxycorrole and its tautomerization.

Scheme 2. Syntheses of 2-functionalized corroles by Suzuki–Miyaura coupling reac-
tions. a) [(Pd(dba)2], PPh3, Cs2CO3, CsF, toluene/DMF/H2O. DMF=N,N-dimethyl-
formamide; dba=dibenzylideneacetone.
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of the product in CDCl3 revealed that the
keto form, keto-4, had been isolated, with
the presence of a peak at d= 4.75 ppm for
the two methylene hydrogen atoms (Ha) at
the a position of the ketone group. Addi-
tionally, signals for the carbonyl and sp3-
hybridized carbon atoms were detected at
d= 197.9 and 45.6 ppm, respectively, in the
13C NMR spectrum of the product in CDCl3.
To the best of our knowledge, this is the first
reported isolation of the keto form of a
dihydrocorrole.[12]

In contrast, the enol form enol-4 was
predominant in solution in [D6]DMSO, and
the hydroxy proton was detected at d=

11.8 ppm (Figure 3).[13] While the keto form
is exclusively observed in solution in CDCl3
and CD2Cl2, both keto and enol structures
were detected in varying ratios in [D8]THF,
CD3CN, [D6]acetone, and CD3OD. Interest-
ingly, the inner NH protons appear as sharp
signals at d=�0.44, �3.05, and �4.84 ppm
for the keto form (in CDCl3, while the
corresponding signals were very broad at
d��0.59,�1.02, and�3.51 ppm for the enol
form (in [D6]DMSO). This observation is consistent with the
presence of fixed NH protons in the keto form keto-4 versus
fast NH tautomerism on the NMR timescale between enol
forms 4 and 4’ (Scheme 3), as observed for regular corroles.[14]

In the enol form, a signal at d= 7.82 ppm, which was assigned
as Hb on the basis of H–H COSY experiments, appeared at
higher field than the other b-pyrrolic signals. This shift is

caused by the electron-donating nature of the neighboring
hydroxy substituent. Interestingly, the signal for Hb gradually
decreased upon the addition of D2O while that for the
hydroxy proton disappeared. This result supports the pres-
ence of exchange between the OH proton and hydrogen atom
Hb through tautomerization.

The UV/Vis and emission spectra of 4 showed a strong
dependence on the solvent, reflecting the structural differ-
ence between the keto and enol forms (Figure 4). The
absorption spectrum of 4 in DMSO is quite similar in shape
to that of the original corrole 1 in the same solvent
(Figure 4b). In contrast, four Q bands were observed in
CH2Cl2, probably as a result of the dihydrocorrole structure of
the keto form, and the same holds for the red shift of the Soret
band (Figure 4a). The enol form emits enol-4 at the same
wavelength as 1, with a similarly shaped but less-intense
spectrum in DMSO (Figure 4d), while the spectrum of the
keto form keto-4 in CH2Cl2 was significantly red-shifted
relative to that of 1 in the same solvent (Figure 4c). The effect
of the hydroxy group in the enol form upon the fluorescence
intensity is not clear at this stage.

In conclusion, we have demonstrated the highly regiose-
lective synthesis of a 2-borylated corrole, which is a useful
platform for the functionalization of corroles and the
construction of molecular assemblies based on corroles. The
utility of the present protocol has been demonstrated by the
first syntheses of the directly linked corrole–porphyrin hybrid
3c and the 2-hydroxy-substituted corrole 4. Further studies
involving borylated porphyrins and corroles are currently
underway in our laboratory.

Received: July 5, 2005
Published online: September 19, 2005

Figure 3. 1H NMR spectra of 4 : a) keto-4 in CDCl3, b) keto and enol
forms in CD3CN, and c) enol-4 in [D6]DMSO (dimethyl sulfoxide).

Figure 4. UV/Vis absorption spectra of a) keto-4 (c) and 1 (a) in CH2Cl2, and b) enol-4 (c)
and 1 (a) in DMSO. Emission spectra of c) keto-4 (c) and 1 (a) in CH2Cl2, and d) enol-4
(c) and 1 (a), intensity scaled down by 1/10 in DMSO.
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The utility of clinical magnetic resonance imaging (MRI) has
been greatly expanded by the use of contrast agents—
gadolinium complexes that serve to increase the longitudinal
nuclear relaxation rate (1/T1) of water protons. Commercial
contrast agents are only effective at high concentrations
(> 0.1 mm) and, as a result, there has been considerable effort
to increase their sensitivity. One approach is to increase the
number of gadolinium ions in the molecule by making
polymeric or dendrimeric contrast agents.[1] A second
approach is to optimize the parameters that influence
relaxation enhancement, such as rotational diffusion and
water exchange.[2]

An effective mechanism for increasing relaxivity (r1 =

(D1/T1)/[Gd]) is the receptor-induced magnetization-
enhancement (RIME) effect.[3] An example is the GdDTPA
derivative MS-325, which targets serum albumin. When MS-
325 binds to albumin, the rotational correlation time (tR)
increases from that of a small molecule to that of the protein,
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and the relaxivity increases ninefold to 51 mm
�1 s�1

(37 8C, 20 MHz).[4] This is shown schematically in
Figure 1a and b. Despite this increased relaxivity,
there is still a drive to increase relaxivity further to
allow imaging of lower concentration targets. One
approach for increased molecular relaxivity would be
to combine the RIME effect with a multimeric gadoli-
nium agent (Figure 1c). However, polymeric contrast
agents such as GdDTPA-monoamide tethered to poly-
lysine[5–8] or dextran[9,10] have much lower relaxivities
(r1 < 13 mm

�1 s�1 per ion at 37 8C) than one might expect
based on their molecular weight because of internal
motion along the polymer.[11] Furthermore, targeting
multimeric contrast agents to a specific protein may also
result in lower relaxivity than expected because of
internal flexibility within the multimer.

It was hypothesized that a large RIME effect could
be maintained if the multimer exhibited a certain
rigidity when bound to the protein target. One approach
would be to prepare a rigid multimer[12] by limiting the
degrees of rotational freedom along the chain and then
attaching a targeting vector to the multimer. A second
approach in which a second targeting vector is used to
anchor the terminus of the chain (multilocus binding) is
outlined in Figure 1d. The second vector can be
designed to bind nonspecifically to a hydrophobic
patch on the target. In the absence of a target, there is
rotational flexibility and low relaxivity; however, upon
binding of the protein with both binding groups, the
bound complex becomes more rigid and the relaxivity
increases. In the absence of the second targeting group,
the relaxivity of the bound species is lower because of internal
flexibility. It is possible that the second targeting group could
target a second protein which would also induce rigidity and
enhance relaxivity.

To test this hypothesis, three tetrameric GdDTPA-based
compounds were prepared (Figure 2) containing zero, one, or

two protein-binding moieties. The DTPA moiety[13] shown in
Figure 2 was used instead of the monoamide, because the
GdDTPA complex has a more favorable water-exchange rate
and the thermodynamically stable GdDTPA core is already
present in several clinically approved contrast agents.[14]

Human serum albumin (HSA) was chosen as the protein
target for proof of principle and MS-325 (Figure 2) was used
as a benchmark compound. Although MS-325 does not
contain the same biphenyl albumin-binding group, it exhibits
both high relaxivity and albumin binding and represents the
state of the art.

The binding of each compound 1–3 (0.1 mm) to HSA
(4.5% w/v= 0.67 mm) was assessed by ultrafiltration[4]

through a 5-kDa-molecular-weight cut-off membrane at
37 8C and at pH 7.4; the gadolinium concentration in both
the initial solution (total) and the filtrate was measured by
inductively coupled plasma mass spectrometry (ICP-MS).
Not surprisingly, compound 3 (with two binding groups)
exhibits the highest affinity for HSA (Table 1). The relaxiv-
ities of 1–3 (0.1 mm) were measured at 20 MHz, pH 7.4, 37 8C
in phosphate-buffered saline (PBS), in the presence or
absence of HSA (0.67 mm). As a result of their increased
molecular size, the relaxivities per Gd of the tetramers in
buffer solution are higher than that of MS-325. When the
measurement is made in an excess of HSA, the observed
relaxivities follow the order 3> 2> 1. To determine if this is
simply a result of increasing albumin affinity, the relaxivity of
the bound fraction can also be calculated (rbd

1 = {robs
1 �ffree rfree

1 }/
fbd). Table 1 shows that compound 3 has the highest albumin-

Figure 1. Strategies for increasing relaxivity: a) Discrete Gd chelate and
targeting moiety, for example, the fast tumbling of MS-325 limits the
relaxivity. b) Binding to the target slows tumbling, and relaxivity is
increased. c) Gd chelate multimer with targeting; relaxivity may be
limited by the fast internal motion. d) Gd chelate multimer with multi-
locus binding rigidifies the bound complex and increases the relaxivity.

Figure 2. Compounds described in this study: GdDTPA tetramer containing zero (1),
one (2), or two (3) HSA-binding groups (BG), and benchmark GdDTPA monomer MS-
325.
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bound relaxivity of the three multimeric chelates. Although
the GdDTPA moieties of 3 have a somewhat flexible linkage
to the albumin-binding groups, the relaxivity per Gd of 3 in
HSA approaches that of the more compact and rigid MS-325/
HSA. On a per molecule basis, the relaxivity of 3 is clearly the
highest.

To demonstrate that this result is indeed a rotational
phenomenon, nuclear magnetic relaxation dispersion
(NMRD) profiles were recorded for each of the three
compounds, both with and without excess HSA at 35 8C.
Figure 3 shows the relaxivity profiles for each compound

when bound to albumin (solid symbols, rbd
1 ) or in buffer

solution only (open symbols). The NMRD of the three
compounds in buffer solution are similar and rather feature-
less, with an estimated rotational correlation time of about
0.3 ns. In the presence of excess albumin, however, the
relaxivities of all three compounds are increased. Notably, the
appearance of a high-field peak at about 25 MHz is typical of
a slow-motion fraction.

The relaxivity in buffer solution and the HSA-binding
data were used to calculate the bound relaxivity NMRD
profiles. The high-field region is shown in Figure 3. Despite

the complexity of the system (multiple chelates, complex
rotational motion), it is informative to model these curves and
this was performed in an approach previously described for
the high-field part of the NMRD curve.[15] The NMRD of a
q= 0 triethylenetetraamine hexaacetic acid (TTHA) deriva-
tive reported earlier[4] was used to estimate the second- and
outer-sphere contributions to relaxivity. The water residency
time at 35 8C was fixed for all three compounds at 100 ns
based on an analogy with other substituted GdDTPA com-
pounds.[4, 14] As the chelate part of the molecule is the same for
all three compounds, it was assumed that the water-exchange
rate would also be the same. The Gd—H(water) distance was
fixed at 3.1 B.[16] The three bound relaxivity NMRD data sets
were fit simultaneously, the two parameters for electronic
relaxation (D2, tv) were treated as global parameters (owing
to the identical chelating portions), and the rotational
parameters were treated locally.

These data were fit in two ways: first, an isotropic model
of rotation was employed to analyze these data. This model
did not fit well—the peak shape was not well reproduced—
and the fitted curve gave a much flatter peak that under-
estimated the relaxivity maximum and overestimated the
relaxivity at higher fields. The correlation times from the
fitting are in the 1-ns range and do not reflect the physical
reality of an albumin tethered complex. The second method
was a Lipari–Szabo model-free approach that has been
described previously.[15] Equation (1) describes the dipolar

1
T1M
¼ C
r6

GdH

�

3F tcg

1þ w2
Ht

2
cg

þ 3 ð1�FÞtcl

1þ w2
Ht

2
cl

�

;

1
tcg
¼ 1

tg
þ 1
T1e
þ 1
tm

;
1
tcl
¼ 1

tcg
þ 1
tl

ð1Þ

relaxation of the coordinated water. In this case, the spectral
density function has two terms that are related by a factor F
(sometimes called an order parameter and denoted S2), which
describes the degree of spatial restriction. If the motion of the
Gd chelate is independent of the protein, then F= 0; if the
chelate is completely immobilized on the protein, then F= 1.
There are two correlation times, tcg and tcl, which contain
contributions from global (tg) and local (tl) rotational
correlation times, as well as from the electronic relaxation
time T1e.

A global correlation time based on fluorescence aniso-
tropy decay was fixed at 41 ns,[17] whereas the local correlation
time for each compound was allowed to vary along with its
order parameter. In this case, the peak shape is much better
reproduced, and the resultant fitted parameters are given in
Table 2. As may be expected, the order parameter F increases
from compound 1 to 2 to 3 as the number of binding groups

Table 1: Binding of MS-325, 1, 2, and 3.[a]

Compound Number
of Gd

%
bound

robs1

(PBS)
robs1 +
HSA

rbd1
(HSA)

MS-325 1 88 5.8 (5.8) 46 (46) 50.8 (50.8)
1 4 30 11.3 (45.2) 15.0 (60) 23.9 (95.6)
2 4 78 10.1 (40.4) 26.2 (104.8) 30.8 (123.2)
3 4 94 10.3 (41.2) 39.1 (156.4) 41.3 (165.2)

[a] Percentage of 0.1 mm compound bound to 0.67 mm HAS, observed
per Gd relaxivities (mM�1 s�1) at 20 MHz in the absence and presence of
0.67 mm HSA, and calculated albumin-bound relaxivities. Numbers in
parentheses refer to relaxivity per molecule; all measurements were
performed at pH 7.4, 37 8C, with 0.1 mm compound in PBS.

Figure 3. 1H NMRD relaxivities expressed per Gd (35 8C, pH 7.4) of 1
(triangles), 2 (squares), and 3 (circles) (0.1 mm) in PBS only (open
symbols) or bound to 4.5% HSA (filled symbols).

Table 2: Fitted NMRD parameters for compounds 1, 2, and 3.[a]

tv D2 1 2 3
[ps] [1018 s�2] F tl [ns] F tl [ns] F tl [ns]

13 7.1 0.05 0.68 0.09 0.92 0.16 1.40
(1) (0.2) (0.01) (0.03) (0.01) (0.03) (0.02) (0.04)

[a] Global (HSA) rotational correlation time fixed at 41 ns. Numbers in
parentheses represent one standard deviation.
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increase. The local correlation time also increases in the order
1< 2< 3, which suggests that compound 3 is the most rigid
when bound to albumin. Although the order parameters are
relatively low, it was noted that they correlated with the global
correlation time—arbitrarily chosen shorter global correla-
tion times also gave good fits, but the order parameter was
increased. Although the Lipari–Szabo approach models the
data well, motion within this system is complex and care
should be taken in comparing these rotational parameters
with other unrelated systems.

There have been gains reported in increasing the relax-
ivity of single gadolinium complexes through the optimization
of water exchange, hydration number, etc. Multilocus binding
may prove to be a useful technique for maintaining this high
relaxivity when these complexes are incorporated into
targeted multimeric MRI contrast agents.

Experimental Section
The compounds 1, 2, and 3 were synthesized in an analogous fashion
(see Supporting Information for full details). 4-Mesitylbenzoic acid
was coupled to zero, one, or two of the primary amine groups of
triethylenetetraamine. After reduction of the amide, the resultant
tetraamine was coupled to four protected DTPA moieties. Depro-
tection, chelation, and purification by HPLC yielded the complexes
shown in Figure 2. All Gd concentrations were determined by ICP-
MS (Agilent 7500). NMRD profiles were recorded on a Koenig-
Brown field-cycling relaxometer.
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Catalyst deactivation is a problem of great concern in
industrial catalytic processes. Hence, prevention of catalyst
deactivation poses substantial challenges in the design and
operation of large-scale catalytic processes. The usual way to
overcome the deactivation problem is to modify the catalyst
composition by using different promoters. Although various
promoters have been used for different oxidation reac-
tions,[1–4] their precise role is not known. Unfortunately,
most of the interpretations on the role of promoters are rather
hypothetical probably owing to the lack of information about
the exact surface structure. Among the known promoters,
bismuth has very attractive properties as a promoting element
in numerous heterogenous oxidation catalysts, particularly in
association with noble metals.[1–6] However, the origin of the
promoting role of Bi is still a matter of discussion.

Acetoxylation is an industrially important reaction for
producing esters in a single step. Benzyl acetate (BA), the
desired product from acetoxylation of toluene, is widely used
in the food, perfumery, and chemical industries. Most of the
work reported so far on the acetoxylation of toluene is
confined to liquid-phase and batch reactors.[7–9] Vapor-phase
processes were previously not successful in terms of obtaining
higher yields of BAwith acceptable time-on-stream stability of
the catalysts.[10,11] However, the recently developed Pd–Sb/TiO2

catalysts[12–13] displayed remarkably higher conversion of tolu-
ene (>90%) and yields of BA (>75%) with a space–time yield
of up to 700 gkg�1h�1. To our knowledge, this is the best result
reported so far under gas-phase conditions. However, these
catalysts are observed to undergo deactivation readily after
several hours of operation as a result of coke deposits, which
obviously hampers their application on a commercial scale.

Considering the limited lifetime of these catalysts, we
have directed our research efforts to develop stable and novel

Pd compounds that have improved catalyst lifetime as well as
the higher activity and selectivity of the earlier catalysts. To
achieve this objective, we modified the composition of the Pd-
Sb/TiO2 catalysts by adding promoters such as Bi, Cu, and
Sn.[14–15] Among these promoters, the Bi modification
improved both the catalyst life as well as the selectivity for
desired product (BA). However, the precise role of Bi
remained unclear. In the present study we examine the
catalyst deactivation phenomenon of Pd–Sb/TiO2 catalysts
and the role of Bi in improving catalyst lifetime and
selectivity.

In the earlier investigations on Pd–Sb/TiO2 catalysts
[13] we

clearly detected differences between the fresh and used
catalysts. The used catalysts displayed drastic increase in Pd
particle size, coke deposition, loss of both Pd and Sb at the
surface etc. In view of this, a TiO2-supported catalyst with
10 wt% Pd and 8 wt% Sb was then chosen as a model catalyst
(designated as 10Pd8Sb) and subjected to reaction conditions
for a wide range of reaction times.We could thus obtain useful
information on the changes that occur during the course of
the reaction.

In a similar way, in the present study we chose a sample
containing 10 wt% Pd, 8 wt% Sb, and 7 wt% Bi as a model
catalyst (designated as 10Pd8Sb7Bi). We subjected it to
reaction conditions for a range of reaction times and analyzed
the sample by X-ray diffraction (XRD), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS). This catalyst was selected because it lies in the middle
of the series (i.e. between high and low Pd loading) and
displays good performance (55% toluene conversion, 95%
selectivity for BA). We intended to discover the changes that
take place during the course of reaction, which in turn can
give hints to understand the cause of deactivation. The
reaction times in these long-term tests were 1, 2, and 4 days.

Interesting effects of the addition of Bi are 1) high
selectivity for BA (� 95%) and 2) improved catalyst lifetime.
Figure 1a and b compare the time-on-stream catalytic per-
formance of 10Pd8Sb/TiO2 in the presence and absence of Bi.
It is obvious from Figure 1a that the catalyst displays a very
low initial activity (toluene conversion: 3%), which increases
until ca. 11 h (> 68%), remains stable for fewmore hours, and
then decreases with extended reaction times (ca. 30% after
34 h). The yield of BA and benzaldehyde (BAL) as a by-
product also changes in a similar way. The increase in toluene
conversion with time can be attributed to an increase in Pd
particle size, while the decrease in catalytic activity can be
attributed to the increase in coke deposition with time on
stream.[13] TEM studies showed that the size of Pd particles
increases to a critical size with time (i.e. during the course of
the reaction) and then remains more or less constant even
though the catalytic activity decreases. Both the most active
and completely deactivated catalysts contained the Pd
particles of similar size, indicating that the particle growth
during reaction has no effect on deactivation. The only
difference between these samples is the considerable amount
of coke deposition in the deactivated catalysts, which is the
primary cause of catalyst deactivation. Nevertheless, the
deactivated samples can be regenerated in air and reused with
consistent performance.
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In contrast, the Bi-modified catalyst (Figure 1b) exhibits
low initial activity (1%), attains a steady state (maximum
activity: � 55% toluene conversion) after about 55 h, and
then displays quite stable performance with almost constant
conversion and product selectivity up to 100 h on stream in
contrast to the non-Bi-containing Pd–Sb catalyst. However,
this phenomenon has no effect on the selectivity for BA,
which remains more or less constant (95%) throughout. In
other words, selectivity is independent of conversion regard-
less of the presence of Bi in the catalyst. This result reflects
the fact that BA is quite stable and does not undergo any
subsequent reactions.

No clues were found from XRD for the formation of any
kind of crystalline intermetallic phases between Pd and Bi,
which are, however, known from literature.[3,11] XRD results
show the presence of Pd and PdO phases only in the catalysts
tested for 1 day and 2 days. However, after a reaction time of
4 days the PdO disappeared. This result is in good agreement
with XPS results (see Figure 4).

Electron micrographs of 10Pd8Sb7Bi catalyst recorded
after differenct reaction times are shown in Figure 2. In the
fresh catalysts Bi exhibits a sheetlike morphology and is
located far from the TiO2 support (Figure 2a, left). On the
other hand, the Pd particles show a spherical morphology and
are clearly present on TiO2 surface. The size of Pd particles
ranges from 1 to 2 nm. In other words, Pd and Bi display
different morphologies (no free Sb particles can be seen by
TEM). Furthermore, the presence of Bi leads to very fine Pd
particles (1–2 nm) in these solids compared to those in the

non-Bi-containing Pd–Sb catalysts (1–10 nm). The catalyst
tested for 1 day (Figure 2b) contains a mixture of both
smaller (below 5 nm) and bigger Pd particles (even up to
45 nm). Interestingly, Bi moves closer to the TiO2 support as
the reaction proceeds. This movement is most pronounced
during the first 24 h on stream and thereafter no such
significant movement is observed.

These results are well supported by XPS. In the catalyst
tested for 2 days (Figure 2c), one can still find a mixture of
both smaller and bigger particles. Particles up to 70 nm can be
found, while the smaller ones are mostly < 5 nm. With
regards to the catalyst tested for 4 days (Figure 2d), the
smaller Pd particles have almost disappeared and bigger ones
up to 100 nm can be seen. This observation supports the view
that the size of the Pd particles increases progressively with
time under the influence of reactant feed mixture in the same
way as the activity of the catalysts. The growth of Pd particles
appears to be essential for obtaining better catalyst perfor-
mance. Pd particles up to 100 nm form in Pd–Sb solids after
only 11 h on stream, whereas for the Bi-modified catalysts
particles of this size are obtained after 4 days. This result
suggests that the growth of Pd particles is a slow process in the
presence of Bi. In addition, larger Pd particles often contain
some traces of Sb. The deactivated 10Pd8Sb catalystsample
and the stable 10Pd8Sb7Bi catalyst (after 4-day tests) contain
large Pd particles of more or less the same size. This indicates
that the growth of Pd particles during the course of the
reaction has no effect on catalyst deactivation and is in fact
favorable for better performance.

Figure 1. Comparison of the conversion (X), yield (Y), and selectivity
(S) of 10Pd8Sb catalysts versus time on stream: a) without Bi; b) with
Bi. Molar ratio of toluene/acetic acid/oxygen(air)/argon=1:4:3(15):16,
T=210 8C, gas hourly space velocity (STP)=2688 h�1, t=1.34 s.

Figure 2. Electron micrographs of 10Pd8Sb7Bi catalysts: a) fresh
sample showing Bi-containing sheets (left) and Pd (right); b) after
1 day; c) after 2 days; d) after 4 days.
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Figure 3 depicts the variation of surface Pd/Ti, Sb/Ti, and
Bi/Ti ratios in the 10Pd8Sb7Bi catalyst with time on stream.
The amounts of Pd, Sb, and Bi in the near-surface region
decrease mainly during the first 24 h on stream and then

remain more or less constant throughout the 4-day test.
Interestingly, the decrease in the Bi/Ti ratio (from 0.4 to 0.08)
is much more pronounced than the decrease of the Pd/Ti ratio
(from 0.17 to 0.1) and that of the Sb/Ti ratio (from 0.24 to 0.1).
TEM examination of this particular 10Pd8Sb7Bi catalyst
(Figure 2) also support these observations: During the first
day of testing the sheetlike morphology of Bi vanishes and Bi
moves closer to the TiO2 support. This movement of Bi is
assumed to be the more probable reason for such significant
decrease in the Bi/Ti ratio.

To check the influence of Bi on the surface composition
and the electronic states of the surface components, the
results of XPS investigations on Bi-modified samples were
compared with those of recently published results on 10Pd8Sb
catalysts.[13] Normalized XP spectra of the Pd 3d state of fresh
and used 10Pd8Sb catalysts with and without Bi are shown in
Figure 4. The variation of surface Pd/Ti ratios and the
presence of different surface Pd species in the presence and
absence of Bi at different stages of reaction are also compared
in this figure. Bi-containing catalysts (10Pd8Sb7Bi) exhibit
only two states, either metallic (Pd0), or oxidized (PdOx), or
both, at different stages of the reaction (i.e. after 1, 2, and
4 days). It is not possible to distinguish between bi-, tetra-,
and hexavalent Pd, because the reference data available
ranges from 336 to 338 eV for all these oxidation states. XRD
experiments indicate the existence of a PdO phase , in other
words, bivalent Pd, but other oxidation states at the surface of
the particles cannot be excluded. In contrast, Bi-free catalysts
(10Pd8Sb) exhibited three states: metallic (Pd0), oxidized
(PdOx), and a Pdd� state, in which the electron binding energy
of the Pd electron is lower than that of metallic Pd (335.1 eV).
The formation of this third state is correlated with a strong
interaction between the carbon deposits and surface Pd. The
most striking feature here is that in the 10Pd8Sb7Bi sample
even after 4 days of testing the Pdd� species is not observed. In
contrast, the deactivated 10Pd8Sb sample contains up to 35%
Pdd� on its surface, indicating the adverse effect of the Pdd�

species on the life of the catalyst. The addition of Bi
apparently prevents the formation of such undesired Pdd�

species and thereby improves the lifetime of the catalysts.
Another interesting observation is that even after 1 and

2 days of use, oxidized Pd species could still be found in the
Bi-modified samples whereas in the Bi-free catalysts the PdO
phase disappeared after only 20 h of operation. This result
suggests that PdOx species are more stable in presence of Bi
(Figure 4). Nevertheless, after 4 days of reaction the oxidized
Pd is completely reduced to metallic Pd, which indicates that
the presence of Bi slows the reduction of Pd. XRD studies
also show an improved stability of PdO phase in the presence
of Bi. However, no significant changes in the electronic states
of the other components, Bi and Sb, were observed.

Another notable difference is the surface Pd/Ti ratio of
the catalyst. (Figure 4). Bi-containing catalysts exhibit sig-
nificantly higher Pd/Ti ratios than the Bi-free catalysts. Both
systems further show a decrease in the Pd/Ti ratios during the
course of the reaction. However, Bi-containing catalysts
showed a large decrease in the Pd/Ti ratio (from 0.17 to 0.11)
only during the first 24 h on stream (see also Figure 3). This
change might be a result of catalyst restructuring as reflected
by the movement of Bi closer to TiO2 during this time. Once
the restructuring has occurred, the amount of surface Pd
remains more or less constant without any significant loss and
hence the catalyst has a longer lifetime. In contrast, Bi-free
catalysts display a continuous and significant decrease in the

Figure 3. Change in the surface concentrations c in the 10Pd8Sb7Bi
catalyst with time on stream.

Figure 4. Normalized XP spectra of the Pd 3d state for fresh and used
10Pd8Sb catalysts with and without Bi (after Shirley background
subtraction).
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Pd/Ti ratios of over 40% (from 0.09 (fresh) to 0.05 (deacti-
vated); Figure 4). This ultimately leads to the deactivation of
the catalyst, and this finding undeniably supports the prop-
osition of the stronger interaction of surface Pd with the
deposited coke.

The experimental observations such as 1) the absence of
the Pdd� state and 2) the higher Pd/Ti ratios for the Bi-
containing catalyst even after longer test times (100 h)
undeniably indicate a weaker interaction between carbon
atoms from deposited coke and the surface Pd atoms. To
check this hypothesis, the C/Pd ratios were also estimated for
both 10Pd8Sb and 10Pd8Sb7Bi samples (Figure 5). If we

compare the C/Pd ratios between the most active (after ca.
10 h) and deactivated (after ca. 20 h) 10Pd8Sb catalyst, an
abrupt increase (from ca. 30 to 122) was found, which might
be due to stronger a interaction between C and Pd. This
strong interaction not only leads to the high carbon amount
but also modifies the electronic state of Pd, as evidenced from
the appearance of the Pdd� state and the formation of a
carbide-like or similar such structures cannot be ruled out.
However, in XRD experiments we could not find any such
crystalline Pd-C phases in any of these catalysts. In contrast,
the presence of Bi weakened the interaction between the
deposited coke and the surface Pd atoms, and hence low C/Pd
ratios in the range of about 10 to 34 are found even after 100 h
on stream. All these findings clearly show that the prevention
of such unwanted Pdd� species results in a remarkable
enhancement of catalyst life.

Mechanistically, catalyst deactivation results the forma-
tion of Pdd� species by the interaction between the carbon
atoms from deposited coke and surface Pd species. Our
results show that this interaction between Pd and C can be
significantly reduced by the addition of Bi, as evidenced by
the low C/Pd ratios in Bi-modified catalysts compared to
those of Bi-free catalysts.

In this first report on catalyst deactivation phenomenon in
the gas-phase synthesis of benzyl acetate from toluene we
have identified the role of Bi in preventing catalyst deacti-
vation and in enhancing the selectivity. The results indicate
room for further improvements in the preparation and
development of suitable catalysts with novel compositions

for the acetoxylation of various alkyl aromatics and hetero-
aromatics in the near future.

Experimental Section
The Pd-Sb-Bi/TiO2 catalysts were prepared by impregnation in two
steps. In the initial step, first SbCl3 then BiCl3 were deposited on an
anatase carrier in an aqueous HCl solution with subsequent removal
of excess solvent. The solid was dried and then calcined at 400 8C (3 h,
air). In the second step, the above solid was impregnated with PdCl2 in
the desired amounts followed by drying (120 8C, 16 h). The detailed
procedures for catalyst preparation,[16] screening of the catalysts, and
product analysis have been described elsewhere.[13] The XPS meas-
urements were conducted at a VG ESCALAB220iXL with AlKa

radiation. The TEM analyses were carried out with a Philips CM20
(twin) at 200 kV with EDAX PV9900 (energy dispersive X-ray
spectroscopy (EDX)).
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Figure 5. Changes in the C/Pd ratio of the near-surface region of the
10Pd8Sb7Bi catalyst and the Bi-free catalyst 10Pd8Sb catalyst after 1,
2, and 4 days.
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The introduction of in situ synthesis on the surface of solid
substrates has resulted in tremendous progress in different
fields of science and technology. Immobilized metallic nano-
particles are of particular interest. Their applications include
electrocatalysis, data storage systems, new electronic devices,
electrochemical chemo- and biosensors, and refractometric
and fluorescent sensors based on plasmon effects.[1–4] The
strategies for the preparation of these systems are mostly
based on the deposition of presynthesized nanoparticles
with[5] or without[6,7] further treatment. So far the particles
have been deposited mostly by the electrospray technique[8]

or by adsorption,[6,9] and only a few techniques based on the in
situ synthesis of nanoparticle have been tested. Such a
synthesis is possible by electroless deposition or by electro-
plating. The electroless deposition of nanoparticles was used
for the deposition of gold, silver, nickel, palladium, copper,
and cobalt nanoparticles onto different substrates.[1, 2, 10,11]

Deposition by electroplating was used for formation of bulk
phases of nanocrystalline metals by the reduction of corre-
sponding salts in ionic liquids.[12,13] Formation of metallic
nanoparticles by electrochemical reduction on the tip of a
scanning tunneling microscope (STM) followed by transfer to
planar metal electrodes was reported[14,15] and then repro-
duced by other groups.[16] Here, we describe an alternative
approach for the preparation of metallic nanoparticles on
electrode surfaces that does not require STM. Our approach

is based on the reduction of metals on nanoelectrodes formed
by the recently developed spreader-bar technique.[17]

We tested the approach for the deposition of platinum and
copper nanoparticles but do not see any principal limitations
for its extension to other conductive or semiconductive
materials such as metals, electrochemically synthesized poly-
mers, and nanocomposites. The size of the nanoparticles can
be controlled by the value of the reduction charge. In the
present work the nanoparticles are between 20 and 1000 nm,
but smaller particles are most likely possible.

The spreader-bar technique[17] is based on the coadsorp-
tion of two types of molecules: long-chain matrix molecules
and large rigid planar molecules (templates or molecular
spreader-bars). This results in the fabrication of heteroge-
neous monomolecular film in which the spreader-bar moieties
are imbedded in the matrix. In contrast to two-dimensional
molecular imprinting, the structures formed by this technique
are permanently stable, because the spreader-bar molecules
remain in the monolayer. This approach was successfully
applied to generate stable artificial receptors for different
purines and pyrimidines.[18] Also, the formation of enantiose-
lective receptors was reported.[19] In the present work, the
spreader-bar approach was used to design a nanostructured
self-assembled monolayer (SAM) consisting of insulating
matrix (long-chain alkylthiols) with incorporated conductive
“islands” (large, planarly adsorbed molecules). Then, metals
were deposited onto the heterogeneous film by reduction.
Since the density of the electrical current through the
spreader-bar molecules was much higher than through the
insulationg alkylthiol environment, metallic nanoparticles
formed.

The monolayer was formed on the gold substrate by
coadsorption of 1-dodecanethiol (C12) and a thiolated
derivative of tetraphenylporphyrin (TMPP, Figure 1), a
large planar rigid molecule with an extended p-electron
system. The ratio of C12 to TMPP in the solution was varied.
The deposition time was 72 h, which is far beyond the kinetic
limit for surface–solution exchange of thiolated compounds
on a gold surface.[20] Therefore one can expect a quasi-
equilibrium ratio of the template and matrix molecules in the
film.

The structure and the composition of the mixed C12/
TMPP monolayers were analyzed by near-edge X-ray
absorption fine-structure (NEXAFS) spectroscopy, X-ray
photoemission spectroscopy (XPS), and X-ray absorption
spectromicroscopy (XAM). The XPS and NEXAFS data
(Figure 2a and Figure 3) indicate that the amount of TMPP in
the mixed film can be precisely adjusted by the composition of
the solution. The monolayer formed from the C12/TMPP
(1:10000) solution contains only TMPP moieties, that from
the 1:1000 solution is mostly TMPP with only a few percent of
C12, that from the 1:100 solution contains a minor amount of
TMPP, and that from the 1:10 solution consists exclusively of
C12 moieties. According to the NEXAFS difference curves
(Figure 2b), the TMPP molecules in both the one-component
and the mixed films have an in-plane (strongly inclined)
orientation. XAM data (not shown) demonstrate that these
molecules are incorporated individually into the C12 matrix
and do not form clusters.
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A similar large planar molecule but without thiol anchor
groups (Al-PC) was also tested as a spreader-bar. Because of
the 12 conjugated aromatic rings in this molecule and the

presumed strong p interaction with the metal substrate, we
hoped that it would adsorb in a planar fashion even without
gold–thiolate binding. In fact, the immersion of a gold
substrate in a one-component Al-PC solution led to a highly
oriented film consisting of two to three molecular layers.
However, when a two-component Al-PC/C12 solution was
used, even with a 100-fold excess of Al-PC, the Al-PC
molecules were completely expelled by the C12 species and a
one-component C12 SAM formed. This result demonstrates
that even large planar molecules with extended p-electron
systems but without anchor groups do not form mixed
monolayers with alkanethiols on deposition under quasi-
equilibrium conditions.

The designed architecture and stability of the C12/TMPP
nanostructures were exploited for the selective reduction of
platinum into the nanopores formed by the spreader-bar
TMPP molecules. Metal nanoparticles were visualized by
electron microscopy. Depending on the reduction charge, the
size of the nanoparticles could be varied between 20 and
1000 nm (Figure 4): an increase in the reduction charge led to
an increase in the mean size of the particles and a decrease in
their surface concentration. Presumably, an increase of the
reduction charge results in the fusion of smaller particles due
to secondary nucleation. This is confirmed by the increased
roughness of the particle surface (Figure 4).

The total area of the formed platinum nanoelectrodes was
estimated by underpotential deposition of copper; the
respective charge density was 920 mCcm�2. If one takes into
account the usual surface scaling factor of 420 mCcm�2, the
surface area is about 220% of the geometrical electrode area.
Such a high increase in the surface area can be obtained only
for nanoparticles having high surface roughness. Similar

Figure 1. Electrochemical preparation of platinum nanoparticles on a
template SAM made up of dodecanethiol (C12) and TMPP.

Figure 2. a) NEXAFS spectra (carbon K-edge, q=55 8) of SAMs formed
from one-component and mixed solutions of TMPP and C12. b) Cor-
responding difference spectra for X-ray incidence angles of q=908 and
208. A continuous variation of the spectra and difference curves with
the solution composition (C12/TMPP) is observed, which indicates the
formation of a mixed monolayer of variable composition. The p1*
resonance at 285.1 eV (TMPP) and R* resonance at 287.7 eV (C12) are
characteristic for these two molecules in the TMPP/C12 film. The one-
component TMPP film contains contamination as, for example,
evidenced by the p(C*=O) resonance at 288.5 eV.

Figure 3. XPS spectra (sulfur 2p orbital, hn=400 eV) of SAMs formed
from one-component and mixed solutions of TMPP and C12. In the
film formed from pure TMPP, two doublets arising from the thiols (a
binding energy of 162.0 eV for S 2p3/2) and sulfones (a binding energy
of 168.5 eV for S 2p3/2) are observed. The occurrence of the thiol-
related doublet implies the chemical anchoring of the TMPP species to
the substrate. Because C12 films do not contain sulfones (see the
bottom spectrum), the sulfone-related peak can be considered as a
fingerprint of TMPP and used to monitor the composition of the
TMPP/C12 films.
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experiments were performed with gold electrodes coated with
a pure matrix monolayer (C12). Platinum deposition on such
electrodes resulted in widely spaced large metallic islands. For
example, the particles generated on C12-coated electrodes by
the deposition charge similar to the system presented in the
right panels of Figure 4 were as large as 10 mm. We assume
that these particles were formed at borders of gold micro-
crystals or on other defects in the monolayer.

We have described a new nanoelectrochemical approach
for the in situ synthesis of metallic nanoparticles. To our
knowledge this is the first application of spreader-bar-
stabilized nanostructured monomolecular films as templates
for electrochemical synthesis. This new bottom-up technology
does not require expensive instrumentation and can be easily
transferred to industrial applications. Possible application
fields include the development of novel (electro)catalysts,
(bio)fuel cells, chemo- and biosensors, and nanoelectronic
devices. Preliminary experiments have confirmed the high
electrocatalytic activity of platinum nanoparticles formed on
the spreader-bar-structured electrode in the electrochemical
oxidation of ascorbic acid.

Experimental Section
1-Dodecanethiol (C12, Sigma-Aldrich) was used without further
purification. TMPP (Porphyrin Systems) was fabricated from a
precursor, 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin. The sul-
fonato groups of the latter compound were chemically reduced to
thiol groups by triphenylphosphine and iodine;[21] XPS detected two
thiol groups per TMPP molecule. The substrates were fabricated by
evaporation of gold (200 nm) on Si(100) wafers precoated with a Ti/
Pd adhesion layer (5 nm). The SAMs were prepared at room
temperature by immersing the substrates for 72 h in an ethanol
(Baker) solution of C12 and TMPP. The TMPP concentration in the
solution was varied from 15 mmolL�1 to 15 mmolL�1 while that of C12
was maintained at 1.5 mmolL�1.

The SAMs were characterized by XPS, NEXAFS spectroscopy,
and XAM (room temperature, UHV conditions). The XPS and
NEXAFS measurements were carried out at the HE-SGM beamline
of the synchrotron storage ring BESSY II in Berlin, Germany. The
energy resolution was � 0.40 eV, and the binding energy scale was
referenced to the Au4f7/2 peak at 84.0 eV. The NEXAFS spectra were
collected at the carbon K-edge in the partial electron yield mode with
a retarding voltage of �150 V. Linearly polarized synchrotron light
was used. The X-ray incidence angle was varied to monitor the
orientational order within the TMPP/C12 films. The original
NEXAFS spectra were normalized to the incident photon flux. The
energy scale was referenced to the p1* resonance of highly oriented
pyrolytic graphite at 285.38 eV. The spectromicroscopic character-
ization of the SAMs was performed at a microscopy branch (7.3.1.1)
of the beamline 7.3.1 at the Advanced Light Source in Berkeley,
USA, using an X-ray photoelectron emission microscope, which was
operated in the total electron yield acquisition mode and provided a
spatial resolution of typically 50–100 nm.

C12/TMPP SAMs for the metal deposition were fabricated at a
TMPP concentration of 1.5 mmolL�1. Electrodeposition of platinum
on these templates was performed at a constant potential of �25 mV
vs SCE from 2.5 mmolL�1 H2[PtCl6] in 50 mmolL�1 KCl. Electro-
chemical measurements were conducted with AutoLab-PG-stat-12
Electrochemical Workplace (EcoChemie, The Netherlands). SEM
measurements were conducted with a LEO SUPRA35 scanning
electron microscopy. Other experimental details are described else-
where.[17–19,22–26]
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1,2-Chirality Transfer in the Synthesis of
Cyclopropanes**

Pablo Wessig* and Olaf M�hling

In the last few years organic photochemistry has made
remarkable progress in the area of asymmetric synthesis.[1] A
range of new strategies has been developed that drastically
enhance the diastereo- and enantioselectivity of certain
photochemical processes. Here we report on an entirely
novel concept concerning the synthesis of enantiomerically
enriched cyclopropanes based on a photochemically induced
intramolecular 1,2-chirality transfer.

During chirality transfer a prochiral moiety incorporates
the chiral information of a chiral moiety, which simultane-

ously loses this information. A distinguishing feature in the
intramolecular transfer of central chirality is the distance
between the source and the target of the chiral information.
While relatively many examples of 1,3-chirality transfer
exist,[2] which are mainly based on the transfer of chirality
along an allylic system, there are only a few examples of 1,2-
chirality transfer.[3]

Some time ago we developed the concept of spin-center
shift,[4,5] which provides a completely new access to cyclo-
propanes. In contrast to the classical Norrish–Yang reaction,[6]

phenyl ketones 1 with a suitable leaving group X in a position
are used. At the stage of 1,4-diradicals 2 this results in a shift
of the radical center from the carbonyl C atom to the adjacent
C atom as a result of HX elimination. The resulting 1,3-
diradicals 3 cyclize with often complete diastereoselectivity
and good to very good yields to give cyclopropanes 4
(Scheme 1).[4]

By extensive quantum chemical calculations we could
elucidate details of the mechanism and found that the leaving
group X already has a significant impact on the first reaction
step, the photochemical H-shift (1!2, Scheme 1).[4] Owing to
hyperconjugation between the s* orbital of the C�X bond
and the p system of the excited carbonyl group, X prefers a
pseudoaxial arrangement with respect to the approximately
chairlike six-membered transition state.[4b] If we consider
enantiomerically pure ketones of type 5 with two identical
substituents in b position, we can formulate two different
transition states for the g-H abstraction (TS-5a and TS-5b),
which differ in the arrangement of the leaving group X (axial
or equatorial, Scheme 2). Based on the quantum chemical
calculations,[4b] TS-5a with X in the axial position should be
favored over TS-5b. In TS-5a the g-methylene group is
attacked, whereas in TS-5b the attack takes place at the g’-
methylene group, which means that the carbonyl oxygen atom
must distinguish between the two diastereotopic methylene
groups. During the photochemically induced H-transfer and
the following elimination of HX, the enantiomeric diradicals
6a and 6b are formed, and the chiral information of the a-C
atom has been transferred to the adjacent prochiral b-C atom
(1,2-chirality transfer). Consequently, after the cyclization the
enantiomeric cyclopropyl ketones (R)-7 and (S)-7 are
obtained, whereby the formation of (R)-7 should be favored
over (S)-7. Thus, during such a process desymmetrization
relative to the methylene groups (g and g’) takes place.

Scheme 1. The principle of spin-center shift in the synthesis of
cyclopropanes.[4] ISC= intersystem crossing.
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The concept shown in Scheme 2 should in principle be
applicable to all ketones of type 5 carrying two identical
substituents in b position. It can be expected that bridging
between the substituents R, in other words, a conformational
constraint in flexibility, creates the best situation for an
efficient 1,2-chirality transfer. Therefore, for our investiga-
tions we chose systems in which the atoms b, g, and g’
(Scheme 2) are part of a saturated six-membered ring.

To verify the concept shown in Scheme 2 we first of all
needed an efficient method for the synthesis of enantiomer-
ically pure ketones of type 5. As sulfonates were found to be
suitable leaving groups,[4] the retrosynthetic analysis of 5 led
to a-hydroxy ketones. Various methods for the synthesis of
enantiomerically pure a-hydroxy ketones are known,
whereby oxidative methods starting from the ketones or
their enol ethers are the most common.[7] Based on the results
of Sharpless et al.[8] and Kirschning et al. ,[9] we developed a
very efficient sequence for the synthesis of enantiomerically
pure a-hydroxy ketones. The sequence starts with aldehydes 8
and 9, which provide the enantiomerically pure a-hydroxy
ketones 10 in only a few very efficient steps. The key step in
this synthetic sequence is a Horner–Wadsworth–Emmons
olefination (HWE), which is followed by an asymmetric
dihydroxylation (AD) of enol ethers 11. It should be pointed
out that this very reliable method delivers a-hydroxy ketones
10 in high enantiomeric excesses and generally unaffected by
R (Table 1). Furthermore the configuration of the product
can be determined by the choice of the ligand during the AD
(AD-mix-a or AD-mix-b).[10] Tosylation of 10 with tosyl
anhydride finally yields ketones 12.

Irradiation of the ketones 12 delivers the cyclopropyl
ketones 13 in good yields and in part with considerable
enantiomeric excess (Scheme 3, Table 1). It should be pointed
out that the stereoselectivity obtained in the formation of 13
exclusively reflects the efficiency of the 1,2-chirality transfer,
whereas the asymmetric induction of the chiral center in the b
position of diradicals 6 on the two newly formed chiral centers

leads to the formation of the exo products 13 with complete
selectivity (Scheme 2).[4]

To verify the postulated stereochemical course depicted in
Scheme 2 it was necessary to determine the absolute config-
uration of compounds 13. Particularly predestined for con-
formationally rigid molecules of type 13 is vibrational circular
dichroism (VCD).[11] By this method, which is based on the
comparison of experimental and calculated VCD spectra, we
succeeded in unambiguously determining the absolute con-
figuration of 13a,b,d.[12]

Since lowering the reaction temperature, also in photo-
chemical reactions, often leads to an increase in stereo-
selectivity, we examined the temperature dependence of the
stereoselectivity. In Figure 1 the relevant Eyring plots
(ln([(R)-13a]/[(S)-13a])= f(T�1)) are shown for irradiation
in dichloromethane and methanol.

Surprisingly, we found in both solvents increasing stereo-
selectivity with increasing temperature and decreasing stereo-
selectivity with decreasing temperature, starting from room
temperature. This behaviour, which has already been
observed in other thermal and photochemical reactions,[13–15]

seems to be contraintuitive at first but can be explained easily.
The preferred formation of one enantiomer during an

Scheme 2. The concept of 1,2-chirality transfer in ketones 5 (simplified
representation). The configuration designations are relative to C-b.

Table 1: Results of irradiation of 12a–d to give 13a–d.[a]

Reactant
(ee [%])[b]

R Yield [%] ee [%][b] CT[c] Config.[d]

12a (91) -CH2-O-CH2- 74 28 31 S
12b (99) -CH2-N(Ts)-CH2- 78 38 38 S
12c (93) -CH2-N(Boc)-CH2-

[e] 69 23 25 R[f ]

12d (95) -CH2-CH(tBu)-CH2-
[g] 79 52 55 R

[a] Irradiation in dichloromethane at 25 8C; for experimental details see
ref. [4b]. [b] The enantiomeric excess (ee) was determined by HPLC
(Chiralpak-AD-H, Chiralcel-OD). [c] Chirality transfer (CT) according to
ref. [2e]: CT= [ee(13)/ee(12)] 100. [d] Configuration of the main enantio-
mer at 25 8C, assigned by VCD spectroscopy. [e] Boc= tert-butyloxycar-
bonyl. [f ] Conclucive assignment by VCD spectroscopy was not possible.
[g] The tBu substituent is trans with respect to C-b.

Scheme 3. Synthesis and photochemical cyclization of ketones 12. The
configuration designations are relative to C-b. Py=pyridine, Ts=para-
toluenesulfonyl.
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unimolecular reaction like 12!13 is based on a difference in
the free enthalpy of activationDDG�, which in turn is the sum
of an enthalpic and an entropic term (DDG�=

DDH��TDDS�, Gibbs–Helmholtz equation). Thus, the
stereoselectivity of such a reaction is always a function of
temperature if the entropies of activation of the two channels
of selectivity are different. A special situation occurs if the
differences of the enthalpies of activation DDH� and the
entropies of activationDDS� have the same sign. In this case a
temperature T0=DDH�/DDS� exists, at which the selectivity
is inverted.

We observed exactly this behavior when we irradiated
compound 12a (Figure 1). For the reaction in dichlorome-
thane as well as in methanol, DDH� and DDS� have the same
sign, so that in both cases a temperature T0 can be calculated,
at which 13a is formed as a racemic mixture and below which
the formation of the other enantiomer is favored ((R)-13a,
Scheme 3). While for methanol this temperature lies at an
experimentally impractical region (�104 8C), for dichloro-
methane it is�23 8C. The selectivity for the formation of 13 at
room temperature is determined by the entropies of activa-
tion, which compensate the enthalpic influence. Only below
T0 do the differences in the enthalpies of activation determine
the selectivity.[16]

In summary, we have described a novel concept for a 1,2-
chirality transfer. The mechanistic basis is the preferred
colinear arrangement of a leaving group and the p system of a
photochemically excited carbonyl group, which can be
explained by stereoelectronic effects.[4b] We were able to
demonstrate this concept by means of the photochemical
cyclization of four ketones 12a–d to the bicyclic compounds
13a–d. The configuration of the preferred enantiomer at
room temperature has been determined easily for the photo-
lytic products 13a,b,d by a combination of quantum chemical
calculations and VCD spectroscopy. Because both the differ-
ences of the entropies of activation and the enthalpies of
activation are positive, the stereoselectivity increases at
temperatures above T0. On the other hand, at temperatures
below T0 the ratio of the enantiomers is inverted, and

selectivity increases with decreasing temperature in favor of
the other enantiomer. This behavior can be explained by the
compensation of entropic and enthalpic influences. At low
temperatures, the R-configurated reactants 5 always lead to
the products with R configuration at C-b, which is consistent
with our prediction (see Scheme 2).
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Cover Picture

Kit T. Rodolfa, Andreas Bruckbauer, Dejian Zhou, Yuri E. Korchev,
and David Klenerman*

The persistence of Edgar Degas is illustrated in the formation of highly complex,
graded, �two-color� images on the submicron scale. Two species can be delivered
independently from a single pipette through the use of scanning ion-conductance
distance control. The cover picture shows biological molecules being delivered in air
through a liquid meniscus at the tip of a double-barreled nanopipette (Salvador Dali,
not to scale, is shown painting the Degas Dancers with a nanopipette) as described by
D. Klenerman et al. in their Communication on page 6854 ff.

Combinatorial Catalysis
In many reactions catalysts with bidentate ligands yield the best results. In his
Minireview on p. 6816 ff., B. Breit describes how these chelates can be emulated by
two monodentate ligands held together by attractive interactions.

Natural Product Discovery
How are leads for drug development identified? In their Review on page 6828 ff.,
H. B. Bode and R. M0ller describe the identification and manipulation of biosynthetic
pathways towards new natural products and derivatives potentially suitable for this
task.

Cluster Compounds
In their Communication on page 6848 ff., L. F. Dahl, E. G. Mednikov, and co-workers
describe the synthesis and structural characterization of two new large palladium–
carbonyl–triethylphosphine clusters that contain Pd52 and Pd66 cores.



Meeting Reviews
The Diverse World of Silicon Chemistry G. Kickelbick 6804

Books
Metallocenes in Regio- and
Stereoselective Synthesis

Tamotsu Takahashi reviewed by T. Nishimura 6807

Integrated Chemical Processes Kai Sundmacher, Achim Kienle, Andreas
Seidel-Morgenstern

reviewed by B. Cornils 6807

Highlights

Chemical Bonding

P. Coppens* 6810 – 6811

Charge Densities Come of Age

Asymmetric Catalysis

T. T. Tidwell* 6812 – 6814

Catalytic Asymmetric Esterification of
Ketenes
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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. Drago, L. Caggiano, R. F. W. Jackson*
Vanadium-Catalyzed Sulfur Oxidation/Kinetic-Resolution
Process for the Synthesis of Enantiomerically Pure Alkyl Aryl
Sulfoxides

Q. Qing, F. Chen, P. Li, W. Tang, Z. Wu, Z. Liu*
Finely Tuning the Metallic Nanogap Size with Electrodeposition
Utilizing High-Frequency Impedance in Feedback

X. Rocquefelte,* S. E. Boulfelfel, M. B. Yahia, J. Bauer, J.-Y. Saillard,*
and J.-F. Halet*
The Structural Preferences of Boron and Carbon within MB2C2

(M=Mg,Sc,Ca,Y,Ln) Phases: The “Coloring Problem” Revisited
by DFT Calculations

G. C. Lloyd-Jones,* R. G. Margue, J. G. de Vries
Rate Enhancement by Ethylene in the Ru-Catalyzed Ring-Closing
Metathesis of Enynes: Evidence for an “Ene-then-Yne” Pathway
That Diverts through a Second Catalytic Cycle

S. Klaus, H. Neumann, A. Zapf, D. Str3bing, S. H3bner, J. Almena,*
T. Riermeier, P. Groß, M. Sarich, W.-R. Krahnert, K. Rossen,
M. Beller*
A General and Efficient Method for the Formylation of Aryl and
Heteroaryl Bromides

N. Mart6n,* 7. Mart6n-Domenech, S. Filippone, M. Altable,
L. Echegoyen,* C. M. Cardona
Retrocycloaddition Reactions of Pyrrolidinofullerenes

To be or not to be (a bond, that is)? Recent
progress in X-ray charge-density analysis
is discussed with emphasis on the char-
acterization of unusual bonding situa-
tions, such as the recently reported C�C
“bonding” interaction in a [1.1.1]propel-
lane (see structure).

Ketene esterification after 100 years: In
the latest advance in the esterification of
ketenes, Schaefer and Fu described the
catalytic asymmetric conversion of 2-

tolyl(ethyl)ketene (1) and diphenylacetal-
dehyde to give the enol ester 2 in 99%
yield and 98% ee (see scheme).
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Combinatorial Catalysis

B. Breit* 6816 – 6825

Supramolecular Approaches to Generate
Libraries of Chelating Bidentate Ligands
for Homogeneous Catalysis

Reviews

Metabolic Pathway Mining

H. B. Bode, R. M9ller* 6828 – 6846

The Impact of Bacterial Genomics on
Natural Product Research

Communications

Palladium Clusters

E. G. Mednikov,* S. A. Ivanov,
I. V. Slovokhotova,
L. F. Dahl* 6848 – 6854

Nanosized [Pd52(CO)36(PEt3)14] and
[Pd66(CO)45(PEt3)16] Clusters Based on a
Hypothetical Pd38 Vertex-Truncated
n3 Octahedron
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Ligands scoot together : Noncovalent
attractive interactions between ligands in
the coordination sphere of a metal center
lead to a situation typical for complexes
with classical bidentate ligands (see pic-

ture). In tests with catalyzed reactions
these self-assembled systems gave results
comparable to those obtained with com-
plexes having classical bidentate ligands.

Increasing genomic information together
with new tools in molecular microbiology
have led to powerful and rational appli-
cations in natural product research (see
picture). Today, it is possible to produce
novel and altered secondary metabolites
with biological activity.

Room for one more? The structures of
nanosized Pd52 and Pd66 clusters that are
based upon a common Pd38 vertex-trun-
cated n-octahedral kernel have been
determined. The 45 CO ligands in the Pd66

cluster (see core structure), [Pd66(CO)45-
(PEt3)16] , are described in terms of one
extra and 44 normal ligands, two of which
undergo rearrangement to accommodate
the 45th CO ligand without causing any
substantial changes to the architecture of
the metal core.
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Lithography

K. T. Rodolfa, A. Bruckbauer, D. Zhou,
Y. E. Korchev,
D. Klenerman* 6854 – 6859

Two-Component Graded Deposition of
Biomolecules with a Double-Barreled
Nanopipette

Aminoglycosides

F. Gao, X. Yan, O. M. Baettig,
A. M. Berghuis, K. Auclair* 6859 – 6862

Regio- and Chemoselective 6’-N-
Derivatization of Aminoglycosides:
Bisubstrate Inhibitors as Probes To Study
Aminoglycoside 6’-N-Acetyltransferases

Immunoassays

P. Vicennati, N. Bensel, A. Wagner,
C. CrNminon, F. Taran* 6863 – 6866

Sandwich Immunoassay as a
High-Throughput Screening Method for
Cross-Coupling Reactions

Cluster Compounds

Y. V. Mironov, N. G. Naumov,
S. G. Kozlova, S.-J. Kim,*
V. E. Fedorov* 6867 – 6871

[Re12CS17(CN)6]n� (n=6, 8):
A Sulfido–Cyanide Rhenium Cluster
with an Interstitial Carbon Atom
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Pretty as a picture : The printing of highly
complex graded images with two different
species (see picture) has been developed
through the use of double-barreled pip-
ettes. This method of submicron deposi-
tion of biomolecules eliminates registry
problems that are inherent to other
deposition techniques.

Complex nanomolar inhibitors in one pot :
Aminoglycoside–coenzyme A derivatives
were prepared through an efficient regio-
selective 6’-N modification of aminogly-
cosides (see scheme). These bisubstrates

show tight-binding competitive inhibition
of aminoglycoside 6’-N-acetyltransferase,
an enzyme involved in antibiotic resis-
tance.

Catalyst sandwich : An efficient and sen-
sitive high-throughput-screening method
that uses sandwich immunoassays was
developed and applied to the Sonogashira
reaction. This new method is amenable to
coupling reactions and allows the screen-
ing of more than 1000 catalyst samples
per day.

Cyanide clusters [Re12CS17(CN)6]n� (n=8
or 6), which may be used to form
polymeric material, have been prepared by
treating ReS2 with molten KCN at 750 8C.
The cluster unit comprises two {Re6}
octahedra connected by three m2-S bridges
and one interstitial m6-C atom (see pic-
ture).
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Redox Chemistry

O. Pestovsky, S. Stoian, E. L. Bominaar,
X. Shan, E. M9nck,* L. Que, Jr. ,*
A. Bakac* 6871 – 6874

Aqueous FeIV=O: Spectroscopic
Identification and Oxo-Group Exchange

Cluster Chemistry

S. K. Brayshaw, M. J. Ingleson, J. C. Green,
P. R. Raithby, G. Kociok-KShn,
J. S. McIndoe, A. S. Weller* 6875 – 6878

Holding onto Lots of Hydrogen:
A 12-Hydride Rhodium Cluster That
Reversibly Adds Two Molecules of H2

Crystal Engineering

A. L. Sisson, V. del Amo Sanchez,
G. Magro, A. M. E. Griffin, S. Shah,
J. P. H. Charmant,
A. P. Davis* 6878 – 6881

Spiraling Steroids: Organic Crystals with
Asymmetric Nanometer-Scale Channels

Microporous Germanates

Z.-E. Lin, J. Zhang, J.-T. Zhao, S.-T. Zheng,
C.-Y. Pan, G.-M. Wang,
G.-Y. Yang* 6881 – 6884

A Germanate Framework Containing
24-Ring Channels, Ni�Ge Bonds, and
Chiral [Ni@Ge14O24(OH)3] Cluster Motifs
Transferred from Chiral Metal Complexes
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A combination of techniques (MSssbauer
and X-ray absorption spectroscopy, H2

18O
exchange experiments, and DFT calcula-
tions) has shown that the reaction of
[Fe(H2O)6]2+ with ozone generates
[(H2O)5FeIV=O]2+ (see calculated struc-
ture). The oxidation of selected substrates
with [(H2O)5FeIV=O]2+ yields unique pro-
ducts that are different from those gen-
erated in the Fenton reaction or derived
from HOC radicals.

H Box : The clusters [Rh6(PR3)6H12][BArF
4]2

(R= cyclohexyl, iPr; see scheme, pink Rh,
orange P) reversibly take up two mole-
cules of H2 under ambient conditions
(1 atm H2, 298 K) to give discrete
octahedral clusters surrounded by
16 hydride ligands.

Crystals with broad robust channels are
rare, especially if self-assembled without
the aid of metal ions. Three such crystals
were prepared based on a common
steroid motif. The channels formed are
chiral, directional, aligned, and wide
enough (>1 nm) to accept a variety of
guests (see picture; red: oxygen, blue:
nitrogen, green: fluorine).

Microporous : Chiral metal complexes as
templates under solvothermal conditions
resulted in two novel germanates
Ni@Ge14O24(OH)3·2Ni(L)3 (L=ethylene-
diamine, 1,2-diaminopropane). The chiral
Ni@Ge14O24(OH)3 cluster motifs have an
unprecedented trigonal-bipyramidal
Ni@Ge5 core with Ni�Ge bonds and are
linked to each other to form a 3D
germanate framework containing 24-ring
channels (see picture).
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M. S9ßner, H. Plenio* 6885 – 6888

Redox-Switchable Phase Tags for
Recycling of Homogeneous Catalysts

Activity Probes

C.-P. Lu, C.-T. Ren, Y.-N. Lai, S.-H. Wu,*
W.-M. Wang, J.-Y. Chen,
L.-C. Lo* 6888 – 6892

Design of a Mechanism-Based Probe for
Neuraminidase To Capture Influenza
Viruses

Gold Chemistry

M. A. Cinellu,* G. Minghetti, F. Cocco,
S. Stoccoro, A. Zucca,
M. Manassero 6892 – 6895

Reactions of Gold(iii) Oxo Complexes
with Cyclic Alkenes

Hypervalent Iodine

K. Miyamoto, Y. Nishi,
M. Ochiai* 6896 – 6899

Thiazole Synthesis by Cyclocondensation
of 1-Alkynyl(phenyl)-l3-iodanes with
Thioureas and Thioamides
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A homogeneous catalytic complex is
tagged with two ferrocenyl groups to
control its solubility properties by rever-
sible switching between its neutral and
dicationic states (see scheme). This
approach is carried out on an olefin-

metathesis catalyst and is shown to
effectively switch its catalytic activity on
and off; furthermore, efficient separation
of the catalyst from the reaction products
and subsequent recycling of the catalyst is
possible.

Getting a grip on the flu : A mechanism-
based probe, 1, for neuraminidase was
developed. It is capable of forming a
biotinylated adduct with neuraminidase
(NA) from Arthrobacter ureafaciens. It also

displays an inhibitory effect on a number
of NA activities. ELISA experiments suc-
cessfully demonstrated that influenza
viruses can be selectively captured with
this probe.

An auraoxetane, obtained from the reac-
tion of norbornene with a gold(iii) oxo
complex, has been isolated and fully
characterized (see structure). Action of
the olefin leads to elimination of the
epoxide from the auraoxetane.

The isolation and intramolecular cycliza-
tion of (S)-(1-alkynyl)isothiouronium and
(S)-(1-alkynyl)thiobenzimidonium salts
suggest the mechanism for the one-pot
synthesis of 2,4-disubstituted thiazoles

(see scheme; Ms=methanesulfonyl):
Michael addition of sulfur nucleophiles to
hypervalent iodanes followed by the 1,2-
rearrangement of sulfenyl groups in the
resulting alkylidene carbenes.
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J. Kang, B. Xu, Z. Peng,* X. Zhu, Y. Wei,
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Interaction over a distance : Long-range
antiferromagnetic interactions between
distant copper(ii) and silver(ii) ions are
observed only for triply and singly linked
diporphyrins with at least one b–b bond,
which underscores the critical importance

of this direct bond for antiferromagnetic
coupling. These results can be qualita-
tively accounted for in terms of
the spin distribution of copper(ii) and
silver(ii) porphyrins (see picture).

A rational building-block approach was
employed to construct organometallic/
polyoxometalate (POM) hybrids in which
POM clusters and transition-metal com-
plexes are linked by a p-conjugated
bridge. The synthetic strategy for mole-

cular and polymeric hybrids—POM func-
tionalization with iodo-bearing groups,
attachment of a terpyridine-type ligand,
and metal coordination—is shown sche-
matically in the picture.

Mixed-ion and electron-conducting per-
ovskite membranes are used to produce
oxygen-enriched air (see picture). These
membranes are thermally and mechani-
cally stable at high temperatures
(>875 8C) over a long period of time, thus
making them suitable for industrial pro-
cesses. Oxygen concentrations of the
enriched air typically reach 30–50 vol%.

To twist or not to twist? A ditopic ligand,
L1, that contains a potentially tetradentate
pyridyl–thiazole ligand chain and a
“external” crown ether unit is presented.
Reaction of L1 with Cu+ or Zn2+ ions
results in the formation of a dinuclear

double helicate [Cu2(L1)2]2+ or a mono-
nuclear [ZnL1]2+ species. This ditopic
system changes its preference for Cu+ or
Zn2+ ions on the inclusion of s-block-
metal ions at the crown ether binding site
(e.g., Sr2+ ions as shown in the scheme).
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Selective a Alkylation of Ketones with
Alcohols

Biomimetic Complexes

A. K. Poulsen, A. Rompel,
C. J. McKenzie* 6916 – 6920
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An air-stable, heterogeneous, and recycl-
able catalyst composed of palladium
nanoparticles entrapped in aluminum
hydroxide was applied to a highly selective
a alkylation. A wide range of aliphatic and

aromatic ketones and primary alcohols
were coupled to prepare enones in an O2

atmosphere and ketones in an argon
atmosphere (see scheme).

A highly specific and catalytic oxidation of
water occurs when using a dinuclear Mn
complex of a mononegative carboxylate-
containing pentadentate ligand (see
scheme). Isotope-labeling experiments
coupled with membrane inlet mass spec-
trometry show that one oxygen atom in
the evolved O2 molecule is derived from
water and the other from the oxidant.

A europium complex capable of selectively
binding zinc (see picture) has been
developed as a new paramagnetic chemi-
cal exchange saturation transfer (PARA-
CEST) imaging agent for use in magnetic
resonance imaging (MRI). A hydroxide
group on the bound Zn ion increases the
rate of water exchange on the Eu ion.

Stereochemical alchemy! Racemic allyl
b-ketoesters allow the regiocontrolled
formation of enolates, where the same
catalyst is intimately involved in both the
stereoablative (C�C bond-breaking) and

stereoselective (C�C bond-forming)
steps. This mechanistic and practical
insight led to the formation of multiple
quaternary carbon stereocenters in a
single cascade reaction (see scheme).
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Structural transition from type I to type II
is accompanied by a large increase in
lattice constant a in CH4+C2H6 clathrate
hydrates (see picture). In contrast, the
lattice constants of CH4+CO2 clathrate
hydrates are independent of composition.
Data for a natural gas hydrate from the
sediments of Lake Baikal are also consis-
tent with these trends.

Versatile intermediates for the synthesis of
N-aryl-a-amino acids and N,N-disubsti-
tuted 1,2-diamines can now be synthe-
sized with high efficiency by the ruthe-
nium-catalyzed oxidative cyanation of ter-

tiary amines. The use of hydrogen perox-
ide as an oxidant in the presence of
NaCN/AcOH or HCN provides the corre-
sponding a-aminonitriles (see reaction).

Promising building blocks : High-density
radially-oriented amorphous silica nano-
wires standing on a single-crystal Si
nanocore were synthesized by simple
thermal evaporation of silicon with tin as
catalyst. The growth process (see sche-
matic picture) appears to involve concur-
rent vapor–liquid–solid and oxide-assis-
ted growth mechanisms. Scanning elec-
tron micrographs corresponding to 1 and
2 are also shown.

Two tags are better than one: Sixteen
individual stereoisomers of murisolin (see
scheme) are synthesized together and
isolated in pure form with the aid of a
double-separation tagging procedure. A

strategy for solution-phase stereoisomer
synthesis based on double-separation
tagging and double demixing is imple-
mented with fluoroalkyl and oligoethylene
glycol (OEG, (OCH2CH2)nOCH3) tags.
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When excess charge is deposited on
thymine and uracil by resonant attach-
ment of low-energy electrons (0–3 eV),
H atoms are cleaved exclusively from the
N positions. This bond selectivity can be
made site selective (N1 vs. N3 position)
by properly tuning the electron energy.
This conclusion was drawn from experi-
ments with methylated thymine and uracil
(see picture) in crossed beam experi-
ments.

Optical control of the photo- and electro-
chemiluminescence of a brightly fluores-
cent reporter group is possible by switch-
ing between the photochromic units of
dyads 1a and 1b. Irradiation, that is,
writing in information, with UV light
converts the highly luminescent dihy-
droazulene 1a into the weakly emissive
vinylheptafulvene 1b. Readout of the
system can be performed by either elec-
trochemically generated or photogener-
ated luminescence.

Out of thin air, a rhodium complex
converts molecular oxygen into hydrogen
peroxide, bis(trimethylsilyl) peroxide, and
methyl hydroperoxide. Intermediate h1-
hydroperoxo and h1-silylperoxo, and h1-
methylperoxo complexes have been iso-
lated. Another h1-methylperoxo (see pic-
ture) and an h1-hydroperoxo complex have
been characterized by X-ray crystallogra-
phy.

In one go : (Hetero)aryl iodides, alkynes,
carbon monoxide, and amidines can be
assembled in a consecutive four-compo-
nent reaction to give pyrimidines by a
sequence of carbonylative alkynylation

and cyclocondensation. Carbonylative
alkynylation also is the key step in the
two-step syntheses of meridianins and
meridianin derivatives.
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Polyhedral Al halides: Four halogen atoms
directly coordinated to an Al12 icosahe-
dron in two structurally characterized Al20

clusters indicate the mechanism of for-
mation of Al22X20 subhalides. No Al atom
is located in the center of the icosahedron
in either of these icosahedral compounds!
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The Diverse World of Silicon
Chemistry**

Guido Kickelbick*

Besides carbon, the only other element
that reveals a similarly rich chemistry is
silicon, spanning classical main-group to
organometallic to materials chemistry,
biochemistry and biotechnology, as well
as theoretical chemistry. Although both
elements have many properties in
common, silicon often reveals a remark-
ably different reactivity compared to
carbon. The extraordinary properties of
silicon and the large variety of products
that can be prepared given its similarity
to carbon make it not only a prominent
element in academic research but also in
industry, where its value has been rec-
ognized, for example, in polymers and as
a semiconductor material.

The particular reactivity of silicon
and its highly innovative chemistry are
also reflected by the fact that a confer-
ence series celebrated its 40 year tradi-
tion, namely, the 14th International
Symposium on Organosilicon Chemis-
try. Hundreds of scientists gathered in
W(rzburg (Germany) to discuss
ground-breaking news in the field of
silicon chemistry. For the first time, this
meeting was held in conjunction with
the European Organosilicon Days. The
exceptional characteristic of this meet-
ing series was the close contact between
scientists from both academia and

industry as well as the variety of
research from both areas, as evident
from the composition of the lecture
program which covered all of the
above-mentioned aspects of silicon
chemistry. The scientific program
included more than 150 talks and over
220 posters.

Silicon chemistry still is mainly
driven by the interest to compare the
similarities and differences in its reac-
tivity relative to that of carbon. A major
challenge is the synthesis of Si�Si multi-
ple bonds. A pioneer in this area is
Mitsuo Kira (Tohoku University,
Sendai, Japan), who presented an over-
view of the latest developments in the
field of dialkylsilylenes and Si=Si
double-bonded compounds, such as spi-
ropentasiladiene and trisilaallene
(Scheme 1). Kira and co-workers suc-

ceeded in isolating stable disilene in the
form of the silicon analogues of cyclo-
propene and cyclobutene.[1] Further
highlights from Kira8s laboratory were
the first stable compound with a formal
sp-hybridized silicon atom, cross-conju-
gated Si=C compounds, and 1,3-
disilabicyclo[1,1,0]butane as the first
isomer with an inverted bridged Si�Si
bond. In honor of his pioneering work in
this field, Kira was awarded the 2005
Wacker Silicon Award in W(rzburg.

Research in the field of silicon-con-
taining polymers is currently fuelled by
an interest in controlling their composi-
tion and morphology as well as the
patterning of materials by using macro-
molecules. Ian Manners (University of

Toronto, Canada) revealed the many
possible applications of polyferrocenyl-
silanes. These metal-containing poly-
mers that are produced by ring-opening
polymerization reveal a controllable
structure, which facilitates the control
over their self-organization. The resul-
tant supramolecular metal-containing
structures can be used, for example, as
magnetic materials. Application of UV
photolithography allows the use of poly-
ferrocenylsilanes for the patterning of
thin films, which can be additionally
metalated by binding cobalt carbonyl
compounds.[2, 3] Catalytic cross-dehydro-
coupling reactions of silanols and silanes
represent a route to novel siloxane-
based polymers. Yusuke Kawakami
(Japan Advanced Institute of Science
and Technology, Nomi, Japan) and co-
workers have used tris(pentafluorophe-

nyl)borane as an effective catalyst
for the synthesis of such poly-
mers.[4] Patterning of silicon-
based materials is regularly car-
ried out by applying the self-
organization of amphiphilic mac-
romolecules. Ulrich Wiesner
(Cornell University, Ithaca,
USA) and his team make use of
the organization of amphiphilic
block copolymers in complex
three-dimensional structures as
templates to perform chemistry
in the formed domains. By appli-
cation of this method, it is possible
to produce three-dimensional
silica-based structures as well as
SiCN- and SiC-based systems,
which can be viewed as the repro-
duction of the previously formed
structures.[5, 6]

Nicola H(sing (University of Ulm,
Germany) demonstrated new possibil-
ities of the structuring of sol–gel-based
materials using tetrakis(2-hydroxy-
ethyl)silane as precursor, which releases
glycol instead of an alcohol during
hydrolysis and condensation.[7] The use
of a drying process, which leads to a
more-hydrophobic surface, helps to pro-
duce highly porous monoliths.[8] Besides
pure oxidic materials, organically modi-
fied silsesquioxanes have become an
important topic of research in recent
years. Speculations that were often rea-
sons for scientific discussion about the
structure of ladder-type silsesquioxanes
produced by the sol–gel process of

[*] Dr. G. Kickelbick
Vienna University of Technology
Institute of Materials Chemistry
Getreidemarkt 9-165
A1060 Vienna (Austria)
E-mail: kickelgu@mail.zserv.tuwien.ac.at

[**] 14th International Symposium on Orga-
nosilicon Chemistry (ISOS XIV) in con-
junction with the 3rd European Organo-
silicon Day in W8rzburg (Germany), 31st
July to 5th August, 2005.

Scheme 1. Some extraordinary Si compounds pro-
duced by Kira’s group.[1]
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trialkoxysilanes were seen in a new light
by Masfumui Unno (Gunma University,
Kiryu, Japan) and co-workers. They
succeeded in the synthesis of oligomeric
silsesquioxanes with control over the
stereochemistry.[9] Besides ladder-type
structures, cage-type silsesquioxane are
used as precursors for nanocomposites
in materials chemistry. For example,
Gion Calzaferri (University of Bern,
Switzerland) and his co-workers have
used R-H7Si8O12 to close channels of
dye-carrying zeolites and created new
photonic devices by this technique.[10]

The corners of cagelike silsesquioxanes
and spherosilicates can be functional-
ized through various methods by
organic groups. Such molecular building
blocks are used by Richard Laine (Uni-
versity of Michigan, Ann Abor, USA)
and his group to form three-dimensional
nanocomposites.[11]

The controlled formation of nano-
particles is also an important topic in the
field of silicon chemistry. Application of
novel types of surfactant molecules that
contain a citrate head group allowed
Michael Brook (McMaster University,
Hamilton, Canada) and co-workers to
prepare and stabilize silver nanoparti-
cles. Self-organization of the derived
systems leads to chains and ellipsoidal
rings, as well as structures of higher
complexity, such as multilayer bands
(Figure 1). Solvent-based methods to
produce silicon nanoparticles and func-
tionalize their surfaces in situ were
presented by Susan Kauzlarich (Univer-
sity of California, Davis, USA).[12, 13] The
particles thus obtained show a photo-
luminescence that is stable over long
periods of time.

Graham Showell (Paradigm Thera-
peutics Ltd., Cambridge, GB) impres-
sively convinced the audience that orga-
nosilicon-based medicinal chemistry can
lead to the development of novel drugs.
Often this development is based on the
selection of proven compounds and the
formation of derivatives that contain
silicon atoms or silicon-containing
groups. Sila substitution (C–Si
exchange) in well-known drugs—the
formation of so-called bioisosters—is
one possibility to search for novel com-
pounds that reveal advantageous bio-
logical properties, such as improved
pharmacodynamic profiles. Further-
more, this approach can be used to get

around existing patents and help to
minimize costs in pharmaceutical
research. Some fundamental differences
in the reactivity of silicon compared to
that of carbon can also lead to changes
in the biological properties of the sili-
con-containing analogues, and the
advantageous differences are exploited
in the design of novel pharmaceuti-
cals.[14]

Iain MacKinnon (Dow Corning
Ltd., Barry, GB) presented to the pre-
dominately academic audience the
many industrial applications of function-
alized polysiloxanes. He showed indus-
trial solutions for the large-scale pro-
duction of N-functionalized polysilox-
anes, which are used in everyday prod-
ucts such as shampoos, shoe polish, or
conditioners. The introduction of
organic functional groups to avoid the
yellowing of the N-functionalized poly-
siloxanes was one of the many examples
discussed.

The functionalization of silicon sur-
faces is an important aspect in many

applications as well as being of funda-
mental chemical interest. Jillian Buriak
(University of Alberta, Edmonton,
Canada) revealed a selection of chem-
ical reactions at surfaces that differ
fundamentally from the molecular
chemistry of silicon compounds. One of
the methods her group has used is
electrografting, which has allowed the
covalent attachment of alkynes to H-
terminated silicon surfaces by conduct-
ing-probe atomic force microscopy (CP-
AFM). This method allowed the pro-
duction of structures with dimensions of
less than 30 nm (Figure 2).[15]

Manfred Sumper (University of
Regensburg, Germany) introduced the
audience to the world of biomineraliza-
tion, where silicates and the biochemis-
try of silicon play an important role. The
complex and sometimes spectacular
shapes of diatoms are an interesting
display of Nature. Analysis of the sili-
cate cell walls reveal that they are
formed by composites that contain zwit-
terionic proteins (silaffines) and long-

Figure 1. Novel surfactant molecules for the production of silver nanoparticles and their
supramolecular arrangements, as presented by Brook.

Figure 2. Application of CP-AFM makes it possible to connect molecules covalently on modified
silicon surfaces and to form patterns. Adapted from Reference [15].
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chain polyamines together with the
inorganic phase. Quaternized ammoni-
um groups seem to play a particular role
in these systems.[16] The complex mech-
anisms of their patterning can be
explained by the self-organization proc-
esses of polyamines, which act as tem-
plates.

ISOS XIV showed how exciting and
full of innovation the research into a
single element can be, and we look
forward again to see how this field
develops until the next meeting.
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Charge Densities Come of Age
Philip Coppens*
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In 1915, just three years after the
discovery of X-ray diffraction by Von
Laue, Peter Debye noted that “the
scattering from light atoms should get
more attention, since along this way it
should be possible to determine the
arrangement of electrons in crystals”.[1]

Debye!s statement preceded the devel-
opment of quantum mechanics and
Born!s definition of electron probability
distribution, but correctly assumed that
the electron distribution was an observ-
able that had become accessible. Inter-
estingly, it took the better part of a
century for this vision to be realized and
for X-ray charge-density analysis to
become a true analytical technique that
was capable of providing quantitative
insight into controversial issues and
sufficiently rapid to be applicable to a
series of related problems. In 1990 we
wrote, “At present, charge-density
analysis is far from a routine technique”,
pointing out the need for time-consum-
ing collection of large data sets and the
limitations in accuracy of the experi-
mental measurements.[2] These limita-
tions have now to a large extent been
overcome as a result of the development
of more-intense X-ray sources, sensitive
area detectors that allow rapid (and
redundant) data collection, much im-
proved cryogenic techniques, and last,
but not least, the dramatic increase in
computing power. As a result, not only
has the accuracy improved but the
analysis can be fast and precise, as
demonstrated by Koritsanszky et al. in
1998 with the determination of accurate

experimental electronic properties of
dl-proline monohydrate within 1 day.[3]

It illustrates the disappearance of time
limitations, making the time required
for experimental charge-density analysis
comparable with that for theoretical
calculations. Of course, the experiment
yields the charge density for the mole-
cule in the solid state rather than the
isolated molecule or complex, thus in-
corporating in the case of molecular
crystals the small but subtle effects of
the molecular environment. It must also
be kept in mind that the charge distri-
bution and not the wave function is
accessible, a crucial distinction, though
recently wave functions derived from
experiment have been obtained by con-
straining Hartree–Fock variational cal-
culations to fit the experimental struc-
ture factor amplitudes.[4] However, the
theory of “atoms in molecules”, as
pioneered by Richard Bader, which
provides a quantitative link between
the total electron density and the all-
important physical properties of a mol-
ecule, bypasses the wave function in the
analysis.[5] Topological analysis of the
total density has been exploited to
obtain net atomic moments, including
charges, and to infer the nature of
chemical bonding directly from the
electron-density distribution. The chem-
ical bond analysis derives much of its
power from the characteristics of the
topological bond path between atoms,
including the density (1) at the bond
critical point (BCP) and the Laplacian
of the electron density at the BCP and in
other regions around the atoms. At the
BCP, 1 is a minimum along the bond
path but is a maximum along the
perpendicular directions.

The results recently reported by
Luger and co-workers on the bonding
in a [1,1,1]propellane with its inverted

carbon atoms[6] are a culmination of a
series of careful studies of charge den-
sity on strained hydrocarbons[7] and
other small molecules[8] from Luger!s
laboratory. The work on the propellane
addresses the important issue of the
nature of this relatively short (< 1.6 ?)
C–C interaction, which has been the
subject of earlier theoretical[9] and ex-
perimental[10] studies. The analysis
showed the presence of a bond path
between the two inverted carbon atoms
with a significant electron density at the
BCP, corresponding to a bond order of
0.71, as derived with Bader!s empirical
relationship, in very good agreement
with theory. The agreement is less close
for the value of the Laplacian (521(rBCP)
at the BCP, which is much more positive
according to the experiment, and indi-
cates a closed-shell rather than a shared
interaction. To assess this discrepancy, it
must be realized that the experimental
Laplacian, being a second derivative, is
quite sensitive to the functions used in
both the experimental and theoretical
analyses. To obtain precise experimental
information on a second-derivative
function such as the Laplacian, very
high order X-ray data would be needed.
These are weak or even absent as the X-
ray scattering falls off with scattering
angle as a result of interference and the
effects of thermal motion. The exper-
imental Laplacian may therefore be
rather dependent on the functions used
in the fitting of the experimental obser-
vations.[11] Similarly, the theoretical Lap-
lacian may vary with the nature of the
basis set and its completeness. In this
context it is relevant that the X-ray
refinement on which the static density is
based is performed with Slater-type
functions, while Gaussian functions are
used in the theoretical computation with
which comparison is made. So the dis-
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agreement between the experimental
and theoretical Laplacians in the bridge-
head bonds may be less surprising than
appears at first glance.

The results from Luger and co-work-
ers may be compared with another
unusual C–C interaction. Topological
analysis of the experimental electron
density of syn-1,6:8,13-biscarbonyl-
[14]annulene (Figure 1),[12] derived from
high-resolution data at 19 K, shows a
bond path between the two bridgehead
carbon atoms across the central ring, as

indicated by the arrow in Figure 1, even
though the C···C distance is much longer
than that for the bridgehead bond in the
[1.1.1]propellane (2.593 ? versus
1.579 ?). Also, 1(rBCP) is much smaller
for the annulene (0.116(3) versus
1.31(3) e?�3), whereas the Laplacian
521(rBCP) has a value of 1.53(1) e?�5

for the annulene at the BCP compared
to 521(rBCP)= 10.3(1) e?�5 for the
[1.1.1]propellane. In the annulene, no
BCPs were found along other trans-
annular lines although the distances are
shorter (by about 0.1 ?) than the dis-
tance between the bridgehead atoms.
Such results demonstrate the need for
additional criteria for judging the nature
of atomic interactions. Several such
criteria have been applied in particular
to bonds involving heavier atoms, for
which the radial shape of the atomic
Laplacian makes this function less use-
ful in characterizing the bonding inter-
action.[13] In the classification proposed
initially by Cremer and Kraka,[14] and
extensively applied in later work,[15]

covalent interactions are characterized

by local excess of the negative potential-
energy density V(r), over the positive
kinetic-energy density G(r). Thus the
total energy density, H(r)=G(r)+V(r),
will be negative at the BCP for covalent
bonds. A second, most useful measure is
the electron-localization function
(ELF),[16] which provides information
on the pairing of electrons in the bond-
ing region. This function can be ob-
tained approximately from the experi-
mental density[17] by the use of a func-
tional proposed by Kirshnitz.[18] As the
functional is approximate, the experi-
mental ELF is often referred to as the
“approximate ELF” (AELF). The
AELF contains a number of undesirable
artifacts, but its features are in broad
agreement with the ELF.[19] A third
function that has been successfully used
in the analysis of M�M bonding (M=

metal) but can only be obtained from
the pair density distribution is the de-
localization index d(A,B) of Bader and
Stephens,[20] which corresponds to the
number of electron pairs delocalized
between atoms A and B. In a combined
experimental/theoretical analysis of the
M�M bonding in [FeCo(CO)8]

� , Macchi
et al. compared the various criteria upon
the (hypothetical) fluxional rearrange-
ment of the CO coordination from
terminal to bridging.[21] For the Fe�Co
bond, d(Fe,Co) varies smoothly along
the fluxional rearrangement path, even
though the topological bond path dis-
appears somewhere along the transition
from the terminal to the ligand-support-
ed conformation, which suggests the
shortcomings of a sole reliance on the
bond path criterion. When the M�M
BCP is present, the energy density is
small but nevertheless negative.

Clearly, although much progress has
been made in recent years, the charac-
terization of the chemical bond is not a
closed subject. Experimental studies of
unusual bonds, as presented in the
recent report by Luger and co-workers,
demonstrate how new light can be shed
on longstanding issues in chemical
bonding.
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Figure 1. The syn-1,6:8,13-biscarbonyl[14]annu-
lene molecule.[12] The bridgehead carbon
atoms between which a bond path was found
are indicated by the arrow.
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Ester formation by addition of alcohols
to ketenes was discovered 100 years ago,
when Hermann Staudinger prepared
diphenylketene as the first isolated
member of this versatile and reactive
family, and by reaction with ethanol
formed the ethyl ester of diphenylacetic
acid.[1a] As soon as unsymmetrical dis-
ubstituted ketenes were prepared it
became apparent that esterification of
these ketenes by alcohols generates a
new chiral center, and by 1919 an
attempt was made by Weiss to achieve
asymmetric synthesis in this reaction, by
the addition of the optically active
alcohol (�)-menthol to phenyl(4-tolyl)-
ketene (1) [Eq. (1)].[1b] This report at-

tracted considerable attention at the
time and was initially accepted, but
upon reexamination it was agreed there
was no selectivity in the formation of the
new stereocenter.[1c–e] This was an un-

suitable substrate and an improbable
outcome, as the only difference between
the two aryl groups is the 4-methyl
substituent in one aryl ring, which would
have an imperceptible effect on proton
transfer forming the new chiral center.
However, the goal of achieving stereo-
selectivity in ketene esterification has
been a major challenge for synthetic
chemistry ever since, especially in view
of the prominent bioactivity of many 2-
arylalkanoic acids that are potentially
available by this reaction.

The search for stereoselectivity us-
ing this methodology received new im-
petus with a prominent report of the
reaction of phenyl(trifluoromethyl)-
ketene (2) with several chiral alcohols
including 3 (Mes= 2,4,6-trimethylphen-
yl) which formed 4 with significant 53%
stereoselectivity, and showed the way to
reach the goal envisaged by Weiss
[Eq. (2)].[2]

This path for asymmetric synthesis
by ketene esterification using chiral
alcohols was pursued at the Merck
laboratories, where the addition of the
chiral alcohol (R)-pantolactone (6) to
ketene 5 was found to give 2-arylpropi-
onate 7 with 99.5% diastereoselectivity
[Eq. (3)].[3a] The origins of the selectivity
in this reaction have been elucidated by
computational means using (S) methyl
lactate as a model.[3b] Many variations

on this reaction have been reported,
including the use of a polymer-bound
analogue of pantolactone.[3]

The use of chiral catalysts to induce
stereoselectivity in ketene esterification
offers an attractive alternative to the use
of stoichiometric chiral alcohols to ach-
ieve this result, and a major achieve-
ment in this quest came in 1960 when
the brucine-catalyzed stereoselective
addition of methanol to phenyl-
(methyl)ketene (8) forming the ester 9
was reported by Pracejus [Eq. (4)].[4a]

The selectivity was temperature depen-
dent, ranging from 25% ee for the S
ester at �110 8C to 10% ee for the R
ester at 80 8C.[4a] This was improved to
76% ee for the S ester when benzoyl-
quinine was used at �110 8C.[4b,c] This
discovery invited further improvements
in the enantioselectivity using new cata-
lysts,[4d–f] but it was a long wait before
this was to take place.
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Then in 1999 Fu and co-workers
introduced a designed catalyst to sup-
plement the use of cinchona alkaloids
for the catalytic asymmetric synthesis of
esters from ketenes. They reported that
addition of methanol to aryl(alkyl)-
ketenes 10 catalyzed by the azaferro-
cene catalyst 11 in the presence of 2,6-
di(tert-butyl)pyridinium triflate gave up
to 80% ee in the formation of esters 12
[Eq. (5)].[5a] It was proposed that this

reaction took place by a catalytic cycle
with nucleophilic attack of the catalyst
on the ketene forming the enolate 13,
which was protonated by the pyridinium
triflate to form 14 stereoselectively, and
then methanol displaced the catalyst to
give the ester 12 [Eq. (6)].[5a]

This procedure was further im-
proved for the esterification of ketenes
10 by phenols 15 using the second-
generation catalyst 16. Aryl esters 17
were obtained with a selectivity of 35–
91% ee, and the highest ee value was
achieved with 2-tert-butylphenol
[Eq. (7)].[5b] Reactions of a variety of

ketenes with this phenol gave ee values
of 79–94% and yields of 66–97%. The
mechanism proposed for this process is
different than that for the addition of
methanol and involves deprotonation of
the phenol, followed by phenoxide at-
tack on the ketene forming enolate 18,
and proton transfer from the resulting
ion pair forming 17 [Eq. (8)].[5b]

In a novel and unexpected extension
of the search for catalyzed stereoselec-
tive esterification of ketenes, Schaefer
and Fu have now discovered that alkyl-
(aryl)ketenes 10 react with the readily
enolizable aldehydes 19 and 20 with
catalysis by (�)-16 to give stereoselec-
tive formation of enol esters 21
[Eq. (9)].[5c] The reaction of phenyl-

(ethyl)ketene and diphenylacetalde-
hyde resulted in the formation of 21 in
84% yield and 91% ee. For other ke-

tenes the reaction was even more suc-
cessful; the reaction of 2-tolyl-
(ethyl)ketene gave 99% yield and
98% ee (Table 1).[5c]

Two possible mechanisms were pro-
posed for this reaction, namely, initial
addition of the catalyst to the ketene
giving 22, which stereoselectively ab-
stracts a proton from the aldehyde
giving 23, which combines with the
aldehyde enolate 24 [Eq. (10)]. Alter-
natively, addition of 24 to the ketene
gives 25, which is converted to 21 by
stereoselective proton transfer by the
protonated catalyst [Eq. (11)].[5c]

The use of diphenylacetaldehyde
(20) is a shrewd choice for this reaction,
as it exists in the enol form (pKa= 9.4)
to the extent of 10% in aqueous solution
at 25 8C.[6] Interestingly this is the same
pKa as for phenol and suggests that the
mechanism of Equation (11), which re-
sembles that of Equation (8) found for
phenols, may be preferred.

There is precedent for the O-acyla-
tion of ketone enolates by ketenes,[7a–c]

Table 1: Stereoselective formation of vinyl esters from ketenes 10 and diphenylacetaldehyde (20)
[Eq. (9)].[5c]

10 21 10 21
Ar R Yield [%] ee [%] Ar R Yield [%] ee [%]

Ph Me 74 78 Ph tBu 96 88
Ph Et 84 91 2-Tol Et 99 98
Ph iBu 81 77 2-MeOC6H4 Me 95 97
Ph iPr 95 98 4-MeOC6H4 Et 89 92
Ph cPent 99 97 4-ClC6H4 Et 96 88
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including the involvement of ester enol-
ates in the polymerization of dimethyl-
ketene.[7a] Also the reaction of phenyl-
(ethyl)ketene with lithium pinacolate at
�78 8C followed by warming to 25 8C
and protonation with water gave the
enol ester 28 in 57% yield, evidently
through the intermediacy of the enolate
27 [Eq. (12)].[7c] When the potassium

enolate was reacted similarly, the dike-
tone 30 from acylation on carbon was
the observed product, indicating the
intermediacy of the enolate 29
[Eq. (13)].[7c] Rearrangement of the ini-
tially formed enolates was also shown to
occur.[7c] Catalyst 16 is reported not to
promote rearrangement of the enol
esters 21 formed in Equation (9) to
1,3-dicarbonyl compounds.[5c]

The unique features of the work by
Schaefer and Fu suggest myriad possible
extensions of their work. The enol esters
derived from this reaction undergo fac-

ile hydrolysis to give chiral carboxylic
acids, but this is wasteful of the interest-
ing enol ester functionality contained in
the molecule. Possibly stereoselective
addition to the carbon–carbon double
bond of the esters generating useful new
functionality could be achieved. Other
easily enolized carbonyl functions such
as 1,3-dicarbonyl compounds or fluori-
nated ketones may be susceptible to this
methodology. Further progress in this
area can be expected.
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1. Introduction

The evolution of modern homogeneous catalysis is driven
by the quest for higher efficiency and selectivity. While
enzymes are highly substrate specific, their scope is limited.
Synthetic catalysts are of particular interest because of their
potential for a broader range of substrates. However, in both
fields no general catalyst giving optimal results for all kinds of
substrates is available. Hence, to achieve the desired selec-
tivity for a catalytic reaction of interest, the catalyst must be
optimized and adjusted to the particular problem. Especially
in the field of metal-complex catalysis, the choice of the right
ligand, which shapes the microenvironment at the catalyti-
cally active metal center, is crucial.

However, despite significant progress in the field of
theoretical and computational chemistry, there is still no
rational way to model from scratch the best ligand for a given
reaction and selectivity problem. So far, finding the optimal
ligand is an unpredictable high-risk endeavor, which is driven
to a large extent by various combinations of intuition,

experience, hard labor, and in many
cases serendipity. This is a long-stand-
ing problem and has, at least for

asymmetric catalysis, a simple physicochemical origin. In
1983 Knowles noted:[1] “Since achieving 95% ee only involves
energy differences of about 2 kcal, which is no more than the
barrier encountered in a simple rotation of ethane, it is unlikely
that before the fact one can predict what kind of ligand
structures will be effective.”

Inspired by developments in the pharmaceutical industry
to accelerate lead discovery and optimization, scientists have
adapted methods of combinatorial chemistry to homogeneous
(and hetereogeneous) catalysis to speed up catalyst discovery
and optimization.[2] Many elegant solutions for high-through-
put screening of catalyst libraries are available today which
facilitate the testing of large catalyst libraries for optimal
activity and selectivity.[3] However, the full potential of the
combinatorial approach for catalyst discovery has not been
reached so far owing to the difficulty of accessing large and
structurally diverse ligand libraries. This problem is partic-
ularly acute for the important class of bidentate ligands.
Although monodenate ligands have gained increasing impor-
tance recently, a considerable number of catalytic reactions
require a bidentate ligand for maximum selectivity. A
prominent example for enantioselectivity control is the
reduction of b-keto esters with ruthenium(ii)–binap catalysts
(Scheme 1a).[4] Another example is the control of regioselec-
tivity for the industrially important rhodium-catalyzed hydro-
formylation of terminal alkenes, which requires tailor-made

The process of catalyst discovery and development relying on
combinatorial methods has suffered so far from the difficult access to
structurally diverse and large libraries of ligands, in particular the
structurally more complex class of bidentate ligands. A completely new
approach to streamline the difficult ligand synthesis process is to use
structurally less complex monodentate ligands that self-assemble in the
coordination sphere of a metal center through noncovalent attractive
ligand–ligand interactions to generate bidentate, chelating ligands.
When complementary attractive ligand–ligand interactions are
employed, it is even possible to generate libraries of defined chelate–
ligand catalysts by simply mixing two different monomeric ligands.
This Minireview summarizes the first approaches and results in this
new field of combinatorial homogeneous catalysis.
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bidentate ligands.[5] Among the few ligands known to achieve
efficient regiocontrol is the xantphos system (Scheme 1b).

The problem in constructing ligand libraries is closely
related to the number of synthetic steps required to synthesize
a bidentate ligand. These steps are in many cases nontrivial
synthetic operations that render the ligand synthesis unsuited
for automation. A particular challenge is the synthesis of
nonsymmetric bidentate ligands equipped with two different
donor sites.[6, 7]

2. Emulation of Chelation through Self-Assembly of
Monodentate Ligands

Recently, attempts have been made to simplify access to
bidentate ligands by a conceptually new approach: The basic
idea is to use structurally less complex monodentate ligands,
which imitate the situation of a bidentate ligand at the
catalytically active metal center through a noncovalent
connection between the two binding sites (Scheme 2). Nature
provides a range of noncovalent interactions such as
van der Waals interactions, p stacking, cation–p interactions,
charge-transfer interactions, electrostatic interactions, hydro-
gen bonding, and coordinative interactions.[8] Thus, on going
from a metal complex having two truly monodentate ligands
with no attractive interaction between them, to a metal
complex with a bidentate ligand having two covalently
connected binding sites, there is a continuum of arrangements
consisting of two donor ligands and a metal center that
emulate chelation through noncovalent attractive ligand–
ligand interactions. A differentiation within this continuum
may be made according to the strength and nature of the
attractive ligand–ligand interaction (Scheme 2).[8]

Beyond the benefit of a simplified ligand synthesis, the
true potential of this approach now lies in the inherent
possibility for the generation of combinatorial ligand libraries
through simple ligand mixing. Thus, provided that two ligands
are bound to one catalytically active metal center, one could
obtain from a set of n different monodentate donor ligands a
library of (n2 + n)/2 MLxLy catalysts (Table 1).

If, however, the interaction between the two ligands
bound to one metal center is noncomplementary, mixing the
two different ligands will result in a mixture of the two
homodimeric and the heterodimeric ligand metal complexes
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Scheme 1. Control of enantio- and regioselectivity with selected metal
catalysts with bidentate ligands.

Scheme 2. Continuum of attractive ligand–ligand interactions in an
MD2 complex.

Table 1: Ligand library generated by mixing n monodentate ligands Lx

and Ly.

Ligand L1 L2 … Ln

L1 L1L1

L2 L1L2 L2L2

… … … …
Ln L1Ln L2Ln … LnLn
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almost irrespective of the nature and strength of the attractive
ligand–ligand interaction (Scheme 3). In this scenario three
potential catalysts are present simultaneously. Only in cases
when the heterocombination is more reactive and at the same
time more selective than the homodimer is optimization
towards a better catalyst possible.

To facilitate the evaluation of structure–activity relations
and optimization strategies, it would be desirable to have a
situation in which ligand mixing generates the heterodimeric
ligand metal complex exclusively. Thus, shifting the equilib-
rium to the desired heterodimeric species completely would
require two different sets of monodentate ligands with
complementary binding sites in order to generate attractive
ligand–ligand interactions (Scheme 4).

Hence, a heterodimeric ligand system formed by comple-
mentary self-assembly could imitate a classical nonsymmet-
rical ligand system (Scheme 4). Furthermore, mixing m
ligands of set D1 with n ligands of set D2 in the presence of
a metal species would generate a library of m@n defined
heterodimeric bidentate ligand metal complexes (Table 2).

It is the aim of this review to summarize the first
accomplishments in this new field of combinatorial catalysis

with homogeneous metal complexes employing ligand libra-
ries obtained through self-assembly.

3. Weak Ligand–Ligand Interactions:
van der Waals, p Stacking, Dipole–Dipole
Interactions

For almost three decades the field of homogeneous
catalytic asymmetric hydrogenation has been dominated by
chelating ligand systems such as diop,[9]dipamp[10] binap,[11]

duphos,[12] and josiphos,[13] which have been shown to furnish
excellent asymmetric induction for a number of substrates.

Already in 1972 Knowles and co-workers reported on a
rhodium catalyst modified with the monodentate phosphine
camp to yield enantioselectivities up to 90% for the hydro-
genation of precursors of N-acetyl phenylalanine.[14] How-
ever, it was not before 2000 when the dominance of bidentate
ligands was questioned independently by the research groups
of Orpen and Pringle,[15] Reetz,[16] Feringa, Minnaard, and
deVries.[17] Chiral monodentate phosphinites, phosphates,
and phosphoramidites showed excellent levels of enantiose-
lectivity for the asymmetric rhodium-catalyzed hydrogena-
tion of a number of substrates. A quadrant model was
proposed based on an X-ray structure platinum(ii) complex
with a binol-derived phosphonite ligand (Figure 1).[15, 16]

Interestingly, the two monodentate phosphorus ligands
are cis coordinated at the platinum center, which is supposed
to be a sterically less favorable arrangement than the
alternative trans orientation. Hence, one may speculate that
the preferred formation of the cis complex results from weak
attractive ligand–ligand interactions based on van der Waals

Scheme 3. Catalyst mixtures from mixing of two different ligands D1

and D2 and a metal source; noncomplementary D1–D2 interactions are
represented by dotted red lines.

Scheme 4. Defined heterodimeric catalysts from mixing and self-as-
sembly of monodentate ligands with complementary binding sites in
the presence of a metal source.

Table 2: Ligand library of m@n different and defined heterodimeric
ligands generated through mixing two sets of monodentate ligands with
complementary binding sites.

Ligand m1 m2 … mi

n1 m1n1 m2n1 … min1

n2 m1n2 m2n2 … min2

… … … … …
nj m1nj m2nj … minj
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interactions, p stacking, and/or dipole–dipole interactions of
the P�O bond dipoles. As a consequence of the cis
coordination mode, a conformational “locking” of the two
monodentate ligands is achieved, thus mimicking the con-
formational properties of a bidentate ligand (Figure 1).

The full potential of this arrangement of two monodentate
ligands mimicking a bidentate ligand was recognized and used
soon afterwards by Reetz et al.[19] Thus, high structural
diversity is achieved by mixing two different monodentate
ligands in the presence of a metal salt. In this scenario an
equilibrium mixture of three different catalysts is formed, the
two homocombinations MLxLx and MLyLy as well as the
heterocombination MLxLy. Thus, if MLxLy is more reactive
and more enantioselective, one could expect an increased
reaction rate and higher enantioselectivity. In fact, ligand
mixtures of phosphonites 1 and phosphites 2 furnished
catalysts that operated with higher enantioselectivities than
those of the corresponding homocombinations. A few select-
ed results for the asymmetric hydrogenation of N-acyl-
enamines are given in Table 3.[19–21]

The same principle but with achiral ligands was applied
recently to control regioselectivity in the rhodium-catalyzed
hydroformylation of a methacrylate derivative (Table 4).[22]

Thus, a library of mixtures of 14 monodentate P-donor ligands
was screened. While the homocombinations (Table 4, en-
tries 1–4) gave only moderate regioselectivity, interestingly
the best results were obtained with ligand mixtures. Among
the many combinations tested, optimal regioselectiviy in
favor of the branched aldehyde 4 was achieved by combining
triphenylphosphane (6) and the phosphinine 19 (Table 4,
entry 5). The phosphabenzene 19 was introduced recently as
an efficient modifying ligand for the rhodium-catalyzed
hydroformylation of higher substituted alkenes.[23]

Almost simultaneously Feringa, Minnaard, et al. probed
the same concept for mixtures of monodentate phosphor-

amidites in the course of asymmetric hydrogenation[24] and for
rhodium-catalyzed conjugate addition of phenylboronic acid
to enones.[25] Although in the latter case the enantioselectiv-
ities are still moderate (< 77%), again, ligand mixtures
provided the best results (Table 5, entry 5).

Interestingly, in 31P NMR investigations of the catalyst
mixtures, preferred formation of the heterodimeric catalyst

Figure 1. X-ray crystal structure of a cis-bisphosphonite platinum(ii)
complex and the proposed quadrant model. Pt green, Cl yellow, P
orange, O red, C gray.

Table 3: Hydrogenation of N-acylenamines with mixtures of binol-
derived phosphonites.[a]

Entry Ligand
combination

Ar ee [%]

1 (R)-1a Ph 75.6 (S)
2 (R)-1b Ph 13.2 (S)
3 (R)-2a Ph 76.0[b]

4 (R)-2b Ph 90.4[b]

5 (R)-1a/(R)-1b Ph 96.1 (S)
6 (R)-1a/(R)-1b 2-naphthyl 97.0 (S)
7 (R)-1b/(R)-2a Ph 95.0[b]

8 (R)-1b/(R)-2b Ph 97.4[b]

[a] Rh/substrate=1:250, 1.5 bar H2, CH2Cl2, 22 h. [b] Configuration not
reported.

Table 4: Regioselective hydroformylation of tert-butyl methacrylate (3)
with rhodium catalysts derived from mixtures of monodentate P-donor
ligands 6–19.[a]

Entry Ligand
combination

Conv. [%] 4/5 Hydrogen. [%][b]

1 6 72 0.72 13
2 15 76 0.88 9
3 16 55 2.70 33
4 19 72 0.76 6
5 6/19 39 8.40 1

[a] Rh/Lx/Ly/Substrate=1:1.2:1.2:200, 60 bar CO/H2 (1:1), CH2Cl2,
50 8C, 22 h. [b] Alkene hydrogenation.

Combinatorial Catalysis
Angewandte

Chemie

6819Angew. Chem. Int. Ed. 2005, 44, 6816 – 6825 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


was observed (up to 91%).[25] These significant deviations
from the statistical 50:25:25 mixture, expected for the
equilibrium mixture of the heterodimeric and the two
homodimeric catalyst, have been explained by the comple-
mentary size and shape of the ligands. An additional
explanation may invoke stronger attractive ligand–ligand
interactions in the heterodimeric catalyst based on dipole–
dipole, van der Waals, and p-stacking interactions. However,
the complete shift of this equilibrium in favor of the exclusive
formation of the heterodimeric catalyst could not be achieved
so far.

4. Attractive Ligand–Ligand Interactions through
Hydrogen Bonding

Recently, the in situ generation of bidentate ligands based
on self-assembly through hydrogen bonding of monodentate
ligands in the coordination sphere of a metal center was
described.[26] As a platform for hydrogen bonding, the

tautomer system 2-pyridone (23B)/2-hydroxypyridine (23A)
was employed. The parent system (D=H) is known to
dimerize in aprotic solvents to form predominantly the
symmetrical pyridone dimer 24 (Scheme 5).[27,28] However, if
D were a donor atom capable of binding to a metal center
(e.g. PPh2), the equilibrium could be shifted towards the
mixed hydroxypyridine/pyridone dimer 25.[29] This intermedi-
ate may be stabilized by the chelation effect exhibited
through coordinative binding to the metal center (Scheme 5).

In fact the reaction of 2 equiv of 6-diphenylphosphanyl-2-
pyridone (6-DPPon, 23, D=PPh2) with [PtCl2(cod)] (cod=

cycloocta-1,5-diene) furnished quantitatively cis-[PtCl2(23)2],
which showed the expected hydrogen-bonding network both
in solution and in the solid state (Figure 2).[26]

Table 5: Enantioselective conjugate addition of phenylboronic acid to
cyclohexenone with rhodium catalysts derived from phosphoramidites
20–23.

Entry Ligand
combination

Conv. [%] ee [%]

1 20/20 26 33
2 21/21 22 �27
3 22/22 18 �16
4 20/21 93 75
5 20/22 40 77
6 21/22 16 �60

Scheme 5. Self-assembly of the 2-pyridone/2-hydroxypyridine system
23 through hydrogen bonding to generate complexes 25 for homoge-
neous catalysis.

Figure 2. X-ray crystal structure of cis-[PtCl2(23)2] .

Table 6: Comparison of the regioselective hydroformylation of func-
tionalized terminal alkenes with the Rh/23 catalyst and with the standard
industrial catalyst Rh/PPh3.

[a]

Entry Substrate n/iso
L=23 L=PPh3

1 97:3 72:28
2 96:4 71:29
3 97:3 74:26

4 94:6 71:29

5 96:4 69:31

6 95:5 70:30

7 95:5 89:11

8 96:4 77:23

9 83:17 77:23

10 81:19 –

[a] Reaction conditions: Rh/L/alkene=1:20:1000, c0(alkene)=0.698m,
toluene, 10 bar CO/H2 (1:1), 70 8C. Complete conversion was reached in
every case after 20 h. [b] MeOH as solvent. [c] Addition of 0.5 equiv
AcOH with respect to substrate.
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A rhodium catalyst derived from the
ligand 23 displayed the typical behavior
of a bidentate ligand in the hydroformy-
lation of terminal alkenes.[26] Thus, ex-
cellent regioselectivity in favor of the
linear aldehyde was noted for hydro-
formylation of a range of functionalized
terminal alkenes (Table 6). Among
them, even those with functional groups
capable of hydrogen bonding were tol-
erated (Table 6, entries 5–8). However,
the hydrogen-bonding network in the
ligands and thus the chelating binding
mode can be disrupted by employing
either temperatures above 110 8C or
protic solvents such as methanol and
acetic acid; low regioselectivity results
(Table 6, entries 9 and 10).[26]

Since the two tautomers—the hy-
droxypyridine 23A and the pyridone
23B—equilibrate rapidly, mixing two
pyridone ligands with different donor
sites would result in mixtures of the
heterodimeric and homodimeric cata-
lysts (cf. Scheme 3). If, however, one
wanted to generate the heterodimeric
catalyst exclusively, for example, to
study structure–activity and structure–
selectivity relations, then the pyridone
self-assembly platform is unsuitable. The
heterodimeric structure would require
the self-assembly of two complementary
species through hydrogen bonding—a
principle employed by nature in DNA
base pairing. Thus an A-T base-pair
model relying on the aminopyridine 26/
isoquinolone 27 platform was selected to
serve for specific heterodimeric ligand
assembly (Scheme 6).[30]

When phosphine ligands based on this platform were
mixed in the presence of a PtII salt, the heterodimeric complex
cis-[PtCl2(28)] formed exclusively. An X-ray structure of cis-
[PtCl2(28aa)] (Dx=Dy=PPh2) shows the expected hydrogen-
bonding network reminiscent of the Watson–Crick base

pairing of A and T in DNA (Figure 3). NMR studies provided
support that a similar structural situation occurs in solution,
too. On this platform the first 4 @ 4 self-assembled ligand

Scheme 6. An A-T base-pair model (highlighted in red) as a comple-
mentary platform for the specific self-assembly of heterodimeric biden-
tate ligands. Figure 3. X-ray crystal structure of cis-[PtCl2(28aa)] (Dx=Dy=PPh2).

Table 7: Rh-catalyzed hydroformylation of 1-octene with a 4@4 ligand matrix of bidentate ligands self-
assembled from aminopyridines (26a–d) and isoquinolones (27a–d).[a]

27a 27b 27c 27d

2425 h�1[b]

94:6[c]
1040 h�1

94:6
2732 h�1

96:4
2559 h�1

95:5

2033 h�1

93:7
1058 h�1

92:8
1281 h�1

96:4
1772 h�1

94:6

3537 h�1

94:6
1842 h�1

93:7
1808 h�1

96:4
2287 h�1

94:6

7439 h�1

96:4
2695 h�1

95:5
7465 h�1

94:6
8643h�1

96:4

[a] Reaction conditions: [Rh(acac)(CO)2], Rh/26/27/1-octene=1:10:10:7500, 10 bar CO/H2(1:1), toluene,
c0(1-octene)=2.91m, 5 h. Catalyst preformation: 5 bar CO/H2(1:1), 30 min, RT!80 8C. [b] Turnover
frequency TOF= (mol aldehyde)(mol catalyst)�1 t�1 at 20–30% conversion. [c] Regioselectivity: ratio of
linear to branched product (n/iso).
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library based on hydrogen bonding was generated and
explored for regioselective hydroformylation of terminal
alkenes. In this study a catalyst was identified that operated
with outstanding activity and regioselectivity (Table 7).[30]

5. Attractive Ligand–Ligand Interactions through
Coordinative Bonding

Zinc(ii) porphyrins form stable complexes with nitrogen
donors.[31] This bonding motif was used recently by the group
of Reek and van Leeuwen for the supramolecular construc-
tion of bidentate ligands (Scheme 7).[32] To distinguish a

bidentate from a monodentate binding mode, the hydro-
formylation of terminal alkenes was chosen as a test reaction
(Table 8). Thus, the monodentate P-donor ligands alone or
mixed with the monomeric zinc template 29 generated
hydroformylation catalysts that displayed, as expected for
monodentate donor ligands, low regioselectivity in the hydro-
formylation of 1-octene (Table 8, entries 1, 2, 4, and 6).
Conversely, the combination of the dimeric zinc(ii) porphyrin
template 30 with two equivalents of the 3-pyridyl-function-
alized phosphite donor 31b led to good regioselectivity in
favor of n-nonanal, which is the typical behavior expected for

Table 8: Rhodium-catalyzed hydroformylation of 1-octene with catalysts
32.[a]

Entry Ligand
combination[b]

T
[8C]

Conv.
[%]

TOF[c]

[h�1]
2-Octene

[%]
n-Nonanal

[%]

1 31a 80 93 2250 1.8 71.7
2 29/31a 80 89 2100 1.8 71.5
3 30/2·31a 80 33 727 0.5 74.5
4 29/31a 25 6.2 7.4 0.1 74.1
5 30/2·31a 25 4.7 5.6 0.1 76.5
6 29/31b 25 1.1 1.3 0.0 83.3
7 30/2·31b 25 0.8 0.9 0.0 94.3

[a] c([Rh(acac)(CO)2])=0.084 mm in toluene, 20 bar CO/H2 (1:1), 1-
octene/Rh=5200. [b] c(31a or 31b)=2.1 mm ; c(29 or 30)=1.1 mm ;
31a (or 31b)/29 (or 30)/Rh=25:13:1. [c] Turnover frequency TOF=
(mol aldehyde)(mol Rh)�1 t�1.

Scheme 7. Self-assembly of bidentate (and monodentate) ligands
through coordination of a zinc(ii) porphyrin complex to pyridyl-
functionalized P donors.

Scheme 8. Multicomponent assembly of zinc(ii) porphyrin units for
the construction of bidentate ligands.
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a bidentate ligand. Unfortunately, the catalyst activity was
low (Table 8, entry 7).[32]

Switching the roles of the zinc porphyrin template and N-
donor adapter provides an alternative mode for the supra-
molecular construction of bidentate ligands (Scheme 8).[33]

Thus, mixing two equivalents of the threefold zinc(ii) por-
phyrin substituted phosphite 33 with 1,4-diazabicyclo-
[2.2.2]octane (dabco, 34) in the presence of a rhodium(i) salt
formed the chelating metal complex 36 (Scheme 8). Again,
the hydroformylation of 1-octene served as a test case
(Table 9). Thus, when the phosphite ligand 33 was used with
or without the monoamine donor 35, low regioselectivities
were noted (Table 9, entries 1 and 2). Conversely, addition of
diamine 34 provided a catalyst that operated with reduced
activity but significantly increased regioselectivity (Table 9,
entries 3 and 4). These properties can be ascribed to the
bidentate coordination of the ligand to the catalytically active
metal center.[33]

Similarly, a set of zinc(ii) porphyrin functionalized phos-
phites (46–51) and eight monodentate phosphorus donor
ligands equipped with N-donor functions (38–45) were used
to generate a library of 48 chelating ligands (Scheme 9).[34]

This library of bidentate ligand assemblies plus the
catalysts derived from the monodentate ligands alone were
tested by application to the asymmetric allylic alkylation of
1,3-diphenylallyl acetate (Table 10). The best heterodimer
combinations gave up to 60% ee of either the R or S product
depending on the absolute configuration of the ligand
employed (Table 10, entries 2 and 6). Unexpectedly, optimal
enantioselectivities (96–97% ee) were observed for the
monodentate zinc(ii)porphyrin substituted phosphite ligands
48 and 49 (Table 10, entries 1 and 5).[34]

An alternative complementary binding motif relying on
coordinative interactions for the assembly of heterodimeric

Table 9: Hydroformylation of 1-octene with catalysts 36.[a,b]

Entry Ligand Template T [8C] TOF[c] [h�1] n/iso[d] 2-Octene [%]

1 33 – 80 2000 2.5 10.6
2 33 35 80 3400 1.9 16.1
3 33 34 80 1100 15.1 11.9
4 33 34 30 25 22.8 10.3

[a] c([Rh(acac)(CO)2])=0.084 mm in toluene, 20 bar CO/H2 (1:1), 1-
octene/Rh=5160. [b] c(33)=2.1 mm ; c(34)=3.1 mm ; c(35)=6.3 mm ;
33/34/Rh=25:36.9:1; 33/35/Rh=25:75:1. [c] TOF (turnover frequen-
cy)= (mol aldehyde)(mol Rh)�1 t�1. [d] Product ratio n/iso aldehyde.

Table 10: Pd-catalyzed allylic substitution with catalysts of type 37.[a]

Entry Ligand Conv. [%] ee [%]

1 48 56 97 (S)
2 48·38 100 60 (R)
3 48·39 100 0
4 48·40 100 44 (S)
5 49 54 96 (R)
6 49·38 100 60 (S)
7 50 73 42 (S)
8 50·38 40 70 (S)

[a] c([{Pd(allyl)Cl}2])=0.1 mm in CH2Cl2, c(Dx)= c(Dy)=0.6 mm ;
Pd/Dx/Dy=1:6:6.

Scheme 9. A library of heterodimeric bidentate ligands generated by self-assembly and based on the complementary binding of zinc(ii) porphyrin
acceptors and nitrogen donors.
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chelating ligand systems was reported by Tacacs et al.
(Scheme 10).[35] Thus, a bimetallic complex 52 is used in
which Mc represents the catalytically active metal center and
Ms functions as a structure-determining element. More

precisely, this structural element enforces an attractive
ligand–ligand interaction through formation of zinc(ii) com-
plexes 53 with two chiral bisoxazoline ligands. Each of the
bisoxazoline units 54 is connected through a spacer to a chiral
phosphite donor (ligands 55–61A and B based on (R,R)-
taddol). Since the heterochiral zinc complex 53 is significantly
more stable than the alternative homochiral complex, the
selective formation of heterodimeric chelating ligands based
on this template is possible.[35,36]

A library of 50 combinations of heterodimers from
subunits 55–61A and B was screened in the palladium-
catalyzed asymmetric allylic amination of racemic carbonate
62 to give allylic sulfonamide 63 (Scheme 11). 50 Ligand
combinations were tested, and the enantioselectivities ranged
from 20 up to 97% ee, although the chiral diphosphite ligands
differed in the structure of the ligand backbone only. Thus,
seemingly subtle changes in the ligand backbone have a major

influence on the ligand topography around the palladium
center.

6. Conclusion and Outlook

The quest in homogeneous transition-metal catalysis for
the ultimate ligand to provide a catalyst with optimal activity
and selectivity is a difficult task despite recent progress in
rational ligand design. This is why combinatorial methods
have gained increased importance in ligand design and
discovery recently. However, the limiting step so far has been
the generation of structurally meaningful and diverse ligand
libraries, which has been particular difficult for the structur-
ally more demanding class of bidentate ligands.

This review summarizes recent reports, in which the
synthesis of chelating ligands has been simplified significantly
and which rely on a new concept to emulate chelating ligands.
The basic idea is to use two structurally less complex
monodentate ligands, which are held together through non-
covalent attractive interactions and imitate a bidentate ligand
at the catalytically active metal center. There is a continuum
of attractive ligand–ligand interactions, which span a range
from weak van der Waals, p stacking, charge-transfer, and
dipole–dipole interactions to hydrogen bonding and even
stronger coordinative interactions.[37] Irrespective of the
strength of the interaction, the specific formation of hetero-
dimeric ligands requires two different sets of monodentate
ligands with complementary binding sites. This concept was
applied for the generation of the first bidentate ligand
libraries based on self-assembly either through hydrogen
bonding or coordinative interactions and has resulted in the
identification of excellent catalysts for regioselective hydro-
formylation and asymmetric allylic alkylation.

This new field merges the principles of supramolecular
chemistry, coordination chemistry, and catalysis for the
generation of chelation-emulating ligand libraries for homo-
geneous metal catalysts. The proof of principle has been
achieved, and the concept can now be used to develop larger
ligand libraries to identify new tailor-made ligands for
homogeneous catalysis in organic synthesis.
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1. Introduction

Without medically applied natural products[+] human life
would be less comfortable and definitely much shorter: More
than 75 % of all antibacterial and approximately 50% of all
anticancer compounds currently in clinical use are either
natural products themselves or derivatives thereof.[1] Clin-
ically useful antibacterial natural products are often the drugs
of last resort for the treatment of multidrug-resistant and,
without treatment, often deadly microorganisms. However,
resistance against new antibiotics, including those represent-
ing our last line of defence, is emerging. Even with the
adoption of antibiotics with novel mechanisms of action, we
do not have to ask the question if resistance will develop but
only when it will occur. This situation is mainly a consequence
of the enormous speed at which microorganisms exchange
and mutate their genes. The more often antibiotics are used,
the more rapidly resistance is spread.[2] It is predictable that
the winner in this game will always be the microbe, simply
because of its huge numbers, short generation times, and
mutation rates. Nevertheless, pharmaceutical research must
try to fight back to maintain the status quo. However, to find a
promising new natural product for the treatment of any kind
of disease is an expensive and difficult challenge,[3,4] which has
led major pharmaceutical companies to rely solely on
synthetic chemicals.[5,6]

The reason for this can be seen in several disadvantages
that natural products appear to have compared to synthetic
chemicals: 1) The isolation and characterization is often
laborious and, therefore; 2) it is not possible to obtain as
many natural products as synthetic chemicals in the same
time; 3) by definition there is a biological source involved in
the production of any natural product, which requires
experienced handling plus specialized and expensive equip-
ment.

However, these disadvantages are more than balanced by
the positive aspects of natural products, and some of the
arguments against them can in fact be turned into strong

advantages: 1) Natural products
occupy a complementary region of
chemical space compared with syn-
thetic compounds as discussed exten-
sively in recent reviews.[7–12] These

differences range from simple features such as elemental
composition and molecular weight to specific structural
elements such as ring size and type, and overall complexity
and stereochemistry in general. 2) Natural products have
evolved in a biological context and the percentage of
biologically active natural products is much higher than that
of synthetic compounds (although not all of them have an
identified biological activity).[13] These two findings result in a
new trend of “natural productlike” synthetic strategies: new
lead compounds can be identified from natural product
scaffolds or by creating analogues to natural products.[14–16]

These approaches have also led to a cooperation between
natural product research and combinatorial chemistry, the
latter of which was earlier thought to completely replace the
need for novel natural products. In general, it is now accepted
that both disciplines support, fertilize, and rely on one
another.[10, 17] 3) The biological source of the compound is
often renewable and thus opens up the possibility to scale-up
production. This is especially true if the producing organism is
easy to cultivate, and is a major reason why bacteria and fungi
are the dominant source of the natural products in clinical use.
Furthermore, because of our increased understanding of
genetics and the principles of biological regulation the
production of these compounds can be optimized (see
Section 2.5). The biosynthesis of the compounds themselves
can also be manipulated to yield new derivatives with possibly
superior qualities (see Section 2.6). Possible ways to obtain

“There�s life in the old dog yet!” This adage also holds true for natural
product research. After the era of natural products was declared to be
over, because of the introduction of combinatorial synthesis techni-
ques, natural product research has taken a surprising turn back
towards a major field of pharmaceutical research. Current challenges,
such as emerging multidrug-resistant bacteria, might be overcome by
developments which combine genomic knowledge with applied biol-
ogy and chemistry to identify, produce, and alter the structure of new
lead compounds. Significant biological activity is reported much less
frequently for synthetic compounds, a fact reflected in the large
proportion of natural products and their derivatives in clinical use.
This Review describes the impact of microbial genomics on natural
products research, in particularly the search for new lead structures
and their optimization. The limitations of this research are also
discussed, thus allowing a look into future developments.
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these goals for pharmacologically relevant natural products
are the focus of this Review and will be described in later
sections. Most of the work cited was performed with
polyketides and nonribosomally biosynthesized peptides.
Since these natural products are derived from enzymatic
systems called polyketide synthases (PKSs) and nonribosomal
peptide synthetases (NRPSs), these enzymes and the result-
ing secondary metabolites are introduced briefly (Scheme 1).
It should be noted that many bacterial natural products are
derived from other pathways, such as the isoprenoid or
shikimate pathways.[18–20]

Bacterial PKSs (type I) are multifunctional enzymes that
are organized into modules, each of which harbors a set of
distinct, non-iteratively acting activities responsible for sev-
eral biosynthetic steps during the catalysis of one cycle of the
polyketide chain elongation.[21] Type I PKSs are involved in
the biosynthesis of macrolides, polyethers, and polyenes.
Type II PKSs are multienzyme complexes that carry a single
set of iteratively acting proteins and are involved in the
biosynthesis of aromatic and often polycyclic polyketides.[22,23]

Type III PKSs, also known as chalcone synthase like PKSs, are
homodimeric enzymes which iteratively act as condensing
enzymes, as exemplified by the formation of flaviolin.[23]

NRPSs are similar to the type I PKSs in that they are
multifunctional enzymes that are organized into modules with
sets of non-iteratively acting activities for the incorporation
and processing of one amino acid per module.[24, 25]

1.1. Increase in Sequence Information

Since the publication of the first complete microbial
genome sequence ofHaemophilus influenzae in 1995,[31] more
than 250 fully sequenced genomes have been reported
(Figure 1) and more than 600 prokaryotes and 460 eukaryotes
are currently being sequenced.[32] Although there was a clear
focus on pathogenic bacteria in the early days of genome
sequencing, biotechnology is catching up rapidly: currently
47% of all bacterial-sequencing projects deal with organisms
having industrial applications, including secondary metabo-
lism (52% of the projects remain focused on pathogens and
about 1% involve the sequence of exotic organisms).[32] The
value of the exponentially growing sequence information is

immeasurable because bioinformatic methods, along with
large-scale approaches such as transcriptomics and prote-
omics, are only just beginning to reveal insights into numerous
important research topics such as virulence genes, host–
pathogen interactions, new molecular targets, and novel ways
to produce secondary metabolites. Sequence data from
multiple isolates or different strains of a single pathogen are
accumulating. This type of information has proven invaluable
for providing new insights into the genetic variability present
in a particular species as well as facilitating correlations
between genotype and phenotype.[33]

Unexpectedly, genome sequencing of known producers of
secondary metabolites (Streptomyces sp.[34,35] and Arabidop-
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Figure 1. Currently finished genomes ordered according to their inter-
mediate taxonomic rank. Classes and orders that harbor experimentally
verified secondary metabolite producing members are shown in gray.
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sis[36]) revealed the capacity
to synthesize many more
secondary metabolites than
were actually known from
these organisms. Even more
surprising, many organisms
that were not known as
secondary metabolite pro-
ducers, habor the typical
genes and often huge bio-
synthesis gene clusters for
the production of several
hypothetical or unidentified
natural products. A possible
explanation for this might
be that only a few taxa
(plants, fungi, and some
bacterial taxa) have been
investigated with respect to
secondary metabolism.
Almost all bacteria, fungi,
and plants sequenced to
date show at least some
biosynthesis genes typical
for secondary metabolite
production, thus indicating
the old evolutionary origin
of these genes.

1.2. Plants—Potential and
Problems

Plants have the greatest
potential to produce any
type of natural product.
This situation is exemplified
by the enormous variety of
low- molecular-weight com-
pounds present in most
plant materials.[37] The com-
plexity of plant metabo-
lomes is far beyond those
from other organisms.
However, the organization
of the genes in a typical
plant genome makes
research dealing with plant
secondary metabolism a
major challenge: 1) The
genes for the production of
secondary metabolites are
not found in one genomic
region (that is, as a biosyn-
thetic gene cluster, such as
those usually present in
bacteria or fungi) but scat-
tered throughout the entire
genome. Therefore, the

Scheme 1. Mechanisms and structures of bacterial PKSs and NRPSs. a) Generalized example of a type I PKS
consisting of non-iteratively acting domains; acyltransferase (AT), acyl carrier protein (ACP), ketosynthase
(KS), ketoreductase (KR), dehydratase (DH), enoylreductase (ER); a and p indicate the specificity of the AT
domain for malonyl-CoA or methylmalonyl-CoA.[21] b) Biosynthesis of erythromycin A is a well-studied example
of the action of a type I PKS; 6-deoxyerythronolide B synthase (DEBS). c) Type II PKS consisting of iteratively
acting subunits as exemplified for actinorhodin biosynthesis; chain length factor (KSb).

[21, 26] d) Type III PKS
consisting of an iteratively acting enzyme as exemplified by flaviolin biosynthesis.[23, 27] e) Generalized example
of NRPS biosynthesis; adenylation (A), peptidyl carrier protein (T), condensation (C), epimerization (E),
heterocyclization (HC), oxidation (Ox).[28, 29] f) Formation of tyrocidine A is a well-documented example for
NRPS biosynthesis.[29, 30]
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identification of a complete biosynthetic pathway in plants is
extremely tedious and time-consuming. 2) The exon/intron
structure of the genes leads to a number of problems.
Therefore, it is necessary to work with cDNA which is
generated from enriched mRNA pools to identify the genes of
interest.

A good example of these challenges is the potent
anticancer agent paclitaxel (taxol), which was isolated from
the bark of the pacific yew as a pure compound in 1971. This
source is environmentally unfriendly and gave rise to serious
supply issues, and today it is produced by a semisynthetic
approach starting from 10-deacetylbaccatin III, which can be
isolated from yew tree needles (and thus a renewable source)
in large quantities.[38] The broad use of paclitaxel in breast
cancer treatment has triggered several efforts to produce this
valuable compound more efficiently, either in plant cell
cultures[39] or alternatively in fast-growing bacterial hosts
after heterologous expression of the required biosynthetic
machinery. Unfortunately, the complex biosynthesis of taxol
requires approximately 19 biosynthetic steps, which explains
that despite groundbreaking efforts, especially by the Croteau
research group, several genes for the biosynthesis are still
unknown (Scheme 2).[40–43] Interestingly, endophytic fungi
have been isolated from various yew trees that produce
paclitaxel. Despite their small production titers, these fungi
open up the possibility to study paclitaxel biosynthesis in
comparison to the plant system and lead to potential
biotechnological processes.[39]

1.3. Fungi—The Promised Land?

Fungi have been a major source of natural products used
in food processing and medicine as well as for religious rituals
since the very early days of human culture. The modern era of
fungal natural product research started with the well-known
story of a contaminated agar plate in Alexander FlemingEs
laboratory in 1928, which eventually led to the clinical use of
penicillin to treat bacterial infections.[44] Since then, fungi
have been an impressive source of biologically active lead
structures for pharmaceutical development, including the
immunosuppressant cyclosporin[45] and the cholesterol-low-
ering agent lovastatin.[46]

Fungal genomics started with the availability of the
complete sequence of the model yeast Saccharomyces cer-
evisiae in 1997.[47] Since then genome sequences of additional
model strains used to study fungal molecular biology and/or
fermentative biotechnology have been reported (Schizosac-
charomyces pombe (2002),[48] Neurospora crassa (2003),[49]

Phanerochaete chrysosporium (2004),[50] Yarrowia lipolytica
(2004), and Kluyveromyces lactis (2004)[51]).

The first complete sequence of a fungus that produced
secondary metabolites was the white-rot fungus Phanero-
chaete chrysosporium in 2004.[50] More than 50 genes involved
in secondary metabolite biosynthesis including several genes
encoding PKS and NRPS have been identified in the 30 Mbp
genome. It is noteworthy that the biosynthesis of polyketides
often involves post-PKS assembly steps, including the action
of cytochrome P450 like enzymes, and an impressive number

of corresponding genes (more than 100) have been identified
in this genome. Fortunately, most genes for secondary
metabolite biosynthesis in P. chrysosporium and in fungi in
general are clustered on the chromosome so that the
identification and study of complete secondary metabolite
biosynthetic pathways is much easier than in plants.

Currently 113 fungal genome projects are in progress
worldwide.[32] The majority of these involve classical secon-
dary metabolite producers (for example, Penicillium chrys-
ogenum and 13 different Aspergillus sp.) or plant pathogenic
strains which are also known for the production of natural
products (for example, Fusarium sp., Botrytis sp., and Mag-
naporthe sp.). These projects will undoubtedly add valuable
insights into fungal secondary metabolite biosynthesis, which
is currently little studied relative to related bacterial systems.

Scheme 2. Biosynthesis of paclitaxel (taxol). Enzymatic activities
encoded by genes that have not been cloned yet are shown in
bold.[40–43]
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One forseeable problem with fungal systems is the lack of
genetic methods for the manipulation of many strains and the
fact that in some cases the biosynthetic genes are not
clustered on the chromosome. Nevertheless, there is enor-
mous potential in fungal systems, and most of the advantages
discussed below with respect to bacteria also apply for fungi.

1.4. Bacteria—The Bigger the Better?

Research focussing on bacteria and in particular on
bacterial secondary metabolism has a number of advantages
in comparison to plants and fungi: 1) Genes for the biosyn-
thesis of the desired compounds are mostly clustered; 2) the
coding density of bacterial genomes is high and thus sequence
costs can be reduced; 3) no introns are present, thus enabling
expression methods starting directly from chromosomal
DNA; 4) the compact genetic composition allows the fast
identification of bacterial gene clusters and their transfer into
different expression hosts; and 5) fermentation processes can
be developed, thus enabling large-scale production (which is
also true for fungi).

Many more bacteria have been sequenced than eukar-
yotes because of their relatively small genome sizes. Early
sequencing efforts focused mostly on pathogenic bacteria,
while 47 % of all current bacterial sequencing projects deal
with biotechnologically relevant strains. Up to now only a few
species have been sequenced that were known in advance to
be secondary metabolite producers. However, the sequencing
of these strains revealed a plethora of biosynthetic gene
clusters for the production of additional unknown secondary
metabolites (Figure 2). The best studied examples are Strep-

tomyces coelicolor and S. avermitilis, which were known to
produce 4 and 3 secondary metabolites, respectively, but
actually possess 20 and 25 clusters for secondary metabolite
biosynthesis, respectively.[34,35] A detailed post-genomic
examination of the production profile of S. coelicolor has
already led to the isolation of two additional compounds, the
existence of which had been postulated after genome
annotation.[52, 53]

Statistical analysis of all bacterial genomes sequenced to
date revealed that there is a positive correlation between the
genome size and the number of genes involved in the
biosynthesis of secondary metabolites.[54] Large genomes
found in most producers of secondary metabolites might be
a consequence of the complex ecological niches they
occupy—requiring adaptation to several microenvironments
and/or competition between species. Further ecologically
relevant species need to be sequenced to learn more about
this dependency.[55] However, two questions arise from the
tremendous discrepancy between isolated compounds and
genomic potential: How can we identify and obtain the
hypothetical products that have not yet been isolated? How
can we use the enormous genetic potential in the most
efficient way? We will try to address these questions in the
following sections by using selected examples from the recent
literature.

2. Approaches to Explore the Genetic Potential

2.1. Random, but Simple and Successful

The easiest way to obtain more secondary metabolites
from a single strain bearing the genetic potential to produce
several compounds is to vary the culture conditions. The
rationale behind this approach is that the production of
secondary metabolites might be a specific response of the
producing organisms to a changing environment.[13] For
example, soil bacteria living in the rhizosphere have to
compete with fungi for nutrients. Thus, the production of
antifungal compounds would be advantageous in such an
environment. In contrast, the artificial media composition,
cultivation conditions, and high cell densities used under
laboratory conditions might cause regulatory cascades in the
cells thus enabling the production of some compounds but
disabling the production of others that might be produced
under different and perhaps more “natural” conditions. Since
our knowledge of any ecological network is very poor,
random approaches which vary the easily accessible cultiva-
tion parameters are chosen (media composition, aeration,
addition of chemicals, etc.) to trigger the expression of latent
biosynthetic genes. This approach might influence directly or
indirectly the transcription, translation, and enzyme activity/
specificity in the whole organism (Figure 3). Very similar
techniques have been used widely for the optimization of the
production of a desired compound, and their use in screening
for novel natural products has led to some impressive
examples of microbial chemical diversity. These methods
are regularly used today by pharmaceutical and biotech
companies.[15]

Figure 2. Selected fully sequenced prokaryotic secondary metabolite
producers with numbers of isolated polyketides and nonribosomal
peptides at the time of the genome sequence (black bars). Identified
gene clusters encoding PKS and NRPS in the genome are shown as
gray bars.[32] The data was taken from the original publications or
generated by BLAST searches of KS, KR, TE, ACP, T, and A domains.
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After the cultivation of the aspinonene producer Asper-
gillus ochraceus DSM7428 in different media and cultivation
vessels (resulting in different aeration rates), 15 additional
secondary metabolites belonging to unrelated structural and
biosynthetic families were isolated. Of particular note was the
static cultivation for several days which led to a completely
different metabolite profile (Scheme 3).[56,57] Similar results
were also obtained with another fungus which produced up to
2.6 gL�1 of a reduced precursor of the main metabolite
(120 mgL�1 in shaking culture) under similar conditions.[58]

Since variation of the growth conditions very often results in
the production of several compounds by a single organism,
this approach was termed “one strain—many compounds”
(OSMAC).[56] Recently, the addition of organic solvents and
signaling compounds to growth media was even used to
increase the chemical diversity of selected strains.[59,60]

2.2. Possible Ways to Use the Endless Resources

The microbial world cultured in the laboratory represents
less than one percent of the microbial diversity in different
natural environments.[61] The biosynthetic potential of this
unexplored resource is nearly endless and raises the question:
Why do we only work with this limited number of bacteria?
The answer to this is that these “lab” strains behave well in
artificial conditions and can be cultivated easily. Microorgan-
isms currently in use grow fast in pure culture and reach high
cell densities. However, fast growth is not advantageous when

nutrients are not available. Too much food might even kill
cells if they require a specialized diet. In nature, poor nutrient
conditions represent the rule and not the exception, and areas
completely devoid of nutrients occur.

New techniques are currently being developed to cultivate
and enrich formerly “not-yet-culturable” organisms.[62–65] The
work required is very laborious and time-consuming. There-
fore, additional techniques have been developed that circum-
vent the cultivation of organisms but still enable the explora-
tion of chemical diversity. DNA libraries from environmental
samples are generated bearing the genetic information of all
organisms present at a specific location at the sampling
time.[66–68] After sequencing such so called “metagenomes”,
the genetic information of single organisms can still be
assembled and analyzed by using established bioinformatic
tools, as was most impressively shown recently for the
microbial community of the Sargasso Sea.[69] Furthermore,
the DNA libraries generated in this way can be transferred
into suitable host organisms that can then be tested for the
production of the desired compounds and enzymes (see also
Section 2.5). This methodology is especially important for
those potent biologically active compounds which have been
isolated from organisms not amenable to large-scale culti-
vation (for example, bryozoae, sponges, and molluscs).[70]

Intriguingly, structural similarities exist between several
marine natural products of unknown origin and compounds
isolated from soil bacteria (Scheme 4). On the basis of genetic
evidence, it is now generally accepted that several of the
“marine” natural products from higher organisms are in fact

Figure 3. Possible ways to influence the production of secondary metabolites. Isolation of new producing strains and metagenome approaches
prior to methods dealing with secondary metabolites are shown in gray. Genetic modifications and/or addition of genes leading to modified
compounds are shown in red.
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Scheme 3. Secondary metabolites isolated from Aspergillus ochraceus DSM7428 after variation of the cultivation parameters; Shaking culture (SK).[56]

Scheme 4. Examples of structurally related natural products isolated from bacteria and marine organisms (a)[73–77] and of natural products
produced by noncultivated bacterial symbionts of higher organisms (b).[71, 72, 78, 79]
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marine microbial products (for example, onnamide[71] and
bryostatin[72]). Therefore, the isolation of the corresponding
biosynthetic gene clusters and their heterologous production
should become possible in the future, thus enabling the large-
scale production of the corresponding natural products (see
also Section 2.5).

2.3. Screening of Genomic DNA Leads to the Production of Novel
Secondary Metabolites

The enormous amount of sequence data becoming
available from all types of microbial sources has led to an
increase in bioinformatic approaches to find novel secondary
metabolites. Although this methodology is limited to the
interpretation of biosynthetic genes typical for secondary
metabolism, many novel secondary metabolic gene clusters
can be found because they are frequently related to PKS and/
or NRPS pathways. Farnet and co-workers sequenced numer-
ous biosynthetic gene clusters that were identified by their
similarity to known genes by using a genome scanning
approach. These researches have significantly increased the
small number of known enediyne antibiotic producing
strains[80] by growing the strains identified by genome scan-
ning under different growth conditions and subsequent
product analysis. Therefore, this approach resembles a
combination of DNA sequencing with the OSMAC method-
ology described above (see Section 2.1).

In addition to the complete sequencing of novel biosyn-
thetic gene clusters, small fragments of these genomic regions
can be used to identify novel metabolites if the host strain can
be genetically manipulated. Numerous strategies for the
amplification of fragments from PKS and/or NRPS genes by
using degenerate PCR have been described and nonse-
quenced genomic libraries can be probed and screened for
the presence of PKS and/or NRPS gene fragments in single or
multiple biosynthetic gene clusters. Once the genomic regions
involved in natural product biosynthesis have been identified,
the fragments can be used for gene inactivation studies and
the resulting mutants and their wild-type strains can be
compared for their production profile. At least three novel
compounds were found in Stigmatella aurantiaca[81] by using
this approach (myxochelin,[82] myxochromid,[83] and aura-
furon[84] ; see Figure 4).

It could be argued that these compounds could have been
found in the strain by an intense variation of the culture
conditions. However, the application of genetic knowledge
has tremendously increased the chances of identifying novel
compounds whose production is dependent on the corre-
sponding genes. In the case of metabolites produced at low
levels, it is difficult to define whether the “novel compounds”
are indeed such or just components of the medium. The latter
can be ruled out if production is dependent on an identified
gene locus.

While many research groups focus on identifying and then
sequencing novel biosynthetic pathways, bioinformaticians
preferentially use the numerous new microbial genome
sequences to predict new pathways by in silico methods. On
the basis of PKS and NRPS enzymology logic,[21,28, 85] even

structures of unknown compounds can theoretically be
predicted depending on bioinformatic gene cluster analy-
ses.[86–89] A biosynthetic gene cluster of unknown function was
identified from S. aurantiaca that was predicted to be involved
in iron chelator biosynthesis and was indeed found subse-
quently to be responsible for myxochelin formation in this
strain.[82, 90] Bacillibactin was found in Bacillus subtilis on the
basis of genome analysis,[91] and coelichelin has been pre-
dicted to be an iron chelator from S. coelicolor.[92] The latter
compound was indeed found three years later.[53] Although
this bioinformatics methodology for predicting structures
seems very attractive and convincing at first, to date there are
only very few examples for the subsequent identification of
these “theoretical compounds”. This situation is presumably a
consequence of the limitations discussed below.

All predictions were based on the nonribosomal code and/
or in silico analyses of the corresponding biosynthetic PKS
and NRPS gene clusters. It turns out that there are numerous
exceptions to the commonly accepted “rules” for polyketide

Figure 4. HPLC traces with UV detection (200–400 nm) showing the
correlation of biosynthesis gene clusters and the corresponding natural
products in S. aurantiaca DW4/3-1 by comparison of wild types and
mutants.[81]
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and nonribosomal peptide biosynthesis.[93,94] One of these
rules is the biosynthetic logic of “colinearity”, which means
that a correlation exists between the number and type of
modules and the number and type of extender units
incorporated by the megasynthetase. Nevertheless, module
skipping[95] as well as iterative use of modules have been
described in PKS systems. Prediction of substrates (for
example, malonyl-CoA and methylmalonyl-CoA) is difficult,
and modules or domains can be inactive or “missing”.[94,96]

Similarily, NRPS domains have been found to be inactive[83,97]

and the nonribosomal code, although exceptionally useful in
many cases, turns out to be not applicable in certain
examples.[98,99] To make the situation even more complicated,
nonclustering of bacterial biosynthetic genes also occurs,
which would make a structure prediction impossible.[99–101]

In general, if biosynthetic systems closely related to those
already described in the literature are found, predictions of
similar structures using bioinformatics seems feasible. For
more complicated cases, predictions will be very difficult
using existing tools alone. For example, neither the mupir-
ocin[102] nor the disorazol biosynthetic genes[103] could have
been used to predict the structure of the compounds
produced. A combined approach involving more experimen-
tal biochemistry coupled to advanced bioinformatics should
improve the situation dramatically in the future.

2.4. Activation of “Silent” Biosynthetic Gene Clusters

As a viable alternative to the OSMAC and the genome
scanning approaches[80] described above, the insertion of
inducible promotors into the chromosome capable of driving
the expression of so far uncharacterized “silent” biosynthetic
gene clusters seems practicable. Although a random activa-
tion approach of gene expression has been described,[104] we
are not aware of any proof of principle for this technology in
natural product producing microorganisms. Therefore, this
idea awaits practical exploitation, although problems with
biosynthetic gene clusters requiring the insertion of numerous
promotor regions for gene activation have to be expected.

Alternatively, influencing pleiotropic or direct regulatory
mechanisms within the host cell should enable the artificial
expression of uncharacterized genes and might lead to the
(over)production of natural products. Whereas negative
regulators might be inactivated, positive regulators can be
overproduced. A recent example describes the partial acti-
vation of a silent angucycline-type gene cluster from a
streptomycete.[105] A putative repressor gene was inactivated
which resulted in the production of angucycline metabolites.
The ferric uptake regulator (Fur) controls numerous regu-
latory genes, such as pvdS in Pseudomonas aeruginosa, which
encodes an alternative sigma factor. A hierarchical cascade of
direct and indirect iron regulation has been analyzed by
transcriptome analysis in response to iron.[106] Strong iron
regulation was observed for previously identified genes
involved in biosynthesis or uptake of the siderophores
pyoverdine and pyochelin. Iron-controlled regulatory genes
include seven alternative sigma factors and five other tran-
scriptional regulators.

Additionally, xenobiotics and pheromones can influence
the expression of biosynthetic pathways.[107] Although the role
of S-adenosyl methionine (SAM) in antibiotic production is
far from understood, a correlation between actinorhodin
production and the level of SAM in the cell has been
reported.[108,109] Another example of defined chemicals that
exhibit secondary metabolite regulatory functions in strepto-
mycetes are the g-butyrolactones.[110] Davies and co-workers
have shown convincingly that even antibiotics themselves,
when present at subinhibitory concentrations, influence the
expression of numerous genes.[111] Secondary metabolites
might very well be involved in the regulation of their own
biosynthesis or of the biosynthesis of similar or totally
unrelated compounds in different microorganisms and thus
might be used to induce the production of additional
compounds. Recently, Uchiyama et al.[112] have shown in an
elegant approach that novel metagenomic catabolic gene
clusters can be identified. They measured the expression of a
metagenome reporter gene library after induction with a
variety of chemicals. Next, they used a fluorescence-activated
cell-sorting system (FACS) to identify clones in which
expression was induced, and then characterized the activated
geneEs product(s). One can envisage cloning fragments of
“silent” biosynthetic gene clusters in a similar approach and
finding low-molecular-weight inducers that enable the expres-
sion of secondary metabolite genes. Once inducers of the
respective promotors are identified, they could be used to
trigger expression of the silent genes in the natural host.
However, since the size of many biosynthetic gene clusters
makes complete cloning difficult, this approach does not seem
feasible for complete heterologous expression of a whole
gene cluster (see Section 2.5).

The study of the regulatory mechanisms underlying
secondary metabolism is still tedious and time-consuming
for examples where genomic sequences are not available. This
situation is changing rapidly because of a variety of ongoing
functional genome projects of natural product producers (for
example, S. coelicolor, S. avermitilis, B. subtilis, and Soran-
gium cellulosum). The availability of genomic information
sets the stage to study complex regulatory mechanisms by
using transcriptomic and proteomic tools. Moreover, the
genome sequence from one species enables the identification
of regulatory and metabolic proteins required for the
biosynthesis of the desired compound from closely related
strains.[113]

2.5. Heterologous Expression of Biosynthetic Gene Clusters

Numerous PKS and NRPS biosynthetic gene clusters have
been cloned over the past decade, and the increasing
biochemical knowledge from studies dealing with the corre-
sponding enzymes has led to the emergence of combinatorial
biosynthesis technologies that aim at generating novel com-
pounds through genetic manipulation.[114, 115] In principle, the
availability of the genetic information makes heterologous
expression possible in improved production hosts. This
technology can also be used to express biosynthetic pathways
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from currently not-yet-culturable microorganisms (see Sec-
tion 2.2).

Genetic manipulation is straightforward in some model
strains (for example, S. coelicolor and B. subtilis), but the
genetic tools are insufficient or not developed for many
microbial producers of natural products. A number of them
are slow-growing or currently not-yet-culturable and thus not
suited for genetic modification of biosynthetic pathways (for
example, myxobacteria, cyanobacteria, and presumed bacte-
rial symbionts as producers of “marine natural products”; see
Section 2.2).

These circumstances and the rapidly increasing number of
microbial genome sequences have led to a considerable
demand in heterologous expression techniques for complete
secondary metabolite pathways in natural product research
and drug discovery. It is a viable alternative to the improve-
ment of the strain and the fermentation process as well as to
the genetic modification of the native producer strain.[116]

A number of strategies for the heterologous expression of
secondary metabolite pathways have been described, which
range from the targeted expression of specific natural
products to the expression of large unknown DNA fragments
(also termed the expression of the metagenome; see Sec-
tion 2.2).[117] Bacterial artificial chromosome (BAC) shuttle
vectors were used for constructing environmental libraries,
followed by expression in multiple expression hosts (for
example, pseudomonads, streptomycetes, and Escherichia
coli).[67, 118] However, only products from relatively small
biosynthetic gene clusters have been produced with this
method to date, and the producing heterologous host has
mostly been from the same genus as the natural producer
(Scheme 5).[118]

Similarly, there are a number of reports on the heterol-
ogous production of biosynthetic pathways from bacteria in
closely related genera. As an example, Marahiel and co-
workers have expressed and engineered the bacitracin
biosynthetic pathway from Bacillus licheniformis in B. subtilis
which produces almost twice as much of bacitracin as the
natural producer.[125] Salas and co-workers have recently
generated more than 30 derivatives of the antitumor com-
pound indolocarbazole in yields comparable to those from the
original producer after heterologous expression of varying
combinations of biosynthetic genes in Streptomyces albus.[126]

Most of the examples in the literature relate to small type II
PKS systems,[127–132] whereas the heterologous expression of
large type I PKS and/or NRPS gene clusters has been
achieved by coexpression from several plasmids, each harbor-
ing parts of the biosynthetic pathway.[133,134] Expression of the
epothilone biosynthetic gene cluster from Sorangium cellulo-
sum in Myxococcus xanthus[135] is another example. The
methodology employed relied on several rounds of cloning
and heterologous host modification because no autonomously
replicating units are known for myxobacteria. Whereas the
yields in this case were only 1% of that produced in
S. cellulosum, optimization of the medium resulted in a
respectable increase in epothilone titer up to the level of
the original natural producer.[136] Nevertheless, it has to be
considered that the original strain has in the meantime been
significantly improved for production by classical methods,

similarly to the soraphen-producing strain S. cellulosum
Soce26.[137]

Only within the last few years has it been shown that the
production of complex natural products in unrelated bacteria
is feasible. In these elegant studies a genetically engineered
E. coli host was used to produce the aglycone precursor of
erythromycin.[116] Subsequently, precursors of ansamycin
macrolactam were produced in E. coli after expression of
part of the biosynthetic operon.[138] Epothilone as well as
soraphen derived from myxobacteria that belong to the genus
Sorangium have been produced in streptomycetes, although
in very low yields.[139,140] Despite increasing experience with
the various hosts, the product yields have typically been much
lower than those in the original producer. This might be a
consequence of weaknesses in the natural promotor, prob-
lems with expression levels of correctly folded proteins,[141]

difficulties with the essential posttranslational activation of
carrier proteins,[142] differences in mRNA stability, or pre-
cursor supply, to name just a few possible drawbacks of the
technique. Numerous ongoing studies in many laboratories
are addressing these questions in various ways, including the

Scheme 5. Low-molecular-weight compounds produced from
fragments of different metagenomes.[119–124]
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application of novel genetic engineering systems and the use
of a variety of heterologous hosts.

In all of the studies mentioned above, classical and time-
consuming cloning procedures were employed, and the
expression of large secondary metabolite clusters was only
achieved by coexpression from several genetic units.
Recently, the application of recombinogenic engineering[143]

in E. coli for cloning and manipulating large natural product
assembly lines has been used successfully by several research
groups. This technique is particularly suitable for large DNA
molecules such as BACs and cosmids, as it does not rely on
classical cloning procedures. After overexpression of proteins
facilitating efficient homologous recombination (Red/ET) in
E. coli, PKS and NRPS pathways can be altered and
redesigned based on short homology arms.

Researchers at Cubist have applied this methodology to
engineer the daptomycin biosynthetic pathway from Strepto-
myces roseosporus in E. coli on a BAC; they then expressed it
in a daptomycin-negative mutant of S. roseosporus to produce
novel and active lipopetides.[144] In this example, a closely
related (here in fact the same) expression host was used,
which is feasible and sensible when well-developed hosts are
available. As this prerequisite has not been achieved in many
areas of research, efficient heterologous expression of bio-
synthetic gene clusters from microbial producers is still a
challenging task, especially for the slow-growing or not-yet-
culturable sources. In a recent example, Red/ET recombin-
eering[143] has also been used to rebuild the complete assembly
line from the myxobacterial myxochromid PKS/NRPS hybrid
gene cluster in one genetic unit and to introduce the elements
required for conjugation, stable integration, and regulated
expression in the heterologous host Pseudomonas putida.[97]

One of the important advantages of this method is that the
whole secondary metabolite pathway is located on one
construct, which can be accurately manipulated in E. coli
and transferred into the heterologous host strain. Surprisingly,
the fermentation time is reduced threefold when producing
myxochromide S in P. putida while the product yield is
fivefold higher relative to that of the natural producer
S. aurantiaca. P. putida is able to produce all the required
activated precursors for myxochromide S biosynthesis
(acetyl-CoA, malonyl-CoA, and propionyl-CoA) and
expresses a broad spectrum phosphopantetheinyl transferase
which is necessary for activation of the carrier protein.[145] As
genetic manipulation in P. putida is straightforward, it should
be possible to engineer the strain to produce further
precursors that are essential for the biosynthesis of other
secondary metabolites (for example, unusual extension units
and amino acids) from various sources. Therefore, this
strategy, which combines the power of advanced DNA
engineering and mutagenesis in E. coli with the utility of
pseudomonads as the heterologous host, provides a new
alternative for the analysis and mutagenesis of known and
unknown secondary metabolite pathways.

Another alternative approach focuses on artificial DNA
synthesis of complete biosynthetic gene clusters. This
approach depends on the ability to synthesize long, accurate
DNA sequences efficiently. The idea was validated by
building a synthetic PKS gene cluster whose functionality

was demonstrated by its ability to produce the megaenzyme
and its polyketide product in Escherichia coli by synthesizing
approximately 5-kb segments of DNA, followed by their
assembly into longer sequences by conventional cloning
methods.[146]

It should be pointed out that it is unlikely that there will
be a single solution to the immense variety of heterologous
expression problems in the future. Closely related and well-
established production hosts which can be manipulated
genetically may be regarded as first-choice organisms. How-
ever, since these are often unavailable, as many production
hosts as possible should be further developed to provide a
battery of possible expression technologies, the strength and
weaknesses of which will become evident in the future.

2.6. Combinatorial Biosynthesis
2.6.1. Genetic Engineering of the Natural Host

The modularity and versatility of PKS and NRPS as well
as challenges and opportunities in combinatorial biosynthesis
have been discussed in excellent reviews.[24, 147–153] To illustrate
our growing knowledge related to the genetic engineering and
the production of novel compounds with altered structures,
we refer here to some studies that have been published in
recent years. Further examples of combinatorial biosynthesis
approaches are presented in Section 2.5 (heterologous
expression techniques).

The Leadlay and Staunton research groups have extended
their pioneering work in PKS research by engineering starter
unit specificity in the erythromycin-producing PKS in vivo.[154]

They were even able to show in the same biosynthetic system
that a longer polyketide chain can be generated after insertion
of an extra module into the PKS.[155] The same research group
was also able to produce ivermectin-like drugs after domain
exchange in the avermectin PKS of S. avermitilis although in a
reduced overall yield.[156] In yet another example they
employed the loading domain of the soraphen PKS, which
was speculated to load benzoyl-CoA onto the megasynthase
from S. cellulosum.[157] To prove this hypothesis, this domain
was used to make a DEBS1-TE hybrid (fusing the thioester-
ase domain of DEBS3 to DEBS1 and exchanging the
erythromycin-loading module against the soraphen loading
module), which resulted in the production of 5-phenyltrike-
tide lactone with a yield of approximately 1 % of the regular
DEBS1-TE triketide.[158] Subsequent studies showed that
additional phenyl-substituted polyketides could also be
made.[159]

Researchers at Kosan Biosciences and Stanford Univer-
sity have performed equally impressive work in PKS engi-
neering.[160,161] They were able to reengineer the genes that
encode the erythromycin formation to produce the antipar-
asitic agent megalomicin in Saccharopolyspora erythraea in
better yields than could be obtained from the natural
producer.[162] They also performed studies to understand the
substrate specificity of PKS modules by generating hybrid
multimodular synthases.[163] Katz and co-workers produced a
new epothilone derivative in good yields by engineering the
epothilone megasynthetase (albeit not in the natural pro-
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ducer, see above).[164] The combinatorial biosynthesis of
pikromycin-related macrolides in Streptomyces venezuelae
has also been studied[165] and led to the generation of multiple
bioactive macrolides by hybrid modular PKSs in this strepto-
mycete.[166]

Combinatorial biosynthesis using type II PKSs is the focus
of several research groups.[114,115, 131, 167] Chromomycin ana-
logues differing in the methylation, acylation, and glycosyla-
tion pattern were recently made by manipulating the respec-
tive post-PKS genes.[168, 169] Other examples of the engineering
of biosynthetic pathways using such post-PKS enzymes are
derived from the characterization of glycosyl transferases,
which can be employed to generate novel structures in vivo
and in vitro (see Section 2.6.2).[170, 171] It can be expected that
genomic information from natural product producers will
provide increasing knowledge about natureEs secondary
metabolite assembly tool box which can be applied in various
ways to rational pathway engineering.

All the examples reported in this section have resulted in
the production of new compounds, however, there may be
many more examples that did not work at all and will
presumably never appear in the literature. A failed example
of pathway engineering is related to various manipulations of
the myxothiazol megasynthetase in S. aurantiaca. Although
relatively simple genetic manipulations were performed,
neither intermediates nor expected derivatives of the biosyn-

thetic pathway could be observed, no matter what part of the
biosynthetic gene cluster was manipulated (Scheme 6).[172]

2.6.2. In Vitro Studies Using Biosynthetic Enzymes

Biosynthetic genes identified in the search for new
secondary metabolic gene loci are widely used for the
expression of catalytic modules and domains for in vitro
studies with purified enzymes. These recombinant proteins
were initially employed to decipher the biochemistry of
biosynthetic pathways[28, 173,174] and in vitro reconstitutions of
complex natural product biosyntheses were reported.[90, 175,176]

In vitro combinatorial biosynthesis techniques have mostly
relied on genetic engineering and mutation in E. coli because
this technique is much faster than the engineering of most, or
probably all, typical secondary metabolite producers. Con-
sequently, most functional biochemical and also combinato-
rial studies have been performed with proteins that could be
actively expressed inE. coli. Pioneering work by the Marahiel
and Walsh research groups has shown that recombinant
NRPS and PKS proteins can be engineered to produce novel
and altered products.[30, 174, 177] The feasibility of combinatorial
biosynthesis to make commercially useful compounds has
been shown by creating a recombinant NRPS capable of
synthesizing in vitro a-l-aspartyl-l-phenylalanine, the pre-
cursor of the artificial sweetener aspartame.[178] New inter-

Scheme 6. Selected variations of erythromycin (a) and its aglycone 6-deoxyerythronolide B (b) obtained by combinatorial biosynthesis and muta-
synthesis (italics). Overall, more than 100 derivatives have been generated by using combinatorial biosynthesis and mutasynthesis.
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mediates of epothilone[179] and rifamycin[180,181] biosynthesis,
but with alternative starter units, were made using purified
proteins from the respective gene clusters. In another study,
the modification of the acyl carrier protein with alternative
starter units enabled the biosynthesis of novel polyketides
with 16 (instead of 14) carbon atoms by employing the
minimal actinorhodin type II PKS.[182] An alternative way to
generate chemical diversity using purified bacterial biosyn-
thetic proteins is exemplified by recent in vitro studies using
the iterative and relatively small type III PKSs. These “plant-
like PKSs” were first described by the Horinouchi research
group.[27,183] It was realized that these enzymes are commonly
found in bacteria[23, 184–186] and that they are versatile systems
for generating novel products.[187–190] Up to 14 compounds of
different structural types (pyrones and phenoles varying in
side-chains length) have been produced in vitro by using
RppA (type III PKS involved in red-brown pigment produc-
tion) to elongate five different starting units with malonyl-
CoA.[187] Type III PKS are also involved in the formation of
precursors of glycopeptides by NRPS; such enzymes from the
balhimycin and the vancomycin biosynthetic gene clusters
were identified as synthases of 3,5-dihydroxyphenylacetic
acid, which serves as a precursor for the unusual amino acid
3,5-dihydroxyphenylglycine[191,192] that is part of the glyco-
peptide backbone.

Recently, proteins or excised catalytic domains from
natural product biosynthetic pathways have also been used
in chemoenzymatic syntheses. PKSs and NRPSs responsible
for the production of macrocyclic compounds often employ
their C-terminal thioesterase (TE) domain to catalyze
enzymatic cyclization of a linear precursor.[193] Walsh and
co-workers showed that excised TE domains retain their
autonomous ability to catalyze the macrocyclization of linear
peptide thioesters with native peptide sequences. Addition-
ally, they can cyclize peptide analogues with alterations in the
peptide sequence and peptide/polyketide-like hybrids with
longer chain lengths.[194] Thus, these macrocyclization cata-
lysts raise the prospect of using TE catalysis for the
generation of macrocyclic peptide libraries.[195] Isolated TEs
can also catalyze the cyclization of linear peptides immobi-
lized on a solid-phase support, which offers the possibility to
merge natural product biosynthesis with combinatorial solid-
phase chemistry.[196] In an extension of this approach, even
glycosylated glycopeptides could be cyclized in good
yields.[197]

Glycosyltransferases are frequently found as tailoring
enzymes associated with products derived from PKS and
NRPS. They play a key role in the decoration of natural
product core structures with sugar moieties that are often
essential for biological activity. The corresponding proteins
utilize activated sugars and can be altered genetically to
accept and glycosylate a variety of substrates. Thorson and co-
workers pioneered this approach and called it “glycorandom-
ization” (Scheme 7).[198, 199] Progress in the understanding of
deoxyhexose and aminosugar biosynthesis will facilitate the
future use of new sugars or those which are difficult to
prepare chemically.[200,201]

In general, it can be expected that any type of tailoring
enzyme capable of decorating the product of a megasynthe-

tase (for example, glycosyl transferases, methyl transferases,
hydrolases, P450-dependent enzymes, or prenylating
enzymes) can be used for similar in vitro studies in the
future. As genome sequencing efforts reveal more and more
of the genetic basis of microbial biochemical diversity, the
corresponding biosynthetic genes await exploitation in com-
binatorial approaches.

2.7. Mutasynthesis

The extraordinary possibilities of the combination of
genomic techniques with “old-fashioned” mutasynthesis[204]

has been excellently reviewed.[205, 206] We will thus only
provide some recent examples which best exemplify the
potential of this approach.

Biosynthesis of synthetic precursors has been used
extensively in polyketide and nonbribosomal peptide pro-
ducing organisms using precursors that are activated as N-
acetylcysteamine (NAC) thioesters which mimic the carrier-
protein-bound biosynthetic intermediates.[207–212] In mutasyn-
thesis approaches, the efficiency of the incorporation of an
intermediate which is fed to a culture can be significantly
increased if the biosynthesis of the natural precursor is
blocked by mutagenesis. Hertweck and co-workers generated
the novel cytostatic compound aureonitrile using p-cyano-
benzoyl-SNAC as an unnatural starter unit of the aureothin
biosynthesis in a mutant unable to produce the natural primer
p-nitrobenzoyl-CoA.[213] The authors showed that the addi-
tion of p-cyanobenzoate is sufficient for the production of
aureonitrile, presumably because the endogenous p-nitro-
benzoate CoA ligase can activate both precursors (Scheme 8).

The biosynthesis and the mode of attachment of a wide
range of PKS starter units in bacteria are covered in a recent
review by Moore and Hertweck.[215] A prominent example of
the practical application of a combined mutasynthesis/com-
binatorial biosynthesis approach is the production of the
unnatural natural compound doramectin, a derivative of the
anthelmintic type I polyketide avermectin that differs in the
starting unit.[216]

Avermectin biosynthesis is usually primed with thioesters
of activated short branched-chain carboxylic acids which are
derived from the degradation of branched-chain amino acids.
Once this degradation pathway is inactivated, avermectin
production is stalled. However, the lack of precursors can be
overcome by the addition of cyclohexylcarboxylic acid (or
other related precursors), which leads to the production of
doramectin, a broad-spectrum antiparasitic compound with
activity superior to avermectin. After a pathway involved in
the biosynthesis of cyclohexylcarboxyl-CoA has been identi-
fied in Streptomyces collinus,[217] Reynolds and co-workers
transferred these genes into the S. avermitilismutant impaired
in the production of the natural starter unit. This approach led
to the direct production of doramectin in excellent yields that
were comparable to those found after the exogenous addition
of cyclohexylcarboxylic acid to the S. avermitilis mutant.[214]

The experiment represents metabolic engineering rather than
mutasynthesis, because no precursor or intermediate is added
to the fermentation broth.
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Scheme 7. In vitro derivatization and synthesis of natural products. a) General outline of the glycorandomization approach.[198] b) Glycorandomiza-
tion applied to vancomycin.[202] c) Generation of tyrocidine analogues by using a combination of chemical synthesis and thioesterase-catalyzed cyc-
lization.[194,197, 203]
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Combinations of mutational and chemoenzymatic
approaches have been exploited to generate new rapamy-
cins[218] and aminocoumarins.[219,220] Novel glycopeptides were
made using the biosynthetic potential of halogenases.[221]

The potential of mutasynthesis can be evaluated prior to
in vivo experiments in studies employing recombinant bio-
synthetic enzymes, in an analogous way to the work described
in Section 2.6.2. Walsh and co-workers could show in vitro
that the first modules of the epothilone synthetase can utilize
alternative starter units and substrates to generate novel
intermediates.[179, 222] It will be interesting to see whether these
experiments will lead to the large-scale production of novel
epothilones in vivo as well.

As can be deduced from the examples given above, there
often appears to be no clear borderline between the types of
approaches described. Several commonly used phrases such
as “combinatorial biosynthesis” and “mutasynthesis” are not
well defined and might be summarized as different forms of
“metabolic (or biosynthetic) engineering” techniques. The
strengths of the experimental ideas lie in the application of
combined techniques for the particular problem to be solved.

3. Be Prepared! Natural Product Research in the
Postgenomic Era

The impact of increasing genomic information as well as
biosynthetic and regulatory studies that decipher the molec-

ular basis of natural product formation have been described in
this Review, and technologies exploiting this knowledge for
the generation of new natural products with biological activity
have been summarized. These techniques have already led to
the production of several novel compounds. The prerequisite
of rational pathway engineering is a comprehensive under-
standing of complex natural product biosynthesis at the
molecular level, but since this has not been achieved in many
cases, numerous manipulations of biosynthetic pathways are
ineffective or lead to low production yields; thus, further in
depth biochemical studies are needed. Furthermore, expo-
nentially increasing sequencing information, novel cultivation
techniques, metagenomic approaches, and progress in heter-
ologous expression and molecular biology in general are
expected to give natural products research a promising future.
The rapid progress in all areas of metabolic/biosynthetic
engineering offers opportunities to alter and/or derivatize
auspicious natural product leads in vivo and in vitro. Consid-
ering the structural complexity of natural products, this
approach might well become a cornerstone of pharmaceutical
lead development in the future.
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Scheme 8. Generation of aureonitrile by mutasynthesis (a) and doramectin by metabolic engineering (b).[213,214]
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Two new additions to the family of large palladium–carbonyl–
triethylphosphine clusters, with Pd52 and Pd66 cores, have been
prepared from the common parent precursor [Pd10(CO)12(PEt3)6] . For
a detailed discussion on the geometrical variety of such nanosized
homometallic clusters, see the Communication by E. G. Mednikov,
L. F. Dahl, and co-workers on the following pages.
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Palladium is a unique transition metal in that it forms an
exceptionally versatile family of high-nuclearity palladium
carbonyl phosphine clusters (i.e., with cores of at least
10 metal atoms with direct metal–metal bonding) that display
a truly remarkable diversity of geometries about the metal
cores.[1a–h] Fifteen distinctly different geometries have been
identified crystallographically for Pdn cores with n= 10,[2a–c]

12,[2d,e] 16,[2f,g] 23 (two different metal cores have been
observed),[2h–j] 29,[2e] 30,[2k] 34,[1a, 2l] 35,[2g] 38,[2m] 39,[2g] 54,[2k]

59,[2g,n] 69,[2o] and 145.[2p] All but two of these highly condensed
palladium clusters have close-packed frameworks that con-
tain metal fragments whose structural units may be described
as ccp (cubic close-packed), mixed ccp/hcp (hexagonal close-
packed) stacking layers (which include layer sequences
corresponding to capped octahedra, centered cuboctahedra,
or centered anti-cuboctahedra), and as icosahedra. One
exception is the Pd38 cluster, which has a highly irregular
geometry about the metal core;[1a,2m] the other exception is
one of the Pd23 clusters, which has a highly distorted body-
centered-cubic metal framework.[2j] Close-packed structural
units of the Pdn cores also include “twinned interpenetrating”
centered cuboctahedral and icosahedral geometries as well as
one mixed, face-fused icosahedral/octahedral Pd59 architec-
ture, which consists of two centered icosahedra that trans-cap
a bioctahedron.[2g,n] The largest known crystallographically
determined discrete metal cluster, Pd145, contains a capped

three-shell 145-atom metal core, whose geometry closely
conforms to Ih icosahedral symmetry.[2p]

A most impressive stereochemical aspect of this extra-
ordinary family of [Pdn(CO)xLy] clusters, where L denotes
phosphine ligands, is that practically all of the above-
mentioned members of the Pdn series have been prepared
with the same phosphine ligand, L=PEt3, which is sterically
non-bulky and also a good s donor. The exceptions reported
to date are the Pd12 cluster, which was isolated only with
PnBu3

[2d] and PPh3,
[2e] and the Pd35,

[2g] Pd39,
[2g] and Pd59

[2g,n]

clusters, which were obtained only with sterically smaller
PMe3 ligands. Furthermore, all of the triethylphosphine-
containing [Pdn(CO)xLy] (L=PEt3) clusters may be obtained
from reactions with the same tetracapped octahedral Pd10

precursor, [Pd10(CO)12(PEt3)6],
[2b,c] through different kineti-

cally controlled synthetic pathways to give relatively thermo-
dynamically stable products in most cases. For the majority of
the Pdn clusters, reasonably good yields (at least 30%) were
ultimately obtained by optimization of the reaction condi-
tions and in particular cases by the structure-to-synthesis
approach from different synthetic routes.

Herein, we report the synthesis of two new extraordinary
members to the series of palladium carbonyl phosphine
clusters, namely, [Pd52(CO)36(PEt3)14] (1) and [Pd66(CO)45-
(PEt3)16] (2), from the precursor [Pd10(CO)12(PEt3)6] (3).
Cluster 1 was prepared as an extremely minor product (< 5%
yield) from the reaction of 3 with [Pd2(dba)3] (dba= diben-
zylideneacetone) at 50 8C.[3] Subsequent attempts to increase
the yield of 1 were unsuccessful; in the best cases, reactions
usually (but not always) afforded 1 as a minor product in
powder samples. Initial attempts to prepare the Pd66 cluster 2
were carried out by Mednikov and Kanteeva from the
reproducible deligation of 3 with CF3CO2H/Me3NO under
optimized ratios of 3/CF3CO2H and 3/Me3NO at 1:120 and
1:16, respectively (42% yield; note that the product obtained
by this procedure is labeled as 2’ (see below)).[2l] However, at
that time attempts to characterize the product by X-ray
diffraction were unsuccessful. Crystals of this unknown
cluster 2’ were again isolated from the above-stated reac-
tion,[4] and new efforts were undertaken to determine both its
atomic arrangement and stoichiometry. However, we experi-
enced great difficulty in obtaining the entire crystal structure.
Complete X-ray data sets (two with synchrotron radiation)
were collected from at least 10 monoclinic crystals (different
preparations): despite poor refinements, solutions of the
structure from several data sets confirmed the {Pd66P16}
architecture of 2’ but did not provide any information
concerning the number and coordination modes of the
carbonyl ligands. Major problems included unusually high
diffuse-scattering background and merohedral twinning (i.e.,
due to a monoclinic unit cell with b� 908), which was taken
into account in least-squares refinements. Nevertheless, the
entire crystal structure was eventually established from
monoclinic crystals (with a larger angle b= 90.98) that were
obtained from a different preparative route, through the
reaction of 3 with [Pd(MeCN)4](BF4)2,

[5] to give 2. Although
the IR spectra of 2 and 2’ are virtually identical and their
crystallographic unit-cell parameters are analogous, it should
be noted that the Pd66 cluster 2’ obtained from the reaction of
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3 with CF3CO2H and Me3NO may possibly
contain a different number of carbonyl ligands
to that found in 2.[6]

The molecular structures[7] of 1 and 2 are
based upon a common hypothetical Pd38 kernel
that can be formally derived by vertex-truncat-
ing of a likewise unknown n3 Pd44 octahedron,
where nn refers to n+ 1 equally spaced atoms
(namely, four) along each of the 12 octahedral
edges. This cubic Oh-symmetric Pd38 kernel
contains six {100} square Pd4 faces and eight
{111} centered hexagonal Pd7 faces, and has six
interior (encapsulated) metal atoms that are
located at the vertices of a regular octahedron.

The Pd52 core in 1 (Figure 1) formally arises
from the remaining 14 Pd atoms, which form two
monocapped n2 Pd7 triangles that sequentially
condense on centrosymmetrically opposite,
trans-oriented {111} centered hexagonal Pd7

faces[8] of the Pd38 kernel. This trans attachment
of the two Pd7 triangles to the Pd38 kernel lowers
the symmetry of the resulting Pd52 core, which
has crystallographically imposed C3i (3̄) symme-
try, from pseudo-Oh to pseudo-D3d (3̄2/m). The
Pd52 core contains eight interior Pd atoms that
conform to a trans-bicapped octahedron.

The Pd66 core in 2 is formally constructed by
the sequential condensation of the same mono-
capped n2 Pd7 triangles on four non-adjacent
(tetrahedral) {111} centered
hexagonal Pd7 faces of the
Pd38 kernel (Figure 2). The
crucial stage is the condensa-
tion of the second triangular
Pd7 fragment which must
occur on any of three tetrahe-
drally oriented {111} faces of
the Pd38 core. As a result,
further condensation of the
remaining two n2 Pd7 triangles
can sterically occur only on
the remaining two tetrahedral
centered hexagonal Pd7 faces
to thereby complete the Pd66

core of 2. Because the proba-
bility of the condensation of
the second n2 Pd7 triangle on
one of the tetrahedrally ori-
ented centered hexagonal
faces of the Pd38 kernel is
three-times greater than that
on the opposite face, this
formal construction of the
Pd66 core is significantly
favored over that of the Pd52

core. Hence, it is not surpris-
ing that this building-block scheme is consistent with the good
synthetic reproducibility of the Pd66 cluster as well as with its
preparation from different procedures. In contrast, the Pd52

cluster 1 is difficult to isolate. A close examination of the
particular orientations of the four monocapped Pd7 triangles
relative to the Pd38 kernel in 2 reveals that the Pd66 core has

Figure 1. a) Crystallographic C3i and pseudo-D3d geometry of the nanosized Pd52 core
in [Pd52(CO)36(PEt3)14] (1). Symmetry-independent Pd atoms are numbered. The
maximum diameter of the metal core is 1.58 nm parallel and 0.84 nm perpendicular
to the principal threefold axis that passes through Pd(10), Pd(2) and the crystallo-
graphic inversion centre; the latter is situated between the two middle 12-atom Pd
layers. b) Molecular structure of 1 displaying the arrangement of 14 PEt3 ligands
(P pink; ethyl substituents not shown) and 36 bridging carbonyl ligands (O red,
C black) about the Pd52 core. Two crystallographically independent carbonyl ligands
are each disordered between two sites with occupancy factors of 0.54/0.46 and 0.76/
0.24; only their main orientations are shown.

Figure 2. a) Geometry of the nanosized Pd66 core in [Pd66(CO)45(PEt3)16] (2). The maximum diameter of the
metal core of this spherically shaped Pd66 cluster is approximately 1.14 nm along each of the four
tetrahedral body-diagonal h111i directions. b) Molecular structure of 2 exhibiting the arrangement of
16 PEt3 ligands (P pink; ethyl substituents not shown) and 45 bridging carbonyl ligands (O red, C black)
about the Pd66 core. Four carbonyl ligands are each disordered between two sites with occupancy factors of
approximately 0.5/0.5 in each case; only one of the two orientations is shown.
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approximately C3v symmetry instead of the expected Td

symmetry. However, the 10 interior (encapsulated) atoms
ideally conform to a tetracapped Td Pd10 octahedron, which
alternatively may be viewed as a n2 Pd10 tetrahedron with
three equally spaced Pd atoms along each of the six
tetrahedral edges.

The resulting metal arrangements of the entire Pd52 core
along the threefold axis in 1 and of each of the four {Pd38Pd7}
fragments with the common Pd38 kernel along the h111i
directions in 2 may be considered as mixed ccp/hcp layer-
stacking structures. Figure 1 shows that the eight layers in 1
adopt an ababcaca stacking sequence. In 2, which has pseudo-
C3v symmetry, the alternation of the stacked layers (Figure 2)
depends on the h111i direction: namely, the layer-stacking
sequence along the proper C3 axis is abacba, whereas along
each of the other three symmetry-equivalent h111i directions
the sequence is ababca. Similar four-, five-, and six-layer
stacking sequences involving mixed ccp/hcp metal arrange-
ments have been observed in other large carbonyl clusters,
including [Rh22(CO)37]

4� (abcb),[9a] [Pd13Ni13(CO)34]
4�

(abcac),[9b] [Pd16Ni16(CO)40]
4� (abcbca),[9c] [Ni32Pt24(CO)56]

6�

(abacbc sequence along its threefold axis),[9d] and neutral
[Pd54(CO)40(PEt3)14] (abaca).[2k]

Overall mean Pd–Pd distances of 2.80 G (range: 2.70–
2.95 G) and 2.81 G (range: 2.66–3.00 G) in 1 and 2, respec-
tively, are typical for palladium carbonyl phosphine clusters,
as exemplified by the overall mean Pd–Pd distance of 2.81 G
previously reported for the ccp Pd30 and ccp/hcp Pd54

clusters.[2k] The significantly shorter mean Pd–Pd distances
of 2.74 G in the interior (encapsulated) bicapped Pd8

octahedron in 1 and 2.77 G in the interior (encapsulated)
tetracapped Pd10 octahedron (n2 tetrahedron) in 2, which are
essentially identical to the Pd–Pd distance of 2.75 G in ccp Pd
metal,[10] are consistent with the interior Pdn atoms presum-
ably having metallic character.

In 1, four PEt3 ligands are attached to each of the two
monocapped n2 Pd7 triangles, with one to the capped Pd atom
and the other three to the corner atoms of the Pd6 triangles.
The six other PEt3 ligands are coordinated to the six 3̄ (S6)-
equivalent Pd(6) atoms (see Figure 1) in the middle two Pd12

layers. In 2, the 16 PEt3 ligands are equally distributed among
the four monocapped n2 Pd7 triangles in coordination modes
that are analogous to those found in 1.

The 36 CO groups in 1 were all located without any
difficulties. They comprise 12 doubly bridging m2-CO groups
and 24 triply bridging m3-CO groups (Figure 1), and under
crystallographically 3̄ (S6) site symmetry, they may be divided
into the following three distinct groups: 1) Six m2-CO groups
(one independent), with three of these connecting each of the
two monocapped m3-Pd atoms to the three inner Pd atoms of
the triangular Pd6 layer.[11] 2) Twelve m3-CO groups (two
independent), with six of these connecting each of the two
monocapped n2 Pd7 triangles to a centered hexagonal Pd7 face
of the Pd38 kernel. This carbonyl arrangement may be readily
visualized as six edge-bridging CO groups that span the six
Pd–Pd pairs in each Pd6 triangle being formally converted into
face-capped m3-CO groups by each becoming attached to one
of the six hexagonal Pd atoms of the centered hexagonal face.
3) Twelve m3-CO groups (two independent) and six m2-CO

groups (one independent) joined to the six “open” symmetry-
related centered hexagonal faces of the Pd38 kernel. These
consist of two m3-CO groups, which connect the centered Pd
atom of a given Pd7 face with four of the Pd atoms in the
hexagon, and one m2-CO group that links the remaining two
Pd atoms. These bridging carbonyl ligands in 1 are consistent
with the observation of only one strong broad CO band in the
solid-state IR spectrum at 1856 cm�1 with a shoulder at
1875 cm�1.

In sharp contrast, the ultimate location of all 45 inde-
pendent carbonyl ligands in the Pd66 cluster 2 (Figure 2)
proved to be difficult and time-consuming. Nevertheless, a
careful examination of their composite steric dispositions
provides complete reassurance for the presence of 45 CO
groups in 2. Particularly intriguing is that normally 44 CO
groups would be predicted from general symmetry consid-
erations, thus the 45th CO group in 2 constitutes an
unexpected extra one.[12] It is most convenient to initially
describe the carbonyl arrangement of the 44 normal CO
groups in 2 and then consider the observed major steric
deformations of two CO groups that allow for the addition of
the extra 45th CO ligand. In this analysis the carbonyl ligands
in 2 are likewise separated into the same three groups:
1) Eight m2-CO groups, of which two edge-bridge each of the
four monocapped m2-Pd atoms that are coordinated to only
two of the three inner triangular Pd atoms within the four n2

Pd7 triangles. 2) Twenty-four m3-CO groups with six face-
capped ones connecting each of the four monocapped n2 Pd7

triangles to a centered hexagonal Pd7 face of the Pd38 kernel,
as described above in 2. 3) Six m3-CO groups and three m2-CO
groups attached (as found in 1) to three of the four “open”
centered hexagonal Pd7 faces of the Pd38 kernel; the fourth
“open” face has three m3-CO ligands instead of one m2-CO and
two m3-CO groups. This above description accounts for 44 of
the 45 CO units found in 2. To provide sufficient space for the
addition of the extra (45th) m3-CO ligand, the one-bond-
connectivity of each of two adjacent normally disposed m3-CO
groups that connect one monocapped n2 Pd7 triangle to its
centered hexagonal Pd7 face is broken, such that these two
adjacent m3-CO groups are then transformed into m2-CO units
that are highly bent above the n2 Pd6 triangle (away from the
centered hexagonal Pd7 face) to increase intraligand contact
distances and thereby minimize steric repulsions. This exten-
sive localized deformation thus allows the extra m3-CO unit to
face-cap the resulting Pd3 triangle, which is composed of the
two adjacent Pd atoms of the centered hexagonal Pd7 face and
the central atom of the n2 Pd6 triangle that is also linked to the
two highly bent m2-CO groups. These bridging CO coordina-
tions give rise to only one broad strong CO band at 1884 cm�1

in the solid-state IR spectrum of 2.[11–13]

This comparative analysis of the carbonyl ligands in 1 and
2 discloses two important stereochemical features that
originated from the observed {111} face-condensations of
the hypothetical Pd38 vertex-truncated n3-octahedral kernel:
1) in 1, each triply bridging monocapped Pd atom connected
to the three inner Pd atoms of the Pd6 triangle contains three
edge-bridged m2-CO groups, whereas in 2 each of the four
doubly bridging monocapped Pd atoms connected to two of
the three inner Pd atoms of the Pd6 triangle contains two
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edge-bridged m2-CO ligands; 2) the observed localized car-
bonyl rearrangement in 2 which sterically allows the presence
of the extra (45th) CO ligand suggests that the geometry of
the nanosized Pd66 core with 44 normal CO groups may
potentially accommodate up to four additional carbonyl
ligands without any substantial changes in the architecture of
the metal core.[6] In fact, a current investigation has indicated
the formation of another Pd66 cluster with 47 CO groups
(three extra) from the reaction of 3 with dicobalt octocar-
bonyl.[13]

The possibility of variable numbers of carbonyl ligands for
close-packed nanosized [Pdn(CO)x(PR3)y] clusters without
the need for significant geometrical changes in the common
{Pdn(PR3)y} fragments was recently observed for the cuboc-
tahedral [Pd23(CO)x(PEt3)10] clusters with x= 20, 21, 22.[6] The
arrangements of their composite carbonyl groups revealed
that the formal addition of an extra CO ligand produces
considerable localized displacements of certain neighboring
CO ligands (with concomitant changes in their coordination
modes) in order to increase intraligand contacts and thereby
minimize steric effects. The geometric effects of the expanded
carbonyl ligation in the Pd66 cluster also have special
relevance to the well-known Muetterties cluster–science
analogy[14] that chemisorbed CO molecules are not static
but undergo both dissociative processes and nondissociative
migratory processes about the metal surface as a function of
the CO pressure.

Of particular relevance to our hypothesized modular
construction of 1 and 2 from the hypothetical Pd38 vertex-
truncated n3 octahedron is that the congeneric Pt38 core of the
classic Chini [Pt38(CO)44]

2� dianion displays this same Oh

geometry.[15] More-recent comprehensive synthetic, stereo-
chemical, spectroscopic, and electrochemical studies by
Longoni, Zanello, and co-workers[16,17] have revealed the
only other known cluster with a 38-atom metal core that
displays the truncated n3 octahedral geometry; namely, the
ordered [H2Ni24Pt14(CO)44]

4� cluster for which the 24 Ni
atoms occupy the 24 equivalent square corner sites and the
14 Pt atoms occupy the six vertices of the encapsulated
octahedron and the centers of the eight hexagonal
faces.[9d,16,18] They also prepared and characterized hetero-
metallic 44-atom n3 octahedral clusters that contain a ccp 38-
atom truncated n3 octahedral M38�xM

0
x kernel with six addi-

tional Ni atoms capping the six {100} square faces. These
include [H6�nNi38Pt6(CO)48]

n� (n= 4–6)[17a,b] and [Ni35Pt9-
(CO)48]

6�,[17c] both with an encapsulated Pt6 octahedron, and
[Ni36Pd8(CO)48]

6� [17c] with an encapsulated Pd6 octahedron
and with the other two Pd atoms occupying two of the eight
centered sites of the crystal-disordered 10-atom n3 octahedral
faces.

The salient structural feature of 1 and 2 is that their
hypothesized formation from the Pd38 truncated n3 octahe-
dron occurs through six-atom condensations of monocapped
Pd7 triangles on {111} octahedral faces instead of one-atom
metal condensations on six {100} square faces, as found in the
{Ni38Pt6},

[17a,b] {Ni35Pt9},
[17c] and {Ni36Pd8}

[17c] clusters. The
resulting condensation pattern of 44 metal atoms comprises
eight “open” triangular n3 {Ni10�xM

0
x} faces, which are only

occupied by ligands. Stereochemical analysis of the known

[Pdn(CO)xLy] clusters reveals that, in general, Pdn cores do not
form such relatively large triangular 10-atom “open” faces,
but they prefer instead to undergo face condensations.

In general, the formation of different kinds of large ligated
close-packed metal clusters critically depends upon the subtle
interplay of cohesive energies, electronegativities, and rela-
tive sizes of the metal atoms, the electronic and steric
properties of the ligands, and, of course, the reaction
conditions. The dissimilar growth processes presented above
in the formal construction of the Pd52 and Pd66 clusters 1 and 2,
respectively, versus that of the 44-atom Ni–Pt and Ni–Pd
carbonyl clusters from their nonisolated precursors with the
same 38-atom vertex-truncated n3 octahedral geometry may
be largely attributed to the markedly weaker metal–metal and
metal–carbonyl interactions in palladium carbonyl/triethyl-
phosphine clusters compared to those in nickel and platinum
carbonyl clusters.
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The black precipitate of 4 (0.182 g, 67% yield based on
combined content of palladium in 3 and [Pd2(dba)3], or 114%
based on 3) was identified by its IR spectrum (nujol): ñ= 1892
(s), 1867 (s), 1837 (s), 1810 cm�1 (s–m).[2l] The yield of 4
calculated on the basis of 3 unambiguously indicates its
formation from both 3 and [Pd2(dba)3]. A crystal of 1 of
dimensions 0.30P 0.20P 0.20 mm3 was used for the determina-
tion of the crystal structure; b) E. G. Mednikov, N. K. Ere-
menko, Izv. Akad. Nauk SSSR Ser. Khim. 1982, 2540. [Bull.
Acad. Sc. USSR Div. Chem. Sc. (Engl. Transl.) 1982, 31, 2240].

[4] In a typical experiment [Pd10(CO)12(PEt3)6] (3 ; 0.150 g,
0.071 mmol) and Me3NO·2H2O (0.127 g, 1.143 mmol) were
dissolved in a mixture of Me2CO (7.5 mL), THF, iPr2O or
Et2O (2.5 mL), and CF3CO2H (0.66 mL, 8.57 mmol) in a 100-mL
flask with 4–6 min of ultrasonication or heating (� 35 8C) under
Ar. After ten days, black plate arrow-end crystals of 2’ were
isolated by decanting the mother liquors and washed with
acetone (50–55 mg, 45–50%). Elemental analysis (Zelinsky
Institute of Organic Chemistry): calcd (%) for Pd66(CO)46-
(PEt3)16: C 16.72, H 2.37, P 4.86, Pd 68.84; found: C 16.38, H 2.30,
P 4.89, Pd 69.28; IR (nujol): ñ= 1883–1881 cm�1 (s br). Crystals
obtained from this procedure were monoclinic with a b angle
close to 908 ; for example, a= 20.417(5), b= 35.711(9), c=
30.877(11) G, b= 90.04(2)8, V= 22512(12) G3; or a= 20.48(1),
b= 35.48(4), c= 30.55(2) G, b= 90.10(5)8, V= 22194(49) G3,
etc. Solution of the structural data from their X-ray data sets
could not be refined but did disclose the {Pd66P16} fragment of 2’.

[5] [Pd10(CO)12(PEt3)6] (3 ; 0.150 g, 0.071 mmol) and [Pd(MeCN)4]-
(BF4)2 (0.063 g, 0.142 mmol) were dissolved in a mixture of THF
(10 mL) and Me2CO (5 mL) under N2. On the next day, the
solvent was evaporated and the black residue was extracted with
MeCN. Crystallization in the presence of vapor from a 1:1
mixture of iPr2O/hexane gave black needlelike crystals of 2
(15 mg; 13%). IR (nujol): ñ= 1884 cm�1 (s br) with shoulders at
1916 and 1867 cm�1. A crystal of dimensions 0.61 P 0.28 P
0.18 mm3 was used for the determination of the X-ray crystal
structure.

[6] On a related note, a recent systematic preparative/structural
investigation[2i] has provided compelling geometrical evidence
for a previously unknown stereochemical example involving
close-packed, nanosized cuboctahedral-based [Pd23(CO)x-
(PEt3)10] clusters that comprise structurally analogous {Pd23-
(PEt3)10} fragments with variable numbers of carbonyl ligands
(x= 20, 21, 22). This observed expanded capacity of CO
coordination on the same centered Pd23 polyhedron from the
thermodynamically stable structure with 20 CO ligands to the
kinetic products with additional CO ligands (x= 21, 22) without
notable changes in the geometry of the common {Pd23(PEt3)10}
fragment was attributed to the nanosized (� 0.8–0.9 nm) archi-
tecture of the metal core.

[7] a) 1: trigonal; R3̄ ; a=b= 17.303(2), c= 51.067(13) G, a=b=

908, g= 1208, V= 13240(4) G3; Z= 3, 1calcd= 3.083 Mgm�3.
MoKa data collected at 173(2) K with Bruker SMART CCD-
1000 area-detector diffractometer by 0.3w scans over a 2q range
from 2.40 to 46.628 ; empirical absorption correction (SADABS)
applied; m(MoKa)= 5.328 mm�1; max/min transmission, 0.416/
0.298. Full-matrix least-squares refinement (SHELXTL)[7c] (300

parameters; 27 restraints) on 4253 independent reflections
converged at wR2(F

2)= 0.176 with R1(F)= 0.071 for I> 2s(I);
GOF (on F2)= 1.03; max/min residual electron density 8.87/
�5.10 eG�3. All non-hydrogen atoms were refined anisotropi-
cally, except for those of disordered carbonyl groups and
disordered ethyl substituents; b) 2 : monoclinic; P21/n ; a=
20.717(2), b= 35.756(4), c= 30.623(4) G, b= 90.904(1)8, V=

22682(5) G3; Z= 4, 1calcd= 2.979 Mgm�3. MoKa data collected
at 100(2) K with Bruker SMART CCD-1000 area-detector
diffractometer by 0.3w scans over a 2q range from 1.76 to
46.368 ; empirical absorption correction (SADABS) applied;
m(MoKa)= 5.247 mm�1; max/min transmission, 0.452/0.142. Full-
matrix least-squares refinement (SHELXTL)[7c] (1540 parame-
ters; 236 restraints) on 31516 independent reflections converged
at wR2(F

2)= 0.278 with R1(F)= 0.108 for I> 2s(I) ; GOF (on
F2)= 0.894; max/min residual electron density 3.48/�2.41 eG�3.
Palladium and phosphorus atoms were refined anisotropically.
CCDC 276453 (1) and 276454 (2) 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; c) G. M. Shel-
drick: SHELXTL version 6.10 Program Library, Bruker Ana-
lytical X-Ray Systems, Madison, WI, 2000

[8] a) Similar formal condensations of monocapped n2 Pd7 triangles
to centered metal hexagons are encountered in Pd30

[2k] and
Pd23

[2h,i] clusters. The condensation of four noncapped n2 Ni6
triangles on four centered hexagonal faces of a ccp Ag16 metal
core was observed in the pseudo-Td [Ag16Ni24(CO)40]

4� clus-
ter[8b] ; b) J. Zhang, L. F. Dahl, J. Chem. Soc. Dalton Trans. 2002,
1269.

[9] a) S. Martinengo, G. Ciani, and A. Sironi, J. Am. Chem. Soc.
1980, 102, 7565; b) N. T. Tran, M. Kawano, D. R. Powell, L. F.
Dahl, J. Chem. Soc. Dalton Trans. 2000, 4138; c) C. Femoni,
M. C. Iapalucci, G. Longoni, P. H. Svensson, J. Wolowska,
Angew. Chem. 2000, 112, 1702; Angew. Chem. Int. Ed. 2000,
39, 1635; d) C. Femoni, M. C. Iapalucci, G. Longoni, P. H.
Svensson, J. Chem. Soc. Chem. Commun. 2004, 2274.

[10] J. Donohue, The Structures of the Elements, Wiley, New York,
1974, p. 216.

[11] An anisotropic pancake-shaped displacement ellipsoid observed
for the crystallographically independent monocapped Pd(10)
atom, which lies on the crystallographic C3 axis of 1 (Figure 1), is
attributed to it being randomly disordered among three sites
toward each of the three equivalent inner Pd(4) atoms in the Pd6

triangle. Nevertheless, we consider its site displacements from
the threefold axis to be relatively small such that Pd(10) still
undergoes m3 coordination with three threefold-related edge-
bridging carbonyl ligands that span the three Pd(10)–Pd(4)
edges. This premise is based upon the least-squares refinement,
which indicates that the carbon and oxygen atoms of the
crystallographically independent doubly bridging carbonyl
group that connects Pd(10) to the inner Pd3 triangle have
whole-weighted occupancy factors.

[12] a) The [CuxNi35�x(CO)40]
5� cluster (x= 3 or 5)[12b] provides

another striking example of a nanosized close-packed metal-
core carbonyl cluster that contains an extra carbonyl ligand. The
presence of the extra CO moiety on one of three otherwise
symmetry-equivalent sides of the metal core results in a
markedly different arrangement on the side of the extra CO to
the similar arrangements of CO groups on the other two sides. Its
inclusion lowers the symmetry of the 35-atom triangular stack-
ing-layer sequence from pseudo-D3h to Cs symmetry (i.e., a
pseudo-vertical mirror plane); b) P. D. Mlynek, M. Kawano,
M. A. Kozee, L. F. Dahl, J. Cluster Sci. 2001, 12, 313.

[13] E. G. Mednikov, L. F. Dahl, unpublished results.
[14] a) E. L. Muetterties, T. N. Rhodin, E. Band, C. F. Brucker, W. R.

Pretzer, Chem. Rev. 1979, 79, 91, and references therein;
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b) C. M. Friend, R. M. Gavin, E. L. Muetterties, M.-C. Tsai, J.
Am. Chem. Soc. 1980, 102, 1717; c) E. Shustorovich, R. G.
Baetzold, E. L. Muetterties, J. Phys. Chem. 1983, 87, 1100; d) G.
Pacchioni, J. Koutecky, J. Phys. Chem. 1987, 91, 2658; e) R.
Hoffmann, Rev. Mod. Phys. 1988, 60, 601; f) J. E. Adams, J.
Chem. Phys. 1990, 92, 1849; g) B. C. Gates, Angew. Chem. 1993,
105, 240; Angew. Chem. Int. Ed. Engl. 1993, 32, 228.

[15] a) P. Chini, J. Organomet. Chem. 1980, 200, 37; b) A. Ceriotti, N.
Masciocchi, P. Macchi, G. Longoni, Angew. Chem. 1999, 111,
3724; Angew. Chem. Int. Ed. 1999, 38, 3941, and references
therein; c) J. D. Roth, G. J. Lewis, L. K. Safford, X. Jiang, L. F.
Dahl, M. J. Weaver, J. Am. Chem. Soc. 1992, 114, 6159.

[16] C. Femoni, M. C. Iapalucci, G. Longoni, P. H. Svensson, Chem.
Commun. 2001, 1776.

[17] a) A. Ceriotti, F. Demartin, G. Longoni, M. Manassero, M.
Marchionna, G. Piva, M. Sansoni, Angew. Chem. 1985, 97, 708;
Angew. Chem. Int. Ed. Engl. 1985, 24, 697; b) F. F. de Biani, C.
Femoni, M. C. Iapalucci, G. Longoni, P. Zanello, A. Ceriotti,
Inorg. Chem. 1999, 38, 3721; c) C. Femoni, M. C. Iapalucci, G.
Longoni, P. H. Svensson, P. Zanello, F. F. de Biani, Chem. Eur. J.
2004, 10, 2318.

[18] This current formulation for the Ni–Pt cluster is based on
ref. [9d] (see footnote 2 therein), which states that “circum-
stantial evidence suggests the presence of two hydride atoms in
the cluster originally formulated as [Ni24Pt14(CO)44]

4�”.[16]
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Two-Component Graded Deposition of Biomole-
cules with a Double-Barreled Nanopipette**

Kit T. Rodolfa, Andreas Bruckbauer, Dejian Zhou,
Yuri E. Korchev, and David Klenerman*

There is currently great interest in depositing submicron
features of biological molecules on surfaces for miniaturized
assays[1–6] and to assemble new structures from biological
building blocks.[7] Several methods that have been used to
produce these features are based on scanning probe micro-
scopy (SPM) and use either the tip of an atomic force

microscope (AFM) or a nanopipette. Dip-pen lithography
operates in air and uses an AFM tip to write features of sizes
less than 100 nm.[1,5, 8–14] Fountain pen lithography has been
developed by using apertured AFM tips to produce sub-100-
nm features[14] or nanopipettes[6] to produce features of
around 300 nm. In both cases, the fountain pen lithography
operates in air.

Nanopipettes have also been used for deposition in a
buffer solution by using a method based on scanning ion-
conductance microscopy (SICM).[15] In this case, voltage-
driven deposition gives fine control for delivery at the single-
molecule level; however, diffusion of molecules in solution
and over the surface broadens the feature size when
compared with deposition in air and results in features no
smaller than 800 nm.[16–18] The nanopipette, however, has the
advantage that it eliminates the need for conditioning of the
tip (as is required by dip-pen nanolithography (DPN) for
deposition) and provides a large reservoir of molecules.
Registry is a common problem with all of these methods and
makes it difficult to deposit a different type of molecule on
top of or at a defined position relative to another feature. This
is, however, a key requirement for the production of complex
patterns on surfaces and the assembly of structures made
from biological molecules. Currently, this difficulty has been
addressed with DPN, by using nanofabricated surfaces with
defined topographic features to give registry,[10] or through the
use of a 6multiple-pen7 array.[11] In our own two-component
work, we have addressed this problem by using nanopipettes
with fluorescent imaging to provide registry.[17] All of these
solutions, however, require the use of a second tip to deposit
an additional species.

Herein we present a methodology that eliminates the
registry problem for the deposition of two different species on
a surface. This is accomplished with a new form of scanning
probe microscopy that we developed based on a double-
barreled pipette. In this case, two species are independently
delivered from each of the pipette barrels of a single tip.
Furthermore, fine voltage-driven control of the deposition of
two types of biomolecules can be achieved, in the absence of a
bath, by creating a potential between the two barrels of the
pipette. Operation in air provides smaller feature sizes than
deposition in liquid as lateral diffusion is avoided. These
advantages allow complex 6two-color7 graded patterns to be
written with biomolecules.

Double-barreled pipettes are fabricated from glass capil-
laries (diameter of 1.5 mm, with a septum down the center) by
using a pipette puller (Sutter Instruments, Model P-2000).
These pipette tips were imaged with scanning electron
microscopy (SEM), and the barrels maintained their D-
shape throughout pulling (see Figure 1 inset). The heights of
the individual barrel openings (when oriented as shown in the
Figure 1 inset) ranged from 140 to 185 nm and widths from
100 to 125 nm. As depicted in Figure 1, both barrels are filled
with electrolyte solution and a potential (V) is created
between the Ag/AgCl electrodes that are placed in the two
barrels. When the pipette is held above a surface, a liquid
droplet forms automatically at the tip (Figure 1 A). This
allows the electrolyte to flow between the barrels and hence
provides an ion current (IDC) for control over the surface
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without the need to insert the sample into a bath of
conducting solution. As the pipette approaches the surface,
a meniscus is formed between the tip and surface (Figure 1B).
IDC is diminished as the tip moves closer to the surface.

To provide more robust distance control, the tip was
modulated in the z direction (usually with an amplitude of
� 50 nm), and a modulated ion current (IMOD) was detected
with a lock-in amplifier (Model SR 830, Stanford Research

Systems).[19] Generally, these pipettes are controlled at 75–
125 nm above the sample, as determined by approach curves
to the surface. Figure 1C shows the steep dependence of the
modulated ion current on the distance between the tip and the
surface. The graph reaches a maximum when the tip just
touches the surface at the peak of its modulation. Feedback
control of the tip–surface distance is obtained by using a
piezoelectric translation stage that adjusts the z position of
the sample to maintain a constant value of IMOD (indicated on
the graph with 6Set Point7; usually around 50 pA, which
corresponds to a tip–surface distance of 100 nm).

To test the feedback control of this system, a sample
surface fabricated from polydimethylsiloxane (PDMS) and
consisting of ridges of 2 mm in width and 1.2 mm in height was
imaged with the double-barreled pipette and tapping-mode
AFM in air.[20] Figure 2 shows the correspondence between
the images obtained with the two techniques. Notably, the
pipette cannot track up steep slopes or tight grooves quite as
well as the AFM, and as such the ridges appear wider at their
bases. This is understood to be a result of the differences in
the size and geometry of the tips and has also been observed
with single-barreled pipettes.[21] Nonetheless, the agreement
in feature heights and spacing is good; in particular, the
pipette successfully characterized the smaller peaks in the
grooves. These results indicate that double-barreled pipettes
can be reliably controlled over a surface while operating in air
and allows not only topographical scanning but also deposi-
tion of biomolecules.

A droplet must form at the tip of the pipette to produce an
ion current, and as such it is not clear whether a significant
residue of the solution is left behind as the tip moves across
the surface, or whether the surface tension causes the solution
to dewet as the tip moves away. To investigate this, a
fluorescent dye (alexa 488) was added to both barrels and
excited with 488-nm laser light while the pipette was scanned
across a glass surface. No fluorescent trail was observed (with
a highly sensitive CCD camera) as the tip moved across the
glass, which indicates that dewetting was occurring. To deposit
materials on a surface, therefore, we must functionalize the
surface to interact with the molecules to be deposited. To
achieve this, the glass surface was coated with a positively
charged polymer, polyethyleneimine (PEI), and both barrels
were loaded with alexa 488-labeled rabbit immunoglobulin G
(IgG, which is known to adhere to positively charged
surfaces).[22] It was observed that the IgG migrated, due to
electroosmotic flow, away from the positive electrode and
towards the negative one[17] so that the protein was only seen
to come out of one barrel at any time. Alteration in the
direction of the applied voltage, however, would switch the
barrel in which the protein was seen to exit (Figure 3A). As
expected, the IgG delivered from the pipette adhered to the
PEI-modified glass surface and left fluorescent IgGmolecules
deposited on the surface as the pipette was moved across it.

As the double-barreled pipette operates in air, we
expected a finer feature size than that obtained with single-
barreled pipettes operating in solution. In solution, molecules
will spread through three-dimensional diffusion to the surface
or two-dimensional diffusion on the surface and thus broaden
the feature size.[17] Previously, in solution we measured a spot

Figure 1. Schematic representation of the apparatus. A) A voltage (V)
applied between Ag/AgCl electrodes in the two barrels of a glass-
fabricated nanopipette creates an ion current (IDC) through a droplet
which forms at the tip. B) When the tip is brought into contact with a
surface, modulation in the z direction creates a modulated ion current
(IMOD), which provides the feedback signal for control. C) Experimental
approach curve for the double-barreled pipette obtained over a PDMS
surface. Notice the steep dependence of IMOD on the distance between
the tip and the surface. The inset shows an SEM image of a gold-
coated pipette tip.

Angewandte
Chemie

6855Angew. Chem. Int. Ed. 2005, 44, 6854 –6859 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


size (full width at half-maximum, FWHM) of 1.3 mm with
single-barreled pipettes and IgG (830� 80 nm for biotinylat-
ed DNA on a streptavidin-coated glass surface).[16] In these
experiments, performed in air, the feature size deposited on

Figure 2. A) 3D image and cross-section of a PDMS stamp that was
scanned in air with a double-barreled nanopipette. The image shown is
a representation of 10 scans. The defect in the image is a physical
defect in the stamp (control was maintained throughout taking this
data). B) 3D Image and cross-section of the same stamp obtained
with tapping-mode AFM in air.

Figure 3. A) Principle of double-barreled pipette deposition. The two
barrels of the nanopipette are filled with different fluorophore-labeled
antibodies for deposition onto a PEI-coated glass surface. The voltage
between the two barrels produces the distance–feedback control
current and controls the molecular delivery. Note that antibodies are
delivered only from one barrel at a time as they flow to the negative
electrode. (B) & (C) show fluorescence images of alexa 488-labeled
IgG spotted onto a PEI-coated glass surface. B) Spots at deposition
times of 5, 10, 20, 40, 80, and 160 s and 2.0-V tip potential (inset) and
linear fit to fwhm diameters of the spots. C) Spots deposited at 0.5-,
1.0-, 1.5-, and 2.0-V tip potentials for 10 s (inset) and linear fit to
integrated intensities of the spots. Scale bars in both images are 5 mm.
The error bars represent the error in Gaussian fits. Data are represen-
tative for an individual pipette; however, fit parameters can vary
between pipettes.
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the surface was found to depend on both the applied voltage
and the deposition time. Dots spotted at a fixed voltage of
2.0 V on the surface with dwell times of 5, 10, 20, 40, 80, and
160 s are shown in the inset in Figure 3B. Gaussian fits of the
profiles of these spots yielded detected feature sizes that
ranged from 440 to 630 nm and were linearly distributed with
the deposition time (R2= 0.9965, from 5 to 80 s) as shown in
Figure 3B.[23]

A major advantage of the SICM-based writing method is
the possibility for voltage control of the amount of material
that is delivered. Voltage control of IgG delivery was tested
through the application of 2.0, 1.5, 1.0, and 0.5 V across the
two barrels with a deposition time of 10 s at each spot on the
glass surface. At voltages lower than 500 mV, the ion current
was too low to maintain control of the pipette and resulted in
the pipette crashing into the surface. The inset in Figure 3C
shows the fluorescent image from these dots. The integrated
intensities of the Gaussian fits of the spot profiles were
distributed linearly (R2= 0.9864, Figure 3C) with the applied
voltage and shows that the amount of material being
deposited can be controlled by variation of the voltage
applied. The data shown in Figure 3B and 3C are represen-
tative of individual pipettes; the parameters were obtained by
linear fits to these data and can vary between pipettes.[24]

The feature sizes observed here are significantly smaller
than those previously obtained with single-barreled pipettes.
This is because molecules deposited by a double-barreled
pipette operating in air reach the surface through a small
liquid meniscus and cannot diffuse laterally beyond its
boundary while still in transit. With increased deposition
time, the material has a greater opportunity to diffuse
throughout the volume of the meniscus and reach the surface.
However, as seen in the 160-s point in Figure 3B, the amount
of material being deposited and the resultant feature size
reaches a natural plateau as the material fills out the limited
volume of the meniscus and saturates the surface of its
footprint. At constant deposition time, increased voltage is
understood to affect feature size by simply speeding up the
rate at which molecules are driven towards the surface by
electroosmotic flow.

More-complex features can be achieved by using biotin-
ylated, fluorescently labeled DNA deposited onto a strepta-
vidin-coated glass surface. Although we found that DNA gave
comparable feature sizes to that of IgG (25 dots with a 5-s
deposition time yielded an average spot size of 510� 40 nm,
individual spot sizes ranged from 350 to 600 nm (data not
shown)),[25] graded deposition was far more reliable with the
DNA/streptavidin system. For instance, Figure 4 A shows an
example of a grayscale square of alexa 647-labeled DNA that
was produced by writing several concentric squares of differ-
ent sizes. Although graded depositions have been produced
with a complex technique based on microfluidics,[26] to our
knowledge the only previous report of this ability with an
SPM method is our work with single-barreled pipettes.[16,17]

Furthermore, because double-barreled writing opens up
the possibility for deposition of two separate species from the
same tip, we explored this advantage by using DNA. The
DNAwas observed to migrate towards the positive electrode,
only coming out of one barrel at a time, therefore allowing

different DNA species to be driven from each barrel by a
change in the sign of the applied voltage. Two different
(noncomplementary) sequences of biotinylated DNA, one
labeled with the fluorophore alexa 647 and the other with
Rhodamine green, were loaded into the barrels and then
delivered onto a streptavidin-coated glass surface. Figure 4B
shows an example of two-color writing. In this case, the
outline of the crest and lions were first drawn in green
(Rhodamine green labeled DNA) and the red regions

Figure 4. Fluorescence images of DNA deposited onto a streptavidin-coated
glass surface. A) Gray-scale deposition of alexa 647-labeled DNA that was
created by printing several squares on top of each other. B) Two DNA species,
one labeled with alexa 647 and the other with rhodamine green were used to
print a two-color image of the University of Cambridge crest. C) An image of Sir
Isaac Newton downsized with Adobe Photoshop to 75G62 pixels. D) Double-
barreled pipette-printed reproduction of the image shown in (C). The image was
written with alexa 647-labeled DNA with 1-mm pixels (printed area is
75G62 mm2). This image took 27 min to produce. E) An image of the painting
“Degas Dancers” by Gina Candelori, downsized with Photoshop to
75G61 pixels and the blue channel removed. F) Double-barreled pipette-printed
reproduction of the image in (E) with green and red channels written
consecutively in rhodamine green and alexa 647-labeled DNA with 1-mm pixels
(printed area is 75G61 mm2). This image took 35 min to produce.

Angewandte
Chemie

6857Angew. Chem. Int. Ed. 2005, 44, 6854 –6859 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


(alexa 647-labeled DNA) then filled in after switching the
sign of the tip potential. The yellow regions were produced
where data from the two channels overlapped. The final
image was created by measurement of the fluorescence on
each channel individually (cross talk between the channels
was measured as < 1%), scaling the data on a linear
grayscale, and by using the two resulting images as 6red7 and
6green7 channels of an image in Photoshop (ver. 6.0.1, Adobe
Systems Inc.) which overlays the two channels (with the third,
the 6blue7 channel, left blank). As Figure 4 indicates, it is easy
to use this system to deliver different species to the same
point on a surface. Registry problems are minimized because
the tip location is always controlled by the x and y closed-loop
piezos that can then be used to return the pipette to a given
location after the voltage has been switched. This provides a
significant advantage over our previous work with two-color
deposition in which the switching of species was only possible
by manually switching the pipettes and carefully placing the
new tip in the same location.[17]

The many advantages of the double-barreled writing can
be combined with lithography software to produce highly
complex grayscale and two-color patterning of surfaces. The
original and DNA-on-streptavidin reproduction of an image
of Sir Isaac Newton are shown in Figure 4C and D,
respectively (see the Experimental Section for details).
Although several regions of pixels are missing in the image
(particularly in the lower right-hand corner), the general
fidelity to the original is quite high and the image is clearly
recognizable. The missing pixels are likely due to nonuniform
coating of streptavidin on the surface, which results in bare
patches where the DNA cannot adsorb. The Degas Dancers,
shown in Figure 4F, represents another example of a complex
pattern written with biomolecules on the submicron scale
(presented in the same way as Figure 4B). The images in
Figure 4 demonstrate that the double-barreled pipette can
produce complex graded patterns of biomolecules on the
submicron scale.

The methods described herein significantly improve upon
previously published nanopipette methods. We have shown
that double-barreled pipettes, when operated in air, can be
used for both topographical imaging and reliable deposition
of DNA and protein onto modified surfaces. Through the
minimization of lateral diffusion, we observed smaller feature
sizes in these deposition experiments than could be obtained
with a single-barreled pipette operating in solution. Further-
more, the creation of a potential between the two barrels of
the pipette presents the opportunity to fill the barrels with
different materials and write in two 6colors7 by simply
switching the direction of the voltage to change the color of
the 6ink7. As noted above, this is particularly beneficial
because such in situ switching minimizes the registry errors
inherent in attempting to bring a new tip to the same place on
the surface. Naturally, many of the advantages described
herein could be expanded to systems with more than two
barrels—pullers currently exist that are capable of creating
tips with as many as seven barrels.[27] Such systems could use
separate electrodes for control and delivery which would
allow several species to be delivered simultaneously. The
potential to deposit a larger number of species with the same

pipette also greatly increases the complexity of patterns that
can be produced. Furthermore, the possible application to
nanoscale biological assays and combinatorial chemistry
would allow advancement in bionanotechnology.

Experimental Section
The apparatus consists of an inverted fluorescence microscope in
which nanopipettes can be mounted and controlled over the sample
stage by using closed-loop piezos.[17] The PDMS stamp for topo-
graphical imaging was prepared by replicating a standard photo-
lithography patterned photoresist master with sylgard 184 prepoly-
mers (Dow Corning) through a literature procedure.[20] Surfaces for
the IgG writing experiments were prepared by immersing a glass
coverslip in an aqueous solution of polythyleneimine (PEI,
2.2 mgmL�1) for approximately 15 min and then washing with
deionized water. alexa 488-labeled rabbit IgG and streptavidin-
coated glass surfaces were prepared as described previously.[16, 17]

Fluorophore-labeled DNA was purchased from MWG Biotech AG
(Ebersberg, Germany) and the following sequences were used:
biotin-5’-AGT CAA GCC ATT GTA GTC CCG CAA CAC ACT
CGAGA-3’-alexa 647 and 5’-CTATGCAGCCATTGTAGTCC-3’-
rhodamine green. IgG or DNA solutions were prepared in phosphate
buffer solution (10 mm phosphate, 150 mm NaCl, 2 mm NaN3, pH 7.2)
and routinely delivered from the pipette by using a tip bias of 1 to 2 V.

The images shown in Figure 4C–F were prepared as follows. The
original image (not shown) was reduced with Adobe Photoshop to 75
pixels in height and 61 pixels in width, Microcal Origin 7.0 was then
used to convert the resulting bitmap into an 8-bit integer ASCII
matrix. The relative intensity of each pixel was then scaled to a dwell
time between 0 and 1 s over individual pixels. The ASCII data was
converted into a lithography file for RHK Lithoedit (RHK Technol-
ogies; MI, USA) by using the 6find and replace7 function in Microsoft
Word to produce the code for 1-mm step sizes between pixels. For the
image of Degas Dancers in Figure 4F the blue channel of the original
(not shown) was removed with Adobe Photoshop. The red and green
channels were processed separately as described above to produce
two sets of lithography code that could be run individually to draw
first one channel, then the other.
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Regio- and Chemoselective 6’-N-Derivatization of
Aminoglycosides: Bisubstrate Inhibitors as
Probes To Study Aminoglycoside 6’-N-
Acetyltransferases**
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Albert M. Berghuis, and Karine Auclair*

Aminoglycosides are among the most commonly used broad-
spectrum antibiotics.[1] The biological activity relies on their
high affinity for the major groove of bacterial 16S rRNA,[2]

thereby impeding protein synthesis. A number of amino-
glycosides also display antiviral activity owing to specific
interactions with viral RNA.[3] The rapid emergence of
aminoglycoside resistance in the treatment of infections,
however, is a serious threat.[4] In clinical isolates of amino-
glycoside-resistant strains, the most frequently observed
cause of resistance is the expression of N-acetyltransferases.[5]

For example, aminoglycoside 6’-N-acetyltransferase type Ii
(AAC(6’)-Ii) is chromosomally encoded in Enterococcus
faecium, which is one of the leading causes of hospital-
acquired infections.[6] Studies by Wright and co-workers
suggest that catalysis by AAC(6’)-Ii occurs through an
ordered bi-bi mechanism in which acetyl coenzyme A (Ac-
CoA) must bind the enzyme before the aminoglycoside.[5,7]

Next, attack of the aminoglycoside 6’-NH2 at the thioester of
Ac-CoA is believed to generate a tetrahedral intermediate
that collapses to yield an 6’-N-acetylaminoglycoside and CoA.
Although crystal structures have been reported for complexes
of AAC(6’)-Ii with either Ac-CoA or CoA, crystallization
experiments of enzyme–aminoglycoside complexes have not
been successful.[8] It was envisaged that either 6’-N-(S-
CoA)aminoglycoside derivatives or bisubstrates (Scheme 1)
would facilitate the study of this important class of enzymes.
Bisubstrate analogues have exhibited inhibition of serotonin
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acetyltransferase,[9] GCN5 histone acetyltrans-
ferase,[10] and carnitine acetyltransferases.[11] 3-
N-(2-S-CoA-acetyl)gentamicin C1a, the only
aminoglycoside-CoA derivative reported so far,
was prepared enzymatically by using AAC(3)-I
(3 mg) to yield the desired product (0.89 mg),[12]

which was subsequently found to inhibit
AAC(3)-I with high affinity. To date, however,
there are no reports of chemical syntheses of
CoA-aminoglycoside derivatives. Naturally
occurring aminoglycosides are complex mole-
cules, and their regioselective modification
remains challenging. Currently, the use of judi-
cious functional-protection chemistry is
common; however, the overall yields are low.[13]

Herein we report an efficient procedure for the
regioselective derivatization of unprotected ami-
noglycosides at the 6’-NH2 position. This strategy
was shown to proceed with high chemoselectiv-
ity towards the assembly of CoA-aminoglycoside
derivatives 1–3 and 11a–c (Scheme 2 and
Scheme 3). Activity assays of these bisubstrates
reveal novel nanomolar tight-binding competi-
tive inhibition of AAC(6’)-Ii.

The target bisubstrates 1–3 were designed based on the
proposed tetrahedral intermediate that results from the
attack of the aminoglycoside 6’-NH2 on the thioester carbonyl
of Ac-CoA in the active site of the enzyme.[5] As the crystal
structures of AAC(6’)-Ii[8] did not reveal a potential oxyanion
hole, it was envisaged that a bisubstrate containing an amide-
based linker could mimic the intermediate. The targets were

built from neamine (4), kanamycin A (5), and ribostamycin
(6), which are examples of nonsubstituted, 4,6-substituted,
and 4,5-substituted aminoglycosides, respectively, and are
AAC(6’)-Ii substrates. The key step in the synthesis of 1–3
from 4–6 is the preparation of the bromide intermediates 8a,
9, and 10, respectively (Scheme 2). The trifluoroacetic acid
(TFA) salt of intermediate 8a has been synthesized previ-
ously by using orthogonal protection in four steps, and with a
resultant very low yield (11.6%).[14] As a more-efficient
alternative to orthogonal protection/deprotection schemes,
we envisaged the use of N-(2-bromoacetyl)oxy-5-norbor-
nene-endo-2,3-dicarboximide (bromoacetyl-NBD ester, 7a)
to transfer regioselectively a bromoacetyl group to the 6’-NH2

of the aminoglycosides. The Boc-NBD ester has been
reported to effect regioselective Boc protection of amino-
glycosides;[15] however, NBD esters have not been employed
for direct aminoglycoside derivatization.

Remarkably, simply mixing the free base neamine and
reagent 7a in either acetone/H2O or acetonitrile/H2O (1:1) at
room temperature and in a vial open to the air for a few
minutes (monitored by ESI MS) was sufficient to complete
the reaction. In contrast, extended reaction times yielded
complicated mixtures, possibly arising from the nucleophilic
attacks of amino groups at the newly formed bromide. The
desired N-6’-bromoacetylneamine (8a) was isolated in good
yield (70%) by quenching of the reaction mixture with TFA

after 10 min and subsequent purification by reversed-phase
HPLC. To avoid the isolation step and potential decomposi-
tion, a one-pot synthesis of 1 from 4 and CoA through 8a, was
evaluated. Bisubstrate 1 was obtained in excellent yield
(83%) after purification by HPLC (the crude sample was
more than 85% pure (Figure 1a)). The reaction proceeded
equally well with the aminoglycosides 5 and 6 (72 and 67%,
respectively). In spite of their significant structural differ-
ences, kinetic studies revealed that 1–3 showed nanomolar

Scheme 1. Target aminoglycoside–CoA bisubstrates 1–3. Ade=ade-
nine.

Scheme 2. Synthesis of the bisubstrate analogues 1–3 ; see Scheme 1 for R1, R2, R3; 4 :
neamine; 5 : kanamycin A; 6 : ribostamycin; intermediates 9 and 10 were not isolated.
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tight-binding competitive inhibition of AAC(6’)-Ii (Table 1).
This observation is consistent with the fact that AAC(6’)-Ii
has a broad substrate specificity.[5]

The size and geometry of linkers in serotonin-CoA
bisubstrates have been reported to show important effects
on the inhibition of serotonin N-acetyltransferase.[9,16] A
similar effect was expected for AAC(6’)-Ii and was inves-
tigated by using bisubstrates 1 and 11a–c (Scheme 3).
Unfortunately, the procedure described herein for the syn-
thesis of bisubstrates 1–3 was not easily applicable to the
preparation of 11a–c. The major products observed when
synthesis of 11a was attempted were: an ammonium bromide
(likely from the addition of triethylamine to 6’-N-(3-bromo-n-

propanoyl)neamine); 6’-N-acryloyl neamine (the elimination
product); and a propanoyl-conjugated neamine dimer (either
through S

n
2 substitution at the bromide by a second neamine

function or by Michael addition of a second neamine group to
6’-N-acryloyl neamine). Similar products resulted during the
initial efforts to prepare 11b and 11c. A difference in the
reactivities of these longer linkers was expected.[17] Indeed,
the 3-bromo-n-propanoyl, 4-bromo-n-butyroyl, and 5-bromo-
valeroyl neamine derivatives (8b–d, from the reaction of
neamine with 7b–d) are much less electrophilic than 8a.
Moreover, triethylamine may be too nucleophilic and used in
too large an amount, which may favor N alkylation over
S alkylation. As most reported chemoselective S-/N-alkyla-
tion procedures[17] are not compatible with our reagents, we
reasoned that a less-nucleophilic base at a lower concentra-
tion may favor S alkylation. Model studies were performed by
using N-acetylcysteine as a mimic of CoA, and an array of
bases were screened, including KHCO3, NaHCO3, diisopro-
pylethylamine (DIPEA), 1,4-diazabicyclo[2.2.2]octane
(DABCO), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and
4-dimethylaminopyridine (DMAP). Excellent yields resulted
when DIPEA (20 equiv) was used and the mixture was
ultrasonicated (5 min). When applied to CoA, these con-
ditions allowed the preparation of 11a, 11b, and 11c in
moderate to excellent yields (91, 52, and 93%, respectively).
The HPLC trace of crude 11a is shown in Figure 1b.

AAC(6’)-Ii-inhibition assays showed that 11a is the most
potent bisubstrate inhibitor of this series. Remarkably, the
enzyme binds 11a � 200-fold tighter than its natural substrate
Ac-CoA (Km= 9.6 mm). A further increase in the length of the
linker, however, rapidly leads to a decrease in activity
(Table 1). To demonstrate the usefulness of these inhibitors
as structural and mechanistic probes, they were studied by X-
ray crystallographic analysis. Although previous crystalliza-
tion experiments of AAC(6’)-Ii–aminoglycoside complexes
had not been successful,[8b,c] bisubstrates 1–3 and 11a–c
crystallized well with the enzyme, providing X-ray diffraction
data to � 2.0-F resolution. Preliminary analysis of the
diffraction data for the complex with bisubstrate 11a
(Figure 2) suggests that the conformation of the aminoglyco-
side bound to AAC(6’)-Ii is very different from that reported
for AAC(6’)-Iy,[18] even though both enzymes catalyze the
same reaction. Detailed structural and mechanistic analysis of
these structures will be reported elsewhere.

After the success of this methodology in the preparation
of CoA-aminoglycoside bisubstrates,
its general applicability to acylation
was investigated (Scheme 4). Most of
the acyl groups tested were trans-
ferred regioselectively to neamine
with excellent yields. NBD esters of
highly hindered acyl groups such as
2-methylbenzoyl and 2,6-dichloro-
benzoyl, however, did not react at
all. The regioselectivity of the trans-
fer to kanamycin A, ribostamycin,
and neomycin was tested with ben-
zoyl-NBD and showed excellent
selectivity for N-6’-acylation.

Figure 1. HPLC chromatograms for the purification of bisubstrate
analogues: a) 1 and b) 11a.

Table 1: The AAC(6’)-Ii-inhibition constants (Ki) for the bisubstrates.

Inhibitor Ki [nm] Inhibitor Ki [nm]

1 76�25 11a 43�23
2 111�28 11b 161�98
3 119�14 11c 7990�2663

Scheme 3. Reagents and conditions: a) acetone/H2O (1:1), room temperature, 10 min; b) CoA,
DIPEA (20 equiv), sonicate 5 min; then room temperature, 1 h; 11a : 91%; 11b : 52%; 11c : 93%.
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In conclusion, we have described a highly efficient
synthetic strategy for the regioselective acylation of amino-
glycosides at the 6’-NH2 group. This process was successfully
applied to the one-pot synthesis of 6’-N-(S-CoA)aminoglyco-
side analogues. Most of these bisubstrates were nanomolar
tight-binding competitive inhibitors of AAC(6’)-Ii, an impor-
tant enzyme leading to antibiotic resistance. The high potency
of these bisubstrate inhibitors and the crystal structure of
enzyme-bound 11a suggest that they may be good mimics of
one of the enzymatic reaction intermediates.[5] The bisub-
strates reported here have allowed crystallization of AAC(6’)-
Ii with aminoglycoside derivatives. The resulting structures
should provide valuable guidance in further studies of this
enzyme and other members of this family.
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Scheme 4. Regioselective N-6’-acylation of neamine. a) acetone/H2O (1:1), room temperature,
30 min. Bn=benzyl, Naph=naphthyl
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Combinatorial and parallel methods have become an impor-
tant focus of research in catalysis. In particular, techniques
that allow the simultaneous screening of numerous catalyst
candidates have gained particular attention as they may
accelerate the identification and optimization of active
catalysts. To fully realize the potential of combinatorial
approaches for catalyst discovery, general and powerful
high-throughput screening (HTS) is therefore essential.[1] In
this context, several techniques, including IR thermography,[2]

capillary electrophoresis,[3] mass spectrometry,[4] image anal-
ysis,[5] and chemosensing[6] have been developed. The use of
chromogenic[7] and fluorogenic[8] substrates is also a very
popular approach for monitoring chemical transformations.

We recently demonstrated that, aside from spectroscopic
or chemosensor-based methods, techniques that exploit the
specific-binding properties of antibodies might be valuable
tools for the high-throughput screening of enantioselective
catalysts.[9] Herein, we report a new versatile enzyme
immunoassay (EIA) format that is suitable for the fast
screening of coupling reaction.

One of the most convenient methods to screen reactions
that involve bond formation is fluorescence resonance energy
transfer (FRET).[10] Although this method has many advan-
tages, false positives caused by intermolecular quenching
from the catalytic system may occur.[11]

As our aim was to provide a more-general analytical tool,
we chose to adapt sandwich immunoassays, a well-known
diagnostic technique for antigen detection, for the high-
throughput screening of cross-coupling reactions. Typically,
sandwich immunoassays require two specific monoclonal
antibodies (mAbs), one that ensures the capture of the

antigen onto a solid phase and the second that acts as a
detector. Both antibodies can simultaneously bind the antigen
through the recognition of two distinct epitopes. The principle
of this assay might easily be extended to catalyst discovery
through the use of substrates that are conveniently tagged
with haptens. If hapten moieties (tags) are linked to the
chemical functional groups A and B, which react through
covalent-bond formation in the presence of a catalyst, the
double-tagged product A–B is formed. This product should
then be detected through a direct sandwich immunoassay
with the help of two specific antitag antibodies (Figure 1).

In the first step, the crude chemical mixture is added to a
microtitre plate that was previously coated with an antitag 1
antibody. The wells are washed with phosphate buffer (10mm,
containing 0.05% tween 20) to remove reactant B and any
unbound material. The second antibody (antitag 2), labeled
with an enzyme is then added. The concentration of the
product A–B can now be determined from the absorbance
signal, which is related to the activity of the solid-phase-
bound enzyme. Thus, the yields of a reaction that involves any
kind of covalent bond formation can be easily determined by
using an inexpensive and automated absorbance plate reader.

To illustrate the efficiency of this concept, we applied this
method to the screening of palladium-based catalysts for the
Sonogashira reaction, which was chosen as the model
coupling reaction. The alkyne and aryl iodide partners were
tagged with imidazole-based (tag 1)[12] and guaiacol-based
(tag 2)) haptens, respectively, to form 1 and 2. Specific
monoclonal antibodies had been produced previously in our
laboratories for these haptens.[13] The feasibility of this assay
depends on the possibility of the product 3 being bound by the
two antibodies. Although routinely used for protein or virus
detection, sandwich immunoassays for small molecules are
less developed[14] because of a common misconception that
very small haptens, such as compound 3, are not large enough
to be simultaneously bound by two antibodies. To the best of
our knowledge, the smallest molecule previously detected by
sandwich immunoassay is angiotensin II, an octapeptide with
a molecular weight of 1048 Da.[15]

As several antibodies raised against tags 1 and 2 were
available, we investigated a variety of combinations of
antibodies (see Supporting Information). The couple,

Figure 1. Schematic depiction of the HTS procedure by using a
sandwich immunoassay.
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mAb 203 (antitag 1) and mAb 46 (antitag 2), provided the
best specific signal and demonstrated an efficient simulta-
neous binding of product 3 (Figure 2). The wells of a
microtitre plate were directly coated with mAb 203, and

mAb 46 was conjugated to acetylcholinesterase (AChE).
Through the use of a conventional sandwich immunoassay
protocol and the Ellman reagent (colorimetric enzymatic
substrate), product 3 was detected in a dose-dependent
manner (Figure 2). This assay could detect 3 at concentrations
as low as 10 nm (detection limits: � 0.5 nm) and no signal was
detected for reagents 1 and 2. The high sensitivity and
selectivity of this sandwich assay allowed us to cover a large
array of reaction conditions without interference from the
substrates, solvent, or catalysts. Thus the yields of the coupled
products could be determined without the need for any
workup of the reactions.

The Sonogashira reaction, one of the most widely used
carbon–carbon bond-forming reactions, usually proceeds in
the presence of a homogeneous palladium catalyst and CuI

salts.[16] We were interested to evaluate the cross-coupling
capabilities of heterogeneous palla-
dium catalysts with the aid of the
EIA described above. Although the
low cost, ease of handling, and high
recovery are previously established
advantages of heterogeneous cata-
lysts, their use in the Sonogashira
reaction is not well documented.[17]

The catalyst library was pre-
pared through the combination of
a set of four homogeneous and eight
solid-supported palladium sources
as well as eight cocatalysts (copper,
silver, or gold sources). These 96
catalytic reactions were run in a
parallel manner, quenched by the
addition of trifluoroacetic acid
(TFA), diluted to the appropriate
concentration with phosphate
buffer, and assayed directly by a
sandwich immunoassay (see Exper-
imental Section). The results are
shown in Figure 3.

The screening results indicate
that under our reaction conditions,
the activity of heterogeneous cata-
lysts was similar to or greater than
that of homogeneous catalysts. This
was confirmed by HPLC analysis
and subsequently reproduced on a
larger scale. Among the tested cata-
lytic systems, Pd/C combined with
CuI or CuBr·Me2S gave the best
yields. We therefore carried out 192
more catalytic reactions in the pres-
ence of these two heterogeneous
systems. The ligands, base, and sol-
vents were varied to optimize the
reaction conditions, the results of
which are summarized in Figure 4.
These experiments highlight the
crucial role of all the tested reaction
parameters. PPh3/TMG in acetoni-

trile was found to be the most efficient system for both the
palladium sources, and 3 was obtained in yields greater than
80%. The reactions were reproduced on the mmol scale
without any significant decrease in yield.

To validate our technique, we compared the results of
sandwich EIAs with those from HPLC analysis for 68
representative samples from the crude catalyzed reaction
mixtures. A good correlation was obtained for EIA and
HPLC analysis (Figure 5), with a linear regression that
follows the equation EIA= 1.04HPLC + 0.88 (r2= 0.94,
n= 68), for the yield determination. The precision of the
measurement was evaluated to be � 3%.

Figure 2. Schematic depiction of the HTS procedure by using sandwich immunoassay. a) the target reaction;
b) the standard curves that were obtained with product 3 and reagents 1 and 2. Boc= tert-butoxycarbonyl.
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The most efficient catalytic system (Pd/C,
CuBr·Me2S, TMG, CH3CN/H2O) was finally and suc-
cessfully applied to nontagged substrates. Good to high
yields were attained for a variety of alkynes and aryl
halides by using the optimized catalytic system (see
Supporting Information).

In conclusion, we have demonstrated the usefulness
of sandwich immunoassays as a highly efficient method
of screening catalysts for cross-coupling reactions. We

believe that antibody-based
immunoassays remain one of
the most desirable noninvasive
methods for accurate, sensi-
tive, and routine analysis.
Although the assay presented
herein is restricted to condi-
tions and catalysts that are at
least partially compatible with
tag structures, we expect that
its versatility and efficiency
will be of great help in the
discovery of catalysts and reac-
tions. Improvement of the pre-
sented method would require
the production of antibodies
directed against chemically
inert tags. Furthermore, the
high sensitivity of this type of
immunoassay allows the explo-
ration of reactions that occur
under very dilute conditions
(up to 100 nm for the reaction
described herein), an advant-
age that is of great importance
in the search for new reactions
compatible with bioconju-
gation.[18]

Experimental Section
Typical procedure: Pure base
(1.5 equiv; 6.6 mL in the case of
DIPEA), ligand (0.15 equiv; 19 mL

Figure 3. Sandwich immunoassay screening of the catalyst library for the
formation of product 3 from reagents 1 and 2. Catalyses were carried out in
DMF/H2O (95:5) in the presence of 3% of Pd and cocatalyst (10% (w/w)) at
80 8C for 20 h. PEI=polyethylenimine.

Figure 4. Sandwich immunoassay screening of the catalyst library for the formation of product 3 from
reagents 1 and 2. Catalyses were carried out in DMF/H2O or CH3CN/H2O (95:5) in the presence of Pd
source (3%) and cocatalyst (10% (w/w)) at 80 8C for 20 h. TMG=methyl-1-thiob-D-galactopyranoside,
DIPEA=diisopropylethylamine.

Figure 5. Graphical representation of the correlation between the
yields determined by HPLC and EIA.
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from a 0.2m stock solution in DMF), and alkyne 1 (1.2 equiv; 36 mL
from a 0.84m stock solution in DMF), supported Pd source (3 mg of
10%), cocatalyst source (1 mg), and a mixture of DMF/H2O (95:5;
1 mL) were added to a 24-vial Miniblock reactor (solution phase
synthesizer) that contained aryl iodide 2 (10 mg, 25.2 mm). After two
cycles of purging with argon, the reaction mixture was stirred for 20 h
at 80 8C.

The crude mixtures were then quenched by TFA (100mL), diluted
in EIA buffer (phosphate buffer (0.1m) and BSA (1 mgmL�1),
pH 7.4) in a ratio 1:2 D 106. The diluted solutions (100 mL) were
transferred to the wells of a microtitre plate that were previously
coated with mAb 203 (antitag 1; direct adsorption to the polystyrene
support). After 3 h of incubation at room temperature, the plates
were washed with phosphate buffer (10mm, containing 0.05%
tween 20, pH 7.4) and the antitag 2 (mAb 46)–AChE conjugate
(100 mL) was added. The AChE–mAb conjugate was prepared and
stored as previously described.[19] After 12 h of immunological
incubation at 4 8C, the plates were washed, and Ellman reagent was
added. The resultant absorbance (related to the solid-phase-bound
AChE activity) was measured at 414 nm. The immunological reagents
(antibody for the capture step and enzyme conjugate antibody) were
used in excess. All measurements for the standards and samples were
made in duplicate.
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[Re12CS17(CN)6]
n� (n= 6, 8): A Sulfido–Cyanide

Rhenium Cluster with an Interstitial Carbon
Atom**

Yuri V. Mironov, Nikolai G. Naumov,
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Vladimir E. Fedorov*

The first compound with an octahedral sulfide–cyanide
rhenium cluster, KCs3[Re6S8(CN)6], was synthesized ten
years ago.[1] Since then, the chemistry of chalcocyanide cluster
complexes [Re6Q8(CN)6]

n� (Q= S, Se, Te; n= 3, 4) has
developed intensively.[2–6] A remarkable feature of the
[Re6Q8(CN)6]

n� complexes is their ability to coordinate the
transition-metal and post-transition-metal atoms through
ambidentate CN� ligands. Such coordination leads to the
formation of cyanide-bridged polymeric structures with
various dimensionalities and architectures. Many complex
compounds containing similar octahedral chalcocyanide clus-
ters have now been synthesized and their crystal structures
and properties studied in detail.[7]

The general approach for the synthesis of rhenium
octahedral chalcocyanide complexes is to treat polymeric
solids containing {Re6Q8} cluster cores with molten KCN or
NaCN. A similar method was applied to the synthesis of
[Re6Te8(CN)6]

4� from [Re6Te15]
[3,8] and [Re6Q8(CN)6]

4� (Q=

S, Se) by using [Re6Q8Br2]
[2] as precursors.

A few years ago,[9] it was found that ReS2 and ReSe2 react
with molten KCN to form octahedral rhenium-cluster chal-
cocyanides with bridging S and Se2 ligands in polymeric
layered K4[{Re6S8}(CN)4S4/2] and chainlike K4[{Re6Se8}(CN)4-
(Se2/2)2] structures. Our further systematic study of phase
formation in similar systems has culminated in the discovery
of a unique rhenium sulfido–cyanide compound,

K8[Re12CS17(CN)6] (1), which contains a C-centered {Re12}
cluster unit.

The diamagnetic compound 1 was prepared by treating
ReS2 with molten KCN with a mass ratio ReS2/KCN of 1:2.[10]

Single crystals suitable for a structural study were found in the
reaction mixture and the single crystal structure of 1 has been
solved by X-ray diffraction.[11] The cluster unit of 1 (Fig-
ure 1a) consists of two {Re6} octahedra bonded by three m2-S

bridges and one common m6-C atom. Each {Re6} cluster is
capped by seven m3-S atoms and additionally by the centered
m6-C ligand; thus, a typical octahedral cluster core analogous
to {Re6Q8} (i.e., {Re6S7C}) is formed. Through such bonding
and coordination, we recognize trigonal m6-C-centered prisms,
{Re6C}, in which the triangle faces belong to two adjacent
{Re6} octahedra. Six outward Re atoms (three from each {Re6}
cluster unit) are coordinated by CN ligands.

The Re�Re interatomic distances in the {Re6S7C} frag-
ments are comparable with those of {Re6S8} cluster cores;
their mean values are 2.595 @ for Reouter�Reouter, 2.591 @ for
Reinner�Reinner, and 2.622 @ for Reouter�Reinner (see Table 1).
These values are within the range for Re�Re single bonds
observed in octahedral rhenium clusters (in [Re6(Q8(CN)6]

4�

mean Re�Re distances are 2.599, 2.633, and 2.684 @ for Q=

S, Se, and Te, respectively[7a]).
In the trigonal-prismatic {Re6C} units, the long Re···Re

separations are 3.1576(17), 3.1722(17), and 3.1740(17) @. Re�
(m3-S) bond lengths range from 2.401(6) to 2.445(6) @. These
separations are comparable with those found in other Re6S8L6

cluster units, for example [Re6S8(CN)6]
4�/3� [4] and

[Re6S8Br6]
4�,[12] and polymeric K4[{Re6S8}(CN)4S4/2]

[9] and
Li4[{Re6S8}S6/2].

[13] The mean Re�(m2-S) bond length of 1,
2.425 @ is close to Re�S bond lengths found in numerous
Bronger phases.[14] Re�(m6-C) bond lengths in the trigonal
prism, {Re6C}, range from 2.16(2) to 2.21(2) @.

Dissolution of 1 in water resulted in fast oxidation of the
[Re12CS17(CN)6]

8� ion and formation of the [Re12CS17(CN)6]
6�

Figure 1. a) Structure of the [Re6(m6-C)S17(CN)6]
8� ion in 1. b) Structure

of [Re6(m6-C)S17(CN)6]
6� anion in 3. For average bond lengths and

angles, see Table 1. (Displacement ellipsoids are drawn at the 50%
probability level.)
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ion, which was isolated as a diamagnetic potassium or cesium
salt—K6[Re12CS17(CN)6]·20H2O (2) or Cs6[Re12CS17(CN)6]
(3); single crystals of 2 and 3 were obtained by recrystalliza-
tion of 1 from aqueous solutions.

Crystal structures of 2 and 3 contain the [Re12CS17(CN)6]
6�

cluster unit (Figure 1b). The removal of two electrons from
the [Re12CS17(CN)6]

8� ion leads to remarkable changes in the
interatomic distances of the cluster, and at the same time, the
interatomic distances in the trigonal prism, {Re6C}, are most
sensitive to these redox transformations. For example, in the
[Re12CS17(CN)6]

8� ion, the Re···Re distances are 3.168 @
while in the oxidized complex, [Re12CS17(CN)6]

6�, they are
shortened to 2.902 @. The mean bond lengths in these anions
are presented in Table 1. These changes in interatomic
distances are in a good agreement with DFT calculations
for [Re12CS17(CN)6]

8� and [Re12CS17(CN)6]
6� ions with ideal-

ized D3h symmetry.
The most surprising feature in these compounds is the

presence of a carbon atom inside the cluster unit of the
product. Its origin may be explained by the partial decom-
position of KCN. If that is the case, a nitrogen atom might also
be found in the cluster unit. However, X-ray diffraction
studies did not identify the m6 interstitial atom. Therefore we
studied by NMR spectroscopy solids enriched with 13C and
15N isotopes. Several samples of 2 were synthesized from
K13CN and KC15N starting materials. The 13C NMR spectrum
of 2 (Figure 2) displays two signals at d= 127 and 435 ppm
with relative intensities close to 6:1. The signal at d= 127 ppm
corresponds to coordinated CN ligands whereas the signal at
d= 435 ppm may be attributed to the interstitial carbon
atom.[15]

The potassium salt of 2 readily dissolves in water and
methanol, which allowed us to study its properties by
solution-chemistry methods. The ESI mass spectrum (positive

mode) of a solution of 2 in a mixture of water and acetonitrile
is shown in Figure 3. The most intense peak corresponds to
the dicationic {K8Re12CS17(CN)6}

2+ (m/z= 1630.35, 100%).

The spectrum contains also two sets of less intense peaks: one
set can be attributed to adducts with acetonitrile,
{K8Re12CS17(CN)6(CH3CN)n}

2+, n= 2 (m/z= 1671.38, 35%),
n= 4 (m/z= 1712.40, 24%), n= 6 (m/z= 1753.40, 17%); the
other set belongs to a protonated species,
{(H3O)K7Re12CS17(CN)6(CH3CN)n}

2+.
Cyclic voltammograms for aqueous solutions of 2 show

two quasi-reversible waves: the [Re12CS17(CN)6]
6� ion exhib-

its one reduction wave with the [Re12CS17(CN)6]
6�/8� couple

centered at E1/2=�0.56 V (DE= 200 mV). The negative
value of this potential is consistent with the fact that
K8[Re12CS17(CN)6] is not stable in aqueous solution but
rapidly converts into the [Re12CS17(CN)6]

6� ion. The voltam-
mogram for a solution of [Re12CS17(CN)6]

6� has one oxidation
wave at E1/2= 0.70 V (DE= 100 mV). This wave corresponds
to further oxidation of the [Re12CS17(CN)6]

6� ion, which was

Table 1: Experimental and calculated interatomic distances [F] and
angles [8] in the clusters [Re12(m6-C)S17(CN)6]

n�.

Experimental Calculated
n=8 n=6 D[a] n=8 n=6 D[a]

Reouter�Reouter 2.595 2.600 +0.005 2.687 2.664 �0.023
Reinner�Reinner 2.591 2.692 +0.101 2.641 2.739 +0.098
Reinner�Reouter 2.622 2.630 +0.008 2.700 2.688 �0.012
Reinner�Reinner
(in prism)

3.168 2.901 �0.267 3.290 2.976 �0.314

Reinner�m6-C 2.179 2.126 �0.053 2.243 2.171 �0.072
Reinner�m2-S 2.425 2.378 �0.047 2.452 2.392 �0.060

Reinner-m2-S-Re
inner 81.6 75.2 �6.4 84.30 76.94 �7.36

[a] Difference between values for anions with n=8 and n=6.

Figure 2. 13C MAS NMR spectrum of 2. Satellite signals are marked by
asterisks.

Figure 3. ESI mass spectrum of 2 in a H2O/CH3CN solution.
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confirmed by chemical oxidation with bromine. Isolation and
characterization of this oxidized anion is in progress.

Density functional theory (DFT) calculations[16] per-
formed on the complexes [Re12CS17(CN)6]

6� and
[Re12CS17(CN)6]

8� gave bond energies of �309.2 and
�285.1 eV, respectively. For the [Re12CS17(CN)6]

6� complex,
the 13a2’ highest occupied molecular orbital (HOMO) con-
sists predominantly of S and 3p orbitals (� 80%) with a small
contribution from the Re 5d orbitals. There is no contribution
from the m6-C states (Figure 4). The HOMO orbital of

[Re12CS17(CN)6]
8� (31a2’’) consists of mainly Re 5d orbitals,

the m6-C 2pz orbital, and m2-S 3pz orbitals. In prismatic {Re6C},
short Re�Re and Re�(m6-C) contacts have bonding character
while long Re···Re contacts along edges of the prism are
strongly antibonding. Thus the removal of two electrons from
the HOMO of complex 1 results in significant changes in the
interatomic distances of cluster anions, mainly within the
{Re6C} prism (Table 1). Removal of electrons elongates the
Reinner�Reinner bond and contracts the long prismatic Re···Re
contacts and the Re�(m6-C) bond due to the strong antibond-

ing nature of Re···Re interaction. The calculated HOMO–
LUMO gap is 1.08 eV for the [Re12CS17(CN)6]

6� ion and
1.44 eV for the [Re12CS17(CN)6]

8� ion. One interesting feature
of the cluster is the position of 31a2’’ orbital, which strongly
depends on the charge of anion (Figure 4) and correlates with
the length of the Re···Re interactions.

The absorption bands in the visible region of the
electronic spectrum of [Re12CS17(CN)6]

6� are in good agree-
ment with the calculated electronic structure. According to
symmetry rules for D3h symmetry, the electron–dipole tran-
sitions from occupied 13a2’ to the next unoccupied 14a2’ and
45e’ levels are allowed. Energies of calculated transitions
(Figure 4) are close to the observed absorption band at
740 nm; very weak absorption at 1150 nm may be attributed
to the forbidden 13a2’!31a2’’ transition.

A simple valence electron count shows that in the
[Re12CS17(CN)6]

8� ion the rhenium atoms have a charge of
+ 3.[17] Accordingly, the [Re12CS17(CN)6]

6� ion contains
slightly oxidized rhenium atoms (Re3.17+), which correlate
with charges of rhenium atoms calculated by DFT.

Vibrational spectra of the complexes display CN valence
stretch vibrations and group vibrations associated with the
{Re12CS17} cluster core. The bands at 403–406 cm�1 may be
attributed to ReS stretching. The decrease of anion charge
leads to increase of CN stretching vibrations (from ñ= 2114
for 1 to 2120 cm�1 for 3). This change is less than that for the
[Re6S8(CN)6]

4�/3� octahedral ions for which the difference is
about 18 cm�1 (n(CN): ñ= 2119 cm�1 for [Re6S8(CN)6]

4� with
24 electrons per {Re6} cluster and 2137 cm�1 for
[Re6S8(CN)6]

3� with 23 electrons per {Re6} cluster).[4, 7b] The
group of lines in the range 640 to 950 cm�1 may be assigned to
“breathing” vibrations of the {Re12C} cluster core.

Several dodecanuclear cluster chalcogenide complexes of
Co, Mo, W, and Re were described earlier.[18–22] However, the
bonding in all of these clusters is different from that in the
clusters described above: two octahedral {M6Q8} units are
bridged by a {M2Q2} rhomblike Chevrel phase. The formation
of atom-centered trigonal prisms has been found in some
related anions with interstitial atoms—[W6(m6-Q)Cl18]

n� (Q=

C, n= 0–3; Q=N, n= 1–3),[23] [Nb6(m6-S)Br17]
3� [24]—and in

polymeric chalcohalides of niobium ]Nb6(m6-S)I9]1
[25] and

molybdenum [Mo6(m6-Se)I6Se]1.
[26] There are many other

clusters, for example carbonyl compounds, with interstitial
atoms around which atom-centered trigonal prisms are
formed.

In summary, we have synthesized novel cluster complexes
with a unique structure that may represent a new family of
{Re12} clusters. The presence of terminal cyano ligands favors
the use of these anions as building blocks for the formation of
cyano-bridged polymeric materials such as those of the
[Re6Q8(CN)6]

4� family.[7] Ions larger than [Re6S8(CN)6]
4�,

such as [Re12CS17(CN)6]
n� ions, may give polymers with larger

voids and high porosity.

Experimental Section
ReS2 was prepared from Re and S in an evacuated quartz tube at
650 8C. Commercially available reagent-grade KCN was used. UV/Vis
spectra were recorded on Shimatzu 3101PS spectrometer. IR spectra

Figure 4. Calculated energy level diagrams and HOMO orbitals:
a) [Re12CS17(CN)6]

8� : The 31a2’’ MO is shown perpendicular to the C3
axis. Calculated charges: Reinner (+0.083), Reouter (+0.054), m6-C
(�0.209). b) [Re12CS17(CN)6]6� : The 13a2’ MO is shown perpendicular
to the C3 axis. Arrows represent the forbidden (dotted) and allowed
(solid) electronic transitions. Calculated charges: Reinner (+0.090),
Reouter (+0.049), m6-C (�0.212).
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in KBr pellets were recorded on a Bruker Scimifar FTS 2000
spectrometer in the range 4000–375 cm�1. Electrospray mass-spec-
trometric measurements were performed in the positive-ion mode on
a Q-Tof Ultima Global mass spectrometer.

1: ReS2 (1 g, 0.004 mol) and KCN (2 g, 0.03 mol) were heated in
an evacuated quartz tube at 750 8C for 48 h. After the reaction
mixture had cooled, single crystals suitable for X-ray analysis were
selected. The product was washed with dry methanol to remove
excess KCN. A suspension of unconverted ReS2 was removed by
decantation with methanol. Yield: 0.65 g (60%). IR (KBr): ñ= 383
(w), 403, 417 (sh), 619 (w), 641, 720 (w), 755 (w), 912 (w), 2114 cm�1.

2 : As for 1, ReS2 (1 g, 0.004 mol) and KCN (2 g, 0.03 mol) were
heated in an evacuated quartz tube at 750 8C for 48 h. The reaction
mixture was then dissolved in water (50 ml) and filtered. The filtrate
was heated under reduced pressure until the volume was about 5 mL
and the resulting solution was allowed to cool. The hexagonal plate
crystals that formed were isolated by filtration and dried in air. Yield:
0.76 g (80%). UV/Vis: l(e)= 330 (9100), 360 (6500), 445 (2240 sh),
505 (1400), 605 (310 sh), 735 (175), 1150 nm (� 10 Lmol�1 cm�1). IR
(KBr): ñ= 406, 639, 719 (w), 757 (w), 882, 2116 cm�1.

3 : Compound 3 was obtained by precipitation: CsCl (1 g,
0.006 mol) was added to an aqueous solution of 2, obtained as
above, to give 3 in quantitative yield. Single crystals were grown by
diffusion of methanol into a dilute aqueous solution of 3. IR (KBr):
ñ= 382 (w), 405, 643, 721 (w), 764 (w), 939, 2120 cm�1.
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An aqua oxoiron(iv) species is believed to play important
roles in environmental and catalytic chemistry, and has been
proposed by some researchers as an alternative to HOC as the
Fenton oxidant, that is, the intermediate produced in the
reaction between Fe2þaq and H2O2 in aqueous solution.[1–8] The
existence of a ferryl intermediate, most probably
[(H2O)5Fe

IV=O]2+, has not been established independently
in acidic and neutral solutions. Such a complex is, however,
believed to be generated in the [Fe(H2O)6

2+]/ozone reac-
tion,[9–11] which simultaneously yields one equivalent of O2,

[10]

a fact that rules out the description of the intermediate as an
ozonide complex. The ozone-generated transient species
decays exponentially (t� 10 s in acidic aqueous solu-
tion),[10, 11] bears a 2+ charge,[11] and oxidizes organic and
inorganic substrates.[11,12] All of these findings support the
formulation of [(H2O)5Fe

IV=O]2+, but the decisive spectro-
scopic data have not been available until now.

The species of interest, which we call Z, was generated at
pH 1 in aqueous solution from [Fe(H2O)6]

2+ and O3
[10,11]

[Eq. (1)]

½FeðH2OÞ6�2þ þ O3 ! ½ðH2OÞ5FeIV¼O�2þ ðZÞ þ O2 þ H2O ð1Þ

The sample preparation for M4ssbauer spectroscopy and
other experimental details are described in the Supporting
Information. In addition to Z, the samples also contained up
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to 50% [Fe(H2O)6]
3+, produced mainly by the decomposition

of Z during sample preparation and handling (see Supporting
Information).

Figure 1 shows theM4ssbauer spectra recorded at 4.2 K in
magnetic fields applied parallel to the observed g-radiation.

The spectra shown have contributions from two species: a
paramagnetic complex (Z) with integer electron spin and a
high-spin ferric species with parameters identical to those
reported for [Fe(H2O)6]

3+.[13] The most prominent feature in
the 0.05-T spectrum is a doublet with quadrupole splitting of
DEQ= 0.33(3) mms	1 and isomer shift of d= 0.38(2) mms	1,
relative to Fe metal at 298 K. This doublet represents the
reactive species Z and, as expected, was absent in a sample
that was allowed to age for several minutes at room temper-
ature before freezing. The solid lines drawn through the data
are spectral simulations (red for Z, blue for [Fe(H2O)6]

3+)

based on the spin Hamiltonian H, where HQ describes the
quadrupole interactions [Eq. (2)].

H ¼ D½ðS2
z	SðSþ 1Þ=3� þ EðS2

x	S2
yÞ þ 2bS 
 Bþ

SA 
 I	gn bn B 
 I þHQ

ð2Þ

The spectra of Z in the presence of applied fields exhibit
paramagnetic hyperfine structure. The internal magnetic
field, Bint=	hSi·A/gnbn, is negative (namely, opposed to the
applied field B), and increases with increasing applied field B.
The outermost absorption lines of the spectrum of Z are
remarkably sharp, thus showing that Bint is axial, and implying
that E� 0 and Ax�Ay in Equation (2). The M4ssbauer
spectra measured at 12 K (see Supporting Information)
show that the fluctuation of the electronic spin of Z is slow.
In the slow-fluctuation limit, the 0.05-T M4ssbauer spectrum
of a mononuclear ferric complex (a Kramers system) must
exhibit (in the same way as [Fe(H2O)6]

3+ in Figure 1) para-
magnetic hyperfine structure, whereas non-Kramers systems
(such as FeIV complexes) usually exhibit quadrupole doublets.
Our data thus imply thatZ has integer spin, and suggest that it
is (formally) an FeIV–oxo complex. The theoretical curves
(red) for Z are spectral simulations generated for S= 2 by
using the parameters quoted in the caption to Figure 1. The
M4ssbauer spectra show that Z is a pure species and rule out
an equilibrium mixture of two forms, such as {FeIV=O}2+/{FeI-
V(OH)2}

2+. The paramagnetic states of FeIV have spins of
either S= 2 or S= 1. The latter spin can be ruled out because
Equation (2) would yield Ax=Ay�	38 T, which is substan-
tially larger than the largest A values reported for any FeIV–
oxo complex (	25 T).[14,15] The parameters obtained for Z are
similar to those for the S= 2 {FeIV=O} intermediate of E. coli
taurine: a-ketoglutarate dioxygenase (TauD);[16] D=

10.5 cm	1, Ax/gnbn=Ay/gnbn=	18.0 T, DEQ=	0.88 mms	1,
d= 0.31 mms	1. Most plausibly, Z is formulated as
[(H2O)5Fe

IV=O]2+.
X-ray absorption spectroscopy was carried out on two

samples for which M4ssbauer spectroscopy established
Z/[Fe(H2O)6]

3+ ratios of 50/50 and 58/42. Figure 2 shows theFigure 1. MCssbauer spectra of a sample at 4.2 K containing 250 mm
Z, prepared by the rapid freeze–quench technique (see Supporting
Information). The solid lines (red for Z, representing ca. 50% of
total Fe) are simulations based on Equation (2). The contribution
from [Fe(H2O)6]

3+ is shown in blue. We found the following
parameters for Z : D=9.7(7) cm	1, Ax/gnbn=Ay/gnbn=	20.3(3) T,
DEQ=	0.33(3) mms	1, d=0.38(2) mms	1. For the 8.0-T spectrum,
the theoretical curves for Z and [Fe(H2O)6]

3+ were added (black).

Figure 2. Normalized XANES spectra (Fe K-edge) of Z (solid line) and
[Fe(H2O)6]

3+ (dashed line). The spectrum of Z was obtained by
subtraction of 50% of the spectrum of [Fe(H2O)6]

3+ from the spectrum
of the 1:1 Z/[Fe(H2O)6]

3+ sample. The inset shows a magnification of
the 1s!3d region.

Communications

6872 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6871 –6874

http://www.angewandte.org


X-ray absorption near-edge structures (XANES) of [Fe-
(H2O)6]

3+ (dashed line) and Z (solid line). The edge energy
for [Fe(H2O)6]

3+ was found to be 7129 eV. In contrast, FeIII

complexes with N/O coordination have edges around
7123 eV.[17] On the basis of density functional theory (DFT)
calculations (see Supporting Information) we attribute the
higher-energy edge of [Fe(H2O)6]

3+ to its high ionic charac-
ter.[13] Notably, the edge energy of Z, at 7126 eV, is midway
between that for [Fe(H2O)6]

3+ and the range reported for
non-heme {FeIV=O} complexes (7123 eV for the high-spin
intermediate of the enzyme TauD,[18] and 7124–7125 eV for
the synthetic non-heme low-spin complexes[15,17]). The reduc-
tion in the edge energy of Z relative to that of [Fe(H2O)6]

3+

arises from the strong covalent bonding interaction with the
terminal oxo group[19] (see Supporting Information).

Another notable feature in the XANES spectrum of Z is
its pronounced 1s!3d transition (Figure 2). The intensity of
this feature reflects the deviation of the metal center from
centrosymmetric geometry; the intensity generally increases
upon conversion from octahedral into tetrahedral geome-
try[20] or upon the introduction of an oxo ligand into a six-
coordinate complex.[15,17] The pre-edge feature of [Fe-
(H2O)6]

3+ has a measured area of eight units, which is typical
of nearly centrosymmetric, six-coordinate complexes. For the
spectrum of Z we found an area of 60–70 units, which is the
highest area yet for an iron center. This value is distinctly
larger than those observed for known six-coordinate oxo-
iron(iv) species (25 to 38 units)[15,17] and suggests an oxo-
iron(iv) center with substantial deviation from centrosym-
metric geometry.

DFT calculations were performed on Z as an
[(H2O)5Fe

IV=O]2+ species (see Supporting Information). The
results can be summarized as follows: 1) Geometry optimi-
zation (Figure 3) yields an Fe=O bond length of 1.62 D, which
is similar to the Fe=O bond lengths in other non-heme
oxoiron(iv) complexes[14] . 2) DFT calculations yield a ground
state with S= 2, which is in agreement with the M4ssbauer
analysis. 3) The hyperfine parameters are equal to those
obtained from the M4ssbauer spectra. 4) The zero-field
splitting of the S= 2 ground state is correctly predicted on

the basis of electronic excitation energies involving an (S=
1)/(S=2) spin-mixing mechanism similar to that functioning in
the S= 1 complex [FeIV(O)(tmc)(MeCN)]2+ (tmc= 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane). 5) The exper-
imental values for d, DEQ, and the contact contribution to the
A-tensor Ac are different for [FeIV(O)(tmc)(MeCN)]2+ and Z
in ways that the theory predicts if the equatorial sites in tmc
are replaced by aqua ligands (see Supporting Information),
that is, d(tmc)<d(Z), DEQ(tmc)> 0>DEQ(Z), and jAc-
(tmc) j< jAc(Z) j . 6) DFT analysis of the K-edge energy
supports the [(H2O)5Fe

IV=O]2+ formulation for Z.
The reaction between [(H2O)5Fe

IV=O]2+ (0.10 mm) and an
excess (6–470 mm) of (CH3)2SO or (CH3)(p-tolyl)SO in 0.10m
aqueous HClO4 produced the corresponding sulfone and
regenerated [Fe(H2O)6]

2+ quantitatively. The combination of
this oxygen-atom-transfer step and the O3/[Fe(H2O)6]

2+

reaction constitutes a catalytic cycle for the oxidation of
(CH3)2SO by ozone.

The catalytic oxidation was carried out in H2
18O (97% 18O

enrichment, pH 1) and utilized 0.4–7 mm [Fe(H2
18O)6]

2+ as
catalyst under continuous bubbling with 16O3 until approx-
imately 30% of the (CH3)2S

16O (initial concentration 0.1m)
was oxidized. The direct oxidation of (CH3)2SO by O3 under
these conditions contributes ! 1% to the overall process. The
products, identified and quantified by GC-MS, were
(CH3)2S

16O2 (88%) and (CH3)2S
16O18O (12%), irrespective

of the concentration of [Fe(H2O)6]
2+. With a substrate

concentration of 0.010m, the proportion of (CH3)2S
16O18O

increased to 48%, which is as expected if the intermediate
[(H2O)5Fe

IV=O]2+ undergoes both reaction with the substrate
and oxygen exchange with water (Scheme 1). The data at the

two concentrations of (CH3)2SOwere fitted to an equation for
competition kinetics (see Supporting Information) and pro-
vided an estimate for the rate constant for oxygen exchange as
kexch� 103 s	1.

The nearly quantitative yield of (CH3)2S
16O2 at high

concentrations of (CH3)2SO confirms the presence of one
unique oxygen atom in the reactive form of the catalyst, which
is most consistent with the [(H2O)nFe

IV=O]2+ formulation.
Other possible formulations, such as [(H2O)mFe

IV(OH)2]
2+, in

which at least one of the two hydroxo groups would have to be
derived from the 18O-labeled water, would permit the
incorporation of at most 50% 16O into the product sulfone,
and is thus ruled out by our observations. These conclusions
are in accord with the M4ssbauer data, which show that only
one major FeIV species is present in our samples.

Figure 3. Proposed structure for Z, [(H2O)5Fe
IV=O]2+, calculated with

the B3LYP functionial and the 6-311G basis set with C2v symmetry.

Scheme 1.
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With the identification of Z as [(H2O)5Fe
IV=O]2+, the

question of its participation in Fenton chemistry was
addressed by studying the kinetic patterns and products for
three substrates, namely [Fe(H2O)6]

2+, (CH3)2SO, and (CH3)-
(p-tolyl)SO, in the Fenton reaction and in the reaction with
[(H2O)5Fe

IV=O]2+ under identical and carefully selected
conditions.

Stopped-flow mixing of O3 (0.25 mm) and a large excess of
[Fe(H2O)6]

2+ (0.10m) in HClO4 (0.090m) produced, within the
mixing time (k= 4.3 H 104m	1 s	1),[11] a mixture of [Fe-
(H2O)6]

3+ (84% of total FeIII) and the hydrolytic dimer,
[(H2O)4Fe(m-OH)2Fe(H2O)4]

4+ (16%), followed by hydroly-
sis of the dimer[21] to [Fe(H2O)6]

3+ with k= 0.76 s	1[11]

(Scheme 2).

In an otherwise identical experiment with H2O2 in place of
O3, no dimer was produced, thus ruling out [(H2O)5Fe

IV=O]2+

as a reactive intermediate in the Fenton reaction (see
Supporting Information).

The sole products of the oxidation of (CH3)2SO and
(CH3)(p-tolyl)SO by [(H2O)5Fe

IV=O]2+ in both acidic and
neutral solutions were the corresponding sulfones (see
Supporting Information). The Fenton reaction with
(CH3)2SO under air-free conditions yielded mostly ethane,
methylsulfinic acid, and small amounts of methane and
dimethyl sulfone, that is, products known to be derived
from OH radicals.[22,23] The yields of all the products
decreased in the presence of O2, and no sulfone was detected.

In summary, we have generated [(H2O)5Fe
IV=O]2+, char-

acterized it spectroscopically, theoretically, and chemically,
and developed criteria that made it possible to distinguish
between hydroxyl radicals and aqueous ferryl-oxo species.
These criteria have allowed us to settle a long-standing debate
and unambiguously rule out [(H2O)5Fe

IV=O]2+ as a crucial
Fenton intermediate in acidic and neutral aqueous solu-
tions.[24]
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Holding onto Lots of Hydrogen: A 12-Hydride
Rhodium Cluster That Reversibly Adds Two
Molecules of H2**

Simon K. Brayshaw, Michael J. Ingleson,
Jennifer C. Green, Paul R. Raithby, Gabriele Kociok-
K!hn, J. Scott McIndoe, and Andrew S. Weller*

The boundary between cat-
alysis by nanocluster and
molecular materials is an
area of science that is
attracting considerable
attention.[1] Much of this
interest has centered on
the role that such species
play in hydrogenation reac-
tions (especially arene
hydrogenation), and in par-
ticular the nature of the
actual species in catalysis
(nanocluster versus molec-
ular cluster).[2] Given the
inherent difficulty in characterizing nanocluster species at
atomic resolution, well-defined molecular clusters that can be
considered as models for hydrogen attachment to a metal
surface are key to understanding the chemistry of these
species. Despite this, molecular cluster species that reversibly
take up dihydrogen,[3,4] or have a hydrogen content that
approaches that expected for a metal surface covered in
chemisorbed H2, are rare.[5, 6] We have previously described
the complex [Rh6(PiPr3)6(m-H)12]

2+ (1a)—a cluster complex
that not only has an unexpected geometry and cluster electron
count (76 cluster valence electrons (cve), 10 lower than
expected for an octahedral late-transition-metal cluster) but

also a rather high hydrogen content.[7] We now report that this
complex, and its PCy3 (Cy= cyclohexyl) analogue, reversibly
add two molecules of H2 to give discrete clusters with
exceptionally high hydride counts: [Rh6(PR3)6H16][BArF4]2
(R=Cy, iPr; ArF= 3,5-(CF3)2C6H3; Scheme 1).

The tricyclohexylphosphine analogue of 1a, [Rh6-
(PCy3)6H12][BArF4]2 (2a), is prepared in a similar manner to
1a in modest (� 30%) yield by gentle heating of [(PCy3)2Rh-
(h2-H2)2H2][BArF4]

[8] in fluorobenzene. Cluster 2a was char-
acterized by NMR spectroscopy and ESI mass spectrometry,
both of which unambiguously identify the cluster as having

12-hydride ligands. Addition of dihydrogen (� 1 atm) to 1a
or 2a in solution (CH2Cl2) results in the immediate formation
of the sixteen-hydride cluster complexes [Rh6(PR3)6H16]-
[BArF4]2 (1b, R= iPr and 2b, R=Cy) in quantitative
yield—in which two molecules of H2 have been added to
the octahedral cluster. Hydrogen uptake also occurs in the
crystalline form but at a much slower rate (hours). The
ESI MS of CH2Cl2 solutions were unambiguous in the
characterization of 1b and 2b (Figure 1 for 2a/2b pair), and
clearly demonstrate the quantitative formation of a dicationic
16-hydride species: with “flagpole” spectra observed showing
excellent matches to the calculated isotope distribution
patterns.

The 1H NMR spectra of both 1b and 2b confirm the
hydride count from the ESI MS experiments. These spectra
show upfield signals that integrate to a total of 16H relative to
the alkyl phosphine protons. In the room-temperature
1H NMR spectrum, two hydride signals are consistently (for
five independently synthesized samples) observed in the ratio
15:1. Figure 2 shows the spectrum for the 1a/1b pair. This
15:1 ratio suggests a structure in which fifteen hydrides are
mutually exchanging on the NMR timescale and one is not. A
plausible structure that accounts for this observation is one
that invokes an interstitial hydride[9,10] with 15 hydride ligands
decorating the outside of the Rh6 octahedron. On cooling the
NMR sample to 200 K the hydride resonances in 1b and 2b
become broader and resolve into many separate signals with
an overall integral lower than 16H. The broad line width of
some these signals indicate that any fluxional processes
occurring are not completely frozen out at low temperature.
T1 measurements at 200 K indicate that all the observed

Scheme 1.
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signals are best assigned to hydride ligands (T1> 230 ms). At
higher temperatures (323 K) the 15:1 pattern is still observed,
while heating further results in decomposition.

Preliminary density functional theory
(DFT) calculations on model compounds
[Rh6(PH3)6H16]

2+ and [Rh6(PH3)6H12]
2+ sup-

port the interstitial hydride assignment,
indicating that a cluster with 15 hydride
ligands on the surface and one interstitial is
significantly more stable than one with
16 hydrides on the surface. Calculations
also reveal the electronic reasons under-
lying the uptake of two molecules of H2.

Similar to recently reported [Pt3Re2(CO)6(PtBu3)3]
[6] which

takes up three molecules of H2 and has five low-lying
unoccupied molecular orbitals, the 12-hydride octahedral
clusters reported herein have a small HOMO–LUMO gap
(0.50 eV) and a degenerate pair of LUMO orbitals available
for the uptake of four electrons (that is, two molecules of H2;
Figure 3). The resulting 16-hydride species (80 cve) has a
larger HOMO–LUMO gap (1.3 eV) and thus would be
expected to take up additional H2 less readily. This result is
confirmed experimentally; under higher pressures (100 bar
H2) 1b is the only hydride species observed in solution.

Despite repeated and extended attempts using a variety of
counterions and solvents, suitable single crystals of 1b were
not forthcoming. However, crystals of 2b were eventually
obtained by using the [1-H-closo-CB11Me11]

� counterion and
the structural refinement showed that the {Rh6(PCy3)6}

2+

octahedral cluster core is retained (Figure 4a) in this high-
hydride species, although it is somewhat distorted showing a
wide range of Rh�Rh bond lengths (2.720(1)–3.132(1) J). A
similar span of bond lengths is observed in theDFT calculated
structure of [Rh6(PH3)6H16]

2+. The Rh�Rh bonds in [Rh6-
(PH3)6H12]

2+ show a much narrower distribution, suggesting
that the observed distortion is due (in part) to the distribution
of the hydride ligands in the high-hydride species. Unfortu-
nately, the hydride ligands could not be located reliably, a
common problem in cluster chemistry given the low scattering
factor associated with hydrogen and the fact that the hydrides
are very often distributed asymmetrically in the solid-state
leading to partial occupancy of sites. This situation is taken to
the extreme with the 16 hydride ligands around the octahe-
dral core in 1b and 2b.

The 16-hydride complexes 1b and 2b are stable under an
argon atmosphere, but under vacuum both 1b and 2b lose two
molecules of H2 to quantitatively regenerate 1a and 2a. This

Figure 1. ESI mass spectra of 2a and 2b. Insets show observed
isotopomer pattern overlaid with the calculated pattern (gray bars).

Figure 2. Upfield 1H NMR spectra of 1a and 1b. See Supporting
Information for the corresponding spectra for 2a and 2b.

Figure 3. DFT calculated correlation diagram for [Rh6(PH3)6H12]
2+ and [Rh6(PH3)6H16]

2+.

Figure 4. Molecular structure of the dicationic portion of 2b (a;
green Rh, purple P, brown C) and space-filling diagram of 2b (b;
black C, gray H, yellow P, red Rh ).
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process occurs both in solution and in the crystalline state, and
is reversible; pressurizing with H2 quantitatively (NMR
spectroscopy, ESI MS) regenerates the H16 species. For 1b
H2 loss is facile (hours), however for 2b the process is longer
(days) and this may be related to the increased steric shielding
the cluster core receives from the cyclohexyl groups com-
pared to the isopropyl groups (Figure 4b). Loss of two
hydrogen molecules is also affected by addition of hydrogen
acceptors such as tert-butylethene (tbe) or 1-hexene, as
monitored by NMR spectroscopy and ESI MS (Figure 5).
Interestingly, even with a large excess of alkene (> 100-fold)
1a and 2a remain—showing that these clusters holds onto the
remaining twelve hydrides very strongly.

Although there are a significant number of cluster species
known with a high hydride count (that is � 5 hydride
ligands)[5, 6,11] and some are formed by addition of H2 to very
unsaturated cluster species,[6] only one has been shown to
reversibly release H2, [Pt4H7(PtBu3)4][BF4],

[4] affording a
cluster with one hydride. The species reported herein are
thus unique in that H2 uptake and loss is facile and the “low”-
hydride species that result still have an exceptionally high
number of hydride ligands. They thus have relevance for the
modeling of surfaces that are catalytically active for hydro-
genation reactions as well as hydrogen-spillover processes
that result in supported catalysts showing enhanced activ-
ities.[12] The cluster pairs 1a/1b and 2a/2b[14] could also
potentially serve as models for chemically reversible hydro-
gen-storage materials, albeit with a low (� 0.25% based on
the Rh6 dication) reversible hydrogen-storage capacity.

Experimental Section
Crystallographic data : Crystals were grown from CH2Cl2/pentane
under a H2 atmosphere. Intensity data were collected at 150 K on a
Nonius Kappa CCD diffractometer, using graphite monochromated

MoKa radiation (l= 0.71073 J). Structure solution and refinement
was achieved using the WinGX-1.64 package.[13]

C132H264B22P6Rh6·CH2Cl2, Mr= 2997.46, Pna21, a= 17.6720(2), b=

28.0280(3), c= 31.0780(5) J, V= 15393.3(3) J3, Z= 4, m=
0.769 mm�1, unique reflections= 27469 (R(int)= 0.0614), R1=
0.0565, wR2= 0.0943 (I> 2s(I)). Up to 11 hydrogen atoms could be
found in bridging positions around the Rh6 core. However, they could
not be refined reliably and were not considered in the final stages of
the refinement. CCDC-275849 (2b) 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.

1b : 1H NMR (400 MHz, CD2Cl2): d= 7.71 (m, 16H, BArF4), 7.55
(m, 8H, BArF4), 2.27 (m, 18H, PCH), 1.24 (dd, J= 15.4 Hz, J= 7.1 Hz,
108H, CH3), �21.46 (s, full width at half maximum height (fwhm)=
40 Hz, 15H, Rh-H), �29.81 ppm (br s, fwhm= 200 Hz, 1H, Rh-H).
31P{1H} NMR (162 MHz, CD2Cl2): d= 109.2 ppm (d, J(RhP) 140 Hz).
ESI MS calcd for [P6Rh6C54H142]

2+ 797.2; found: 797.3.
2a : 1H NMR (400 MHz, CD2Cl2): d= 7.71 (m, 16H, BArF4), 7.55

(m, 8H, BArF4), 0.8–2.5 (m, 198H, PCy3), �27.20 (br s, fwhm=
230 Hz, 9H, Rh-H), �28.9 ppm (br s, fwhm= 330 Hz, 3H, Rh-H).
31P{1H} NMR (162 MHz, CD2Cl2): d= 91.9 ppm (d, J(RhP) 102 Hz).
ESI MS calcd for [P6Rh6C108H210]

2+ 1155.5; found: 1155.7
2b : 1H NMR: d= 7.71 (m, 16H, BArF4), 7.55 (m, 8H, BArF4), 1.0–

2.4 (m, 198H, PCy3), �21.59 (br s, fwhm= 390 Hz, 15H, Rh-H),
�28.37 ppm (br s, fwhm= 210 Hz, 1H, Rh-H). 31P{1H} NMR: d=
107.4 (br s, fwhm= 1100 Hz, 2P), 89.0 ppm (br s, fwhm= 900 Hz, 4P).
ESI MS calc for [P6Rh6C108H214]

2+ 1157.5, obs. 1157.8.
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Spiraling Steroids: Organic Crystals with
Asymmetric Nanometer-Scale Channels**
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Jonathan P. H. Charmant, and Anthony P. Davis*

Crystalline microporous (or nanoporous) solids are widely
sought and studied.[1] Such materials provide challenges for
crystal engineering and find applications in catalysis, separa-
tion techniques, gas storage, sensors, lasers, and so forth.
Robust structures with large voids are especially interesting,
as they are able to accommodate the widest range of guests.
Channels that measure � 1 nm in diameter are fairly common
in inorganic[1a–c] and, especially, metal–organic-framework

(MOF)[1c–g] materials. However, purely organic structures
with such dimensions are rare, especially if macrocyclic
molecules are excluded.[2] We now report a new class of
nanoporous organic crystals with chiral, unidirectional chan-
nels, tunable to diameters in excess of 14 ,.

This discovery arose from our program on steroid-based
anion receptors.[3] The “cholapod” 1 belongs to a series of
compounds derived from cholic acid 2, in which hydrogen-

bond donor units are deployed on the bile acid scaffold. The
urea groups at C7 and C12 are constrained by the axial
orientation of the C�N bond, such that the NH groups point
towards each other. The amide moiety at C3 can also point
inwards, thus cooperating in hydrogen-bond donation to
anionic guests. Molecules from this family are powerful anion
receptors,[4] and also act as anion carriers across bilayer
membranes.[5]

Cholapod 1 was prepared from 2 via intermediate 3[6] (see
the Supporting Information; Boc= tert-butoxycarbonyl).

Crystallization from methyl acetate, which contained small
amounts of water, gave needles up to 5 mm long and
approximately 0.2 mm wide. The crystal structure was
solved in the P61 space group.

[7] The individual molecules
were found to bind one molecule of water (see Figure 1a).
The trifluoroacetamide unit rotates such that the carbonyl
group points inwards acting as an hydrogen-bond acceptor,
whereas the urea groups act as hydrogen-bond donors to the
oxygen atom from the water molecule. The hydrated steroids
form columns parallel to the crystallographic c axis, rein-
forced by hydrogen-bonding interactions between the free
O�H group of a water molecule contained in one complex
and a carbonyl oxygen atom of a urea group in the next
(Figure 1b). The columns then pack in a hexagonal array to
give channels centered on the c axis, defined by a right-
handed spiral of steroids (Figure 1c).[8] The internal surfaces
possess an average diameter of 16.4 ,, with a minimum value
of 14.3 , (Figure 1d).[7] The surfaces are formed mainly from
hydrophobic CH and CF units, but also feature the carbonyl
oxygen atoms from the ester groups. Around 30% of the
crystal volume is accessible to guests. The channels are filled
with delocalized electron density, consistent with disordered
solvent molecules. Face indexing of a single crystal showed
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that, as expected, the channel axis coincided with the long axis
of the needles.

The contents of the channels were investigated by
1H NMR spectroscopic analysis. Crystals of 1 were removed
from the solvent, air-dried,[9] and dissolved in deuterated
acetone (99.96 atom%D) under anhydrous conditions.[7]

Integration of the NMR spectrum implied a composition of
1·0.75MeOAc·3.5H2O.

[10] Even allowing for the single H2O
molecule bound to each molecule of 1, this result implies that
water is concentrated in the channels and explains our
observation that small amounts of water aid crystallization.
The solvent was lost and the crystals became opaque on
vacuum drying;[11] however, X-ray powder diffraction showed
that the channel structure was maintained.[7] Solvent
exchange was also demonstrated. Samples removed from
MeOAc were washed with diethyl ether or toluene, air-
dried,[9] and analyzed by 1H NMR spectroscopy. In both cases,
theMeOAc had disappeared and the replacement solvent was
present (approximately 0.5 equiv). Vacuum-dried samples
suspended in toluene also absorbed the solvent. When these
toluene-solvated crystals were washed briefly (approximately
30 s) with CH2Cl2, the toluene was retained. Thus, solvent
exchange is slow, which is consistent with absorption into the
nanoporous framework.

The structure of 1 is notable in several respects. First, the
channels are among the largest observed for purely organic
systems. Second, they are persistent and accessible, as shown

above. Inclusion complexes
of bile acid derivatives are
well known and well stud-
ied,[12] but the formation of
such large, physically
robust pores is unprece-
dented. The crystals are
chiral and also lack any
regular axis of symmetry,
so the pores are aligned in
one direction. Finally, the
interactions which govern
the packing do not seem to
involve the terminal CF3
and methyl ester groups,
both of which point into
the channels. This suggests
a generalizable motif 4,
with potential for tuning.
These interactions suggest
the generalized motif of 4,
which can be potentially
used to tune channel width
and properties by variation
of the R1 and R2 groups.

Considering this last
point, we examined other
steroids of type 4 from our
anion-receptor program.
Compounds 5[13] and 6[7]

crystallized as needles and were subjected to X-ray crystallo-
graphic studies. Both 5 and 6 formed nanoporous structures in
which the disposition of the steroid nuclei was almost
identical to that in 1. However, the variation of the R1

Figure 1. Representations of the crystal structure of 1: a) A single molecule of 1 with the bound water
molecule (red sphere; hydrogen atoms bound to carbon have been removed for clarity). b) Columns of 1·H2O
parallel to the channel axis shown from two perspectives (the steroid molecules are shown in green and blue
and the hydrogen-bonding interactions in red). c) The packing of columns to give channels, viewed along the
channel axis (steroid molecules in one column are highlighted in green and blue). d) Interior surface of a
channel, calculated by using a 1.4-G probe; the surface is color coded according to the underlying atoms (red:
oxygen, blue: nitrogen, green: fluorine).
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group induced significant changes. In the case of 5, the bulky
NHPh group protrudes into the channel and, more impor-
tantly, displaces the OMe unit from the channel wall. The
ester group rotates to create a more irregular, narrower pore
with an average diameter of 15.7 , (minimum diameter=
11.6 ,; Figure 2).[7] In the case of 6, the OtBu group seems to

create an intermediate situation, in which the ester groups are
randomly distributed between the two orientations. If an
alternating arrangement is assumed, the average and mini-
mum diameters are 16.4 and 12.3 ,, respectively.[7] The
crystal structures of 1, 5, and 6 are compared in Figure 3,
which highlights the position of the terminal R1 groups at the
channel surfaces.

To conclude, we have found a new steroid-based motif
which generates robust, asymmetric, and nanoporous struc-
tures of unusual dimensions. The channels are codirected[14]

and large enough to accommodate a wide variety of organic
molecules, including, for example, dyes or substrates for
catalysis. We will investigate such possibilities in future
investigations, with a view to the development of novel
functional organic materials.
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AGermanate Framework Containing 24-Ring
Channels, Ni�Ge Bonds, and Chiral
[Ni@Ge14O24(OH)3] Cluster Motifs Transferred
from Chiral Metal Complexes**

Zhi-En Lin, Jie Zhang, Jing-Tai Zhao,
Shou-Tian Zheng, Chun-Yang Pan,
Guo-Ming Wang, and Guo-Yu Yang*

Microporous materials have been extensively studied due to
their widespread applications in ion exchange, separation,
and catalysis.[1] Since the discovery of the first aluminum
phosphates (AlPOs) VPI-5 with 18-membered rings (18-MR)
in 1988, some porous materials with larger rings, such as JDF-
20 (20-MR), cloverite (20-MR), VSB-1 (24-MR), ND-1 (24-
MR), VSB-5 (24-MR), NTHU-1 (24-MR), FDU-4 (24-MR),
ASU-16 (24-MR), and SU-12 (24-MR), have been made.[2]

Recently, the replacement of framework O2� with S2� (Se2�,
Te2�) anions has resulted in a new class of porous materials
with giant cavities and channels.[3] In general, the cations and
anions of the above frameworks are linked to each other by T-
X-T linkage modes, while framework containing T-M-T
linkages are unexplored so far (where T and M are cations,
and X anions).

Chiral metal complex (CMC) templates have shown great
advantages in the synthesis of unusual open-framework
materials, because the CMCs not only have unique spatial
configurations, various charges, different flexibilities, and
hydrogen-bonding sites, but can also induce a chiral environ-
ment in the host framework.[4] Metal phosphates templated by
an optically pure CMC or a racemic mixture of CMCs have
been reported for AlPOs,[4a,5] GaPOs,[6] ZnPOs,[4b,c,7] and
BPO.[8] Lately, the synthesis of open-framework germanates
has made great progress,[2h–j] but to our knowledge little
attention has been paid to the possibility of using CMCs as
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templates in the synthesis of germanates.[9] To introduce
CMCs into germanates and understand their role in deter-
mining the frameworks, we focused on the synthesis of
germanates templated by CMCs and obtained the chainlike
germanate [Ge7O13(OH)2F3]

3�·2 [Ni(dien)2]
2+ (dien=diethyl-

ene triamine).[9d] As a continuation of this work, by using a
racemic mixture of a [NiCl2(L)3] complex [L= ethylenedia-
mine (en), 1,2-diaminopropane (enMe)] as template, we have
made two novel germanate frameworks Ni@Ge14O24(OH)3·
2Ni(L)3 (L= en/enMe, denoted FJ-1a/FJ-1b), in which chiral
[Ni@Ge14O24(OH)3]

4� (Ni@Ge14) clusters (Figure 1a,b) con-
taining Ni�Ge bonds are connected to each other to form a
three-dimensional (3D) framework with 24-ring windows
(Figure 1c,d). FJ-1 is the first example of porous materials
having T-M-T linkages (where T-M-T = Ge-Ni-Ge).

Yellow hexagonal crystals of FJ-1a/FJ-1b (see the Sup-
porting Information) were obtained by the solvothermal
reaction of [NiCl2(L)3]·2H2O and GeO2 in mixed solvents of
ethylene glycol and L at 170 8C. X-ray crystal analysis
revealed that FJ-1a and FJ-1b are isostructural and crystallize
in the high-symmetry hexagonal space group P6̄2c. Therefore,
only the structure of FJ-1a is described in detail. The Ni@Ge14
unit consists of one Ni+ and five Ge2+ ions reduced from Ni2+

and Ge4+ by amine under solvothermal conditions, nine Ge4+

ions, and three H and 27 O atoms (Figures 1a and Supporting
Information). The Ni1 atom is located in the center of the
Ni@Ge14 unit and is bonded to five Ge

2+ (three Ge4 and two
Ge3) atoms to yield a trigonal-bipyramidal {Ni@Ge5} core
(Figures 1a,b and Supporting Information). The Ni+�Ge2+
distances vary in the range 2.251(2)–2.317(2) I, which is close
to the sum of covalent radii for these elements and similar to
the Ni0�Ge2+ bonds (2.206–2.291 I) in nickel germylene
complexes,[10] but considerably shorter than a normal Ge�Ge
bond or twice the covalent radius of Ge (2.44 I).[11] Thus, it is
reasonable to identify the central atom of Ni@Ge14 as Ni. The
Ge:Ni ratio obtained from electron probe microanalysis
agrees with this assignment. Of the fourteen Ge atoms, five
Ge3/Ge4 atoms around Ni1 are tetrahedrally coordinated by
one m5-Ni1 and three O atoms (Ge�O 1.803(9)–1.849(7) I).
The 4s electron lone pair of Ge2+ permits five Ge2+ atoms to
function as novel ligands to the Ni1 atom with unusual Ge-Ni-
Ge linkages. The remaining nine Ge1/Ge2 atoms are typical
Ge4+ ions and are bonded to four O atoms; the Ge�O
distances (1.722(10)–1.766(7) I) and O-Ge-O angles
(99.3(4)–115.3(6)8) are in agreement with those of four-
connected germanates.[12] Assuming the valences of nine Ge1/
Ge2, five Ge3/Ge4, one Ni1, two Ni2/Ge3, twenty-seven O,
and three H to be + 4, + 2, + 1, + 2, �2, and + 1,
respectively, in Ni@Ge14O24(OH)3·2Ni(L)3, the framework
stoichiometry of [Ni@Ge14O24(OH)3]

4� creates a net frame-
work charge of �4, which can just be balanced by two
[Ni(L)3]

2+ complex cations, that is, the low-valent Ni+ and
Ge2+ ions indeed exist in the {Ni@Ge5} core, as is further
confirmed by magnetic and luminescence measurements (see
below). In FJ-1a, three GeO4 tetrahedra are linked together
by sharing vertices to form a trimer (Ge3O10). Three trimers
are linked alternately to three Ge(4)O3Ni tetrahedra around
the Ni1 atom in the ab plane to form a NiGe12O24(OH)3
cluster that is further capped by two Ge3 atoms above and
below the ab plane to form a novel Ni@Ge14 unit (Figure 1b).
Each Ni@Ge14 building block is bridged to six others through
O2 atoms to yield a 3D open framework with 24-ring channels
(Figures 1c,d and Supporting Information) with dimensions
of about 8.3 M 13.6 I (see Supporting Information), which
intersect with two 12-ring channels running along the a and b
axes (see Supporting Information). The construction of 24-
ring channels can also be understood as shape-controlled
synthesis templated by octahedral [Ni2(en)3]

2+ complex. The
propellane-like shape of the 24-ring channel around the
[Ni2(en)3]

2+ templates is delimited by eighteen GeO4 and six
GeO3Ni tetrahedra (Figures 1c,d and Supporting Informa-
tion), which matches the shape of the [Ni2(en)3]

2+ complex
and is unique and different from that of known porous
materials templated by amines.[2]

Figure 1. a) View of the coordination environments of the Ni and Ge
atoms in the Ni@Ge14 cluster (50% thermal ellipsoids). Selected bond
lengths [F] and angles [8]: Ni1�Ge3 2.251(2), Ni1�Ge4 2.317(2); Ge3-
Ni1-Ge3A 180, Ge3-Ni1-Ge4 90, Ge4-Ni1-Ge4A 120. b) Polyhedral and
ball-and-stick view of the Ni@Ge14 unit. GeO4, green. c) View of the
24-ring channel constructed from three pairs of enantiomers of
adjacent Ni@Ge14 motifs in FJ-1a. d) Topological framework of FJ-1a
showing the 24-ring channels and the Ni@Ge14 motif. e) View of one
pair of enantiomers for adjacent Ni@Ge14 motifs with D and L

configurations in the ab plane in FJ-1a. f) The chiral octahedral
[Ni2(en)3]

2+ complexes with D and L configurations arranged along
the c axis (D, Ni2 yellow; L, Ni2 purple). g) View of the orderly
separation of chiral [Ni2(en)3]

2+ complexes in the center of the 24-ring
channel and achiral trigonal prismatic [Ni3(en)3]

2+ complexes occluded
between the same chiral structural motifs along the c axis (N2 blue,
N2’ yellow). The H atoms of C and N atoms are omitted for clarity.
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Interestingly, there are two types of chiral Ni@Ge14 motifs
and two types of [Ni(en)3]

2+ complexes (Figure 1e,g) in FJ-1a.
The [Ni2(en)3]

2+ template located in the center of the 24-ring
is chiral (Figures 1g and Supporting Information). The
enantiomers of [Ni2(en)3]

2+ complexes are alternately
arranged as D and L configurations in the 24-ring channels
along the c axis (Figures 1 f and Supporting Information), and
further interact with chiral Ni@Ge14 motifs through H-
bonding interactions (N1···O6, 3.072(16 I). The D-
[Ni2(en)3]

2+ complex forms hydrogen bonds to six adjacent
Ni@Ge14 motifs with both D and L configuration, or vice
versa (see Supporting Information), while the [Ni3(en)3]

2+

cations residing in the 12-ring channels (see Supporting
Information) are achiral and separated by Ni@Ge14 motifs
along the c axis. Adjacent [Ni3(en)3]

2+ complexes in the ab
plane exhibit different orientations (Figures 1g and Support-
ing Information). The [Ni3(en)3]

2+ complex also interacts with
the Ni@Ge14 motifs through hydrogen-bonding interactions
(N2···O3 3.142(18) and N2’···O3/O4 3.144(9)–3.167(20) I, see
Supporting Information).

The chiral [Ni2(en)3]
2+ complexes with regular octahedral

and achiral [Ni3(en)3]
2+ complex with rare trigonal-prismatic

geometry in FJ-1a respectively have D3 and D3h symmetry
(see Supporting Information), and the chiral Ni@Ge14 motif
has C3 symmetry (Figure 1a and Supporting Information). It
appears that the symmetry of the Ni@Ge14 motif is a good
match with those of the chiral and achiral metal complex
templates (Figures 1g and Supporting Information). This
suggests that the complex template can impose its individual
symmetry constraint on the structural motifs,[4] which have a
subgroup of point-group symmetry of the complex tem-
plate.[4c] In addition, the configuration of the chiral Ni@Ge14
motif is also matched with that of the chiral [Ni2(en)3]

2+

complex template (see Supporting Information). Further-
more, the orderly separation of chiral [Ni2(en)3]

2+ and achiral
[Ni3(en)3]

2+ complexes in FJ-1a (Figures 1g and Supporting
Information) indicates that the host framework has molec-
ular-recognition capability and stereospecificity for guest
templates. From insight into the structure of FJ-1a and other
metal phosphates templated by CMCs,[4–7] it is found that the
CMCs are responsible for the formation of the chiral motif/
framework in the crystallization process and can impart their
chirality and symmetry to an inorganic motif/framework, as
well as leading to the existence of stereospecificity and
molecular recognition between the inorganic host and CMC
guest, while the achiral metal complex only transfers its
symmetry to the inorganic motif. It is believed that the
hydrogen bonding between the complex template and the
host is the origin of the above phenomena.[4–7]

Variable-temperature magnetic measurements on FJ-1a
showed that the product of molar magnetic susceptibility and
temperature cMT remains nearly constant down to 50 K and
then rapidly decreases on further cooling (see Supporting
Information). The magnetic data can be fitted well to the
Curie–Weiss law with q=�1.21 K, which indicates weak
antiferromagnetic coupling between metal centers. This is
consistent with isolated Ni2+ centers and a long distance
(10.71 I) between Ni+ centers in adjacent Ni@Ge14 units. The
high-temperature value of cMT is 1.74 cm3Kmol�1, much

smaller than that calculated for two Ni2+ (S= 1, d8 config-
uration) and one Ni+ ions (S= 1/2, d9 configuration) without
magnetic interaction (2.375 cm3Kmol�1, g= 2). This suggests
that one Ni2+ ion should be in the nonmagnetic state, which
might originate from the structural disorder of the trigonal-
prismatic coordination of the Ni32+ ion. The experimental
value of 1.74 cm3Kmol�1 is in good agreement with the spin-
only value expected for one Ni22+ and one Ni1+ ions with an
average g value of 2.25 that is within the generally observed
range for Ni2+ and Ni+ ions.[13,14] In view of the regular
octahedral geometry around the Ni22+ ion, the zero-field
splitting effect on the Ni2+ ion should be very small,[15] and the
sharp decrease in cMT at low temperature could be attributed
to a weak antiferromagnetic interaction between Ni+ ions.[16]

FJ-1a exhibits blue luminescence in the solid state at room
temperature. On excitation at 200 nm, the luminescence of
FJ-1a has two strong emission bands at 482 and 523 nm and
one shoulder at 458 nm (see Supporting Information) that
differ from those of reported open-framework phosphates
and germanates, which usually show a single emission peak,[17]

that is, a more complex mechanism is involved in FJ-1a.
Unlike crystalline porous materials incorporating organic
dyes or doped with metal activators,[18] the luminescence of
phosphates and germanates is generally attributed to the
presence of lattice defects.[17] For FJ-1a, apart from lattice
defects, low-valent Ge2+ with s2 configuration and Ge2+(4s)!
Ni+(3d) metal–metal charge transfer in the Ni@Ge14 cluster
should also make contributions to the luminescence.[19, 20]

In summary, we have successfully made two novel
germanate open frameworks with 24-MRs by using a metal
complex as template under solvothermal conditions. The key
points of the synthetic procedures have been well established.
These are rare examples of metal–metal bonds in porous
materials, and the presence of Ge-Ni-Ge linkages makes them
different from other open-framework materials that only
contain T-X-T linkages. This study may open up possibilities
for the synthesis of novel frameworks with T-M-T linkages.
FJ-1 exhibits stereospecificity and chiral molecular recogni-
tion between guest CMC and inorganic structural motif. The
chirality and symmetry of the guest CMC template can induce
that of the inorganic motif/framework. In addition, the
symmetry of the achiral guest was transferred to the inorganic
motif. These phenomena originate from hydrogen bonding
between the guest and the inorganic motif/framework.

Experimental Section
Synthesis of FJ-1a/FJ-1b: GeO2 (0.152 g) was dissolved in a mixture of
water (0.5 mL), ethylene glycol (1.3 mL), and en/enMe (0.4 mL),
followed by [Ni(L)3Cl2]·2H2O (L= en/enMe, 0.171 g). The clear
solution was heated at 170 8C for 7 d in a Teflon-lined steel autoclave
and then cooled to room temperature. Later, complex
[Ni(L)3Cl2]·2H2O was replaced by NiCl2·2H2O (0.170 g) and en/
enMe (1.0 mL), and FJ-1a/FJ-1b was also obtained as a pure phase.
The single yellow crystals with hexagonal shape were recovered by
filtration, washed by distilled water and ethanol, and air-dried without
further separation (17%/15% yield based on Ge for FJ-1a/FJ-1b).
Elemental analysis (%) calcd for C12N12H51Ge14Ni3O27 (FJ-1a): C
7.25, H 2.59, N 8.46; found: C 7.34, H 2.39, N 8.26; calcd for
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C18N12H63Ge14Ni3O27 (FJ-1b): C 10.43, H 3.06, N 8.11; found: C 10.15,
H 2.87, N, 7.92.

Electron-probe microanalysis (EPMA) was performed on a
Shimadzu electron microprobe EPMA-8705QH2 to analyze Ge and
Ni contents. Different points were selected, both from different areas
of the same crystal and from different crystals. The Ge:Ni ratio
obtained by EPMA are in agreement with the formula of FJ-1a
obtained from the structure refinement (obsd Ge:Ni= 1:0.208, calcd
Ge:Ni= 1:0.214).

Crystal data for FJ-1a: Ni@Ge14O24(OH)3·2Ni(en)3, Mr=
1988.04, hexagonal, space group P6̄2c, a= 13.5567(4), c=
14.6138(5) I, V= 2325.96(13) I3, Z= 2, 1= 2.839 gcm�1, m=
10.173 cm�1, F(000)= 1910, GOF= 1.171. qmax= 25.018. A total of
5454 reflections (1417 independent, Rint= 0.0418) were measured at
293 K. Final agreement indices were R1 (wR2)= 0.0405 (0.0829) for
120 parameters and 1288 reflections [I> 2s(I)].

Crystal data for FJ-1b: Ni@Ge14O24(OH)3·2Ni(enMe)3, Mr=
2072.19, hexagonal, space group P6̄2c, a= 13.6681(8), c=
14.5642(7) I, V= 2356.3(2) I3, Z= 2, 1= 2.921 gcm�1, m=
10.049 cm�1, F(000)= 2006, GOF= 1.047. qmax= 27.538. A total of
9190 reflections (1861 independent, Rint= 0.1042) were measured at
293 K. Final agreement indices were R1 (wR2)= 0.0741 (0.1684) for
103 parameters and 1422 reflections [I> 2s(I)].

Data were collected on a Siemens SMART CCD diffractometer
with graphite-monochromated MoKa radiation (l= 0.71073 I) at
room temperature. All absorption corrections were performed with
the SADABS program. The structure was solved by direct methods
and refined by full-matrix least-squares methods on F2 using the
SHELXTL97 program package. All non-hydrogen atoms (except N1,
N2, N2’, C1, C2, C3, C4 in FJ-1b) were refined anisotropically. The
unique N atoms coordinated to Ni3 in FJ-1a and FJ-1b occupy two
split positions (N2, N2’) and have occupancies of 0.5. The C2 and C4
(methyl group of enMe) atoms of FJ-1b have occupancies of 0.5. The
positions of H atoms (except those on C2 in FJ-1a and N1, N2, N2’,
C1, C3 in FJ-1b) were placed geometrically and refined in a riding
model. CCDC-277021/280327 (FJ-1a/FJ-1b) contain 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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A fundamental problem of homogeneous catalysis is the
difficulties associated with the recovery of the molecular
catalyst after product formation, thus leading to loss of the
catalyst and contamination of the reaction products with
heavy-metal impurities.[1, 2] This problem is aggravated by the
fact that increasingly sophisticated complexes with tailor-
made ligands result in high-value catalysts. Consequently,
numerous concepts have been tested to overcome the
imminent problem of catalyst/product separation,[3,4] such as
soluble polymeric catalysts,[5,6] biphasic solvent systems which
involve various solvent combinations (namely, organic/
organic,[7] fluorous/organic,[8] ionic liquids/supercritical
fluids,[9] aqueous/organic[10, 11]), nanofiltration,[12,13] incarcer-
ated nanoparticles,[14,15] interphase catalysts,[16] supported
liquid films,[17] and immobilization of molecular catalysts on
organic[18] or inorganic supports.[19]

Clearly, these approaches rely on manipulation of the
solubility properties;[20] most often, distinct solubility proper-
ties are imposed by so-called phase tags, such as sulfonate
groups (in triphenyl phosphorothionates),[21] fluorous pony-
tails,[8] or polar and nonpolar soluble polymers.[22,23]

Such solubility-determining groups are referred to as
phase tags and are an important tool in separation strat-
egies.[24] Despite the success of this approach, certain dis-
advantages of this concept are apparent. Clearly, two solvents
are required in biphasic systems, one to hold the product and
the other for the tagged catalyst complex. Both solvents need
to be compatible with the catalytic reaction, their mutual
solubility should be low, the leaching of the catalyst into the
product-containing solvent has to be minimized, and the
partition coefficient of the reactants/products needs to be in a
suitable range. Alternatively, the tagged catalyst can be
precipitated from the reaction solvent by addition of another
solvent after the catalytic transformation. However, very
large amounts of this second solvent are typically needed to
effect the quantitative precipitation of the tagged catalyst.

To avoid these problems, we propose herein a strategy for
the separation of homogeneous catalysts from the products of
the reaction based on a new class of solubility-determining
groups, which we term redox-switchable phase tags. In
contrast to other phase tags, the solubility properties of
redox-switchable phase tags can be altered through the
employment of tag-centered reactions, thus resulting in
drastic changes in the polarity of the respective solubility-
determining group. In this manner, it should be possible to
exert perfect control over the solubility behavior of cata-
lysts[25] by using a single solvent. We decided to utilize tag-
centered redox reactions which mutate neutral (lipophilic)
tags into charged (lipophobic) tags and back. One significant
advantage of such an approach is that drastic changes in the
solubility behavior can be effected with only very small
amounts of switching reagent, which is stoichiometric with
respect to the catalytic amounts of catalyst complex present in
a reaction mixture.

To illustrate this principle, we chose a ruthenium-based
catalyst of the Grubbs–Hoveyda type for olefin metathesis as
numerous recycling concepts have been tested on these high-
value catalysts because of their effectiveness.[26–32] Prior to the
synthesis of a modified olefin-metathesis catalyst of the
Grubbs–Hoveyda type with redox-switchable tags, a suitable
redox-active group needed to be found. We chose a ferrocene
(Fc) unit because such metallocenes are well-behaved outer-
sphere redox reagents that display a high degree of reversi-
bility. Furthermore, the redox potential of the ferrocene unit
can be varied readily over a large potential range through the
attachment of different substituents on the cyclopentadienyl
rings,[33] which is clearly a very important property as the
redox potential of the redox tag must be fine-tuned to avoid
electron-transfer reactions that involve the catalytically active
metal center. The FeII/FeIII redox couple of the ferrocene unit
should differ by between 236 mV (ratio of Fe/Ru oxidation=
100:1) and 354 mV (1000:1) from that of the olefin-metathesis
catalyst to be useful. Thus, the RuII/RuIII redox potential of
the Grubbs–Hoveyda catalyst was first established by cyclic

voltammetry (CV). The CV waves are well behaved, that is,
they are fully reversible and the redox potential was + 0.85 V
in CH2Cl2 (Figure 1). As the redox potential of ferrocene
itself is + 0.46 Vunder the same conditions, we conclude that
any ferrocene compound with electron-donating substituents
can undergo independent FeII/FeIII redox reactions that do not
interfere with the catalytically active RuII center.

The synthesis of a ferrocenyl-tagged olefin-metathesis
catalyst is shown in Scheme 1. We chose a monoalkylated
ferrocene as the redox tag, as its redox potential fulfils the
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criteria defined above. 4-Bromo-2,6-dimethylaniline was
treated with glyoxal to give the respective 1,2-diimine in
75% yield, which was reduced to the corresponding 1,2-
diamine in 80% yield using LiAlH4. Ring-closure with
HC(OEt)3 yielded the respective imidazolinium salt in 75%
yield. For the introduction of the redox tag, the aryl bromide

functionalities of this salt underwent Sonogashira coupling to
ferrocenyl acetylene, thus giving the coupled product in 85%
yield. It should be noted that the reaction conditions for the
Sonogashira coupling are critical: First, the imidazolinium
chloride displays solubility only in a few polar solvents, and
second, the number of suitable bases is rather limited because
the competing deprotonation of the imidazolinium ring must
be suppressed as the corresponding N-heterocyclic carbene
appears to inhibit the Pd catalyst.

Next, the acetylene linker was reduced with H2 over Pd/C
to the�C2H4�bridge in almost quantitative yield. The reason
for this transformation is threefold: 1) an alkyl substituent
attached to the ferrocene unit is electron donating rather than
electron withdrawing, which consequently leads to an
increase in the difference in the redox potential between
the FeII/FeIII and RuII/RuIII redox couple; 2) the hydrogena-
tion of the acetylene linker electronically decouples the

redox-active ferrocene group from the
catalytically active center to avoid any
undesired influence of the ferrocene
cation on the catalytically active center
after oxidation; 3) the absence of a triple
bond avoids potential problems in olefin
metathesis.

Finally, the imidazolinium cation is
deprotonated with KOtBu and treated
with the Grubbs I catalyst; subsequently,
the remaining PCy3 ligand and the
benzylidene in the resulting complex
are substituted with 2-isopropoxystyr-
ene to yield the desired redox-tagged
Grubbs–Hoveyda-type catalyst 1.

The catalytic properties of 1 are
demonstrated in the ring-closing meta-
thesis (RCM) reaction of N-tosyldiallyl-
amide (Figure 2). The unperturbed reac-
tion (*) proceeds to completion exactly
as expected for such catalysts. In a
second run (&), a solution of two equiv-
alents of oxidation reagent
([FcCOCH3][CF3SO3] as a 10% solution
in 0.1 mL of CH2Cl2 (DE=++ 0.73 V))
with respect to the catalyst was added
after exactly 60 minutes. The two ferro-
cenyl tags were oxidized virtually instan-
taneously, and the resulting dication 12+

precipitates from the solution of toluene
within a few seconds. The precipitated
catalyst does not display significant
catalytic activity, as can be seen in the
plot of conversion versus time (Figure 2,
&). The product of the catalytic reaction
can be readily separated from the pre-

cipitated catalyst by filtration, which is preferably done after
completion of the reaction. The catalyst can be reactivated
(namely, redissolved) at any time by addition of two
equivalents of a reducing agent (1,1’,2,2’,3,3’,4,4’-octamethyl-
ferrocene (FcMe8)), which was carried out after 135 minutes
in our experiment. It can be seen that the catalytic activity is

Figure 1. Cyclic voltammogram of the diferrocenyl-tagged Grubbs–
Hoveyda-type catalyst 1. DE1/2 (Fe

II/FeIII)=++0.410 V (70 mV), DE1/2
(RuII/RuIII)=++0.847 V (60 mV) referenced versus FcMe8 (�0.010 V) in
CH2Cl2.

Scheme 1. Synthesis of the ferrocenyl-tagged olefin-metathesis catalyst 1 of the Grubbs–Hoveyda type:
a) NEt3, EtOH, HCOOH, 24 h; b) 1. LiAlH4, THF; 2. HCl; c) HC(OEt)3, 130 8C, 24 h; d) FcCCH, Na2PdCl4,
CuI, Ad2PBn·HBr, DMSO, HNiPr2, 80 8C, 24 h; e) Pd/C 5 bar H2, 5 h, RT; f) KOtBu, Grubbs I catalyst,
toluene, THF; g) 2-isopropoxystyrene, CuCl, CH2Cl2, 40 8C, 1 h. Cy=cyclohexyl, Ad=adamantyl, DMSO=
dimethyl sulfoxide.
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immediately restored to its initial value and the reaction
proceeds to completion (not shown in Figures 2 and 3).[34]

Following this procedure, the catalyst can also be switched
off and on[36,37] several times after completion of the RCM
reaction, thus allowing multiple recycling of the catalyst. We
tested redox-switching of the phase tag for three consecutive
reaction cycles composed of 1) olefin metathesis, 2) oxidation
with an acetyl ferrocene cation, 3) precipitation and separa-
tion, and 4) reduction and redissolution of the catalyst, and
we observed quantitative yields for all the reaction steps. We
probed the identity of the recycled catalyst after a single
oxidation/reduction sequence 1!12+!1 and identified the
initial Grubbs–Hoveyda-type catalyst 1 by 1H NMR spec-
troscopy.

Furthermore, it is also possible to adjust the rate of the
catalytic transformation as desired by reversible precipitation
of a limited amount of the catalyst after addition of
substoichiometric amounts of the oxidation reagent.
Although the curve denoted by & in Figure 3 displays a
single off/on switching event, the double-switched RCM
reaction in the curve denoted by * shows an off/on switching
event during the first 30 minutes and a partial-off event after
50 minutes, with a full restoration of catalytic activity after
75 minutes.

Instead of monitoring the switching events by gas-
chromatographic or NMR spectroscopic analysis, the removal
of the catalyst from the solution can be followed readily by

monitoring the UV/Vis spectrum of the reaction mixture;
catalyst 1 is characterized by a strong Ru-centered absorption
band at 375 nm, the intensity of which reflects the concen-
tration of the catalyst in solution.

As an alternative to chemical redox switching, which
requires stoichiometric amounts of redox reagent (only with
respect to the catalyst), electrochemical triggering of the tag
switching only requires an applied current. Ideally, the
catalyst is electrodeposited on the surface of an electrode
on oxidation and is redissolved on application of a reductive
potential. In this manner, the transfer of the loaded electrode
from a solution containing the product into a solution
containing fresh reactants allows efficient reuse of the
catalyst. For the coulometric deposition of a redox-tagged
catalyst, solvents are needed that display a reasonable
conductivity after addition of supporting electrolytes. Con-
sequently, electrolysis in toluene is not possible as the currents
observed are far too small to effect electrolysis within a
reasonable time frame, and so slightly more polar solvents are
required. We tested a number of solvents of intermediate
polarity and were able to quantitatively oxidize 1 electro-
chemically. However, the minute concentrations of catalyti-
cally active dication used for the RCM reactions are soluble in
solvents of intermediate polarity (e.g., CH2Cl2). Therefore,
the synthesis of new catalysts with multiple redox tags is
required to solve these problems.[38]

In conclusion, we have demonstrated that redox-switch-
able phase tags, whose solubility properties are controlled by
redox reagents or electrochemical redox processes, can be
used to effectively switch the catalytic activity of an olefin-
metathesis catalyst of the Grubbs–Hoveyda type on and off.
More importantly, this approach allows the efficient separa-
tion of such catalysts from the products of a catalytic reaction
at any time during the reaction and after its completion. We
expect the principle of redox-switchable phase tags to become
a general concept for control over solubility properties and,
consequently, the recyclability of a wide variety of homoge-
neous catalysts. We are currently working towards the
application of this principle several to other types of
homogeneous catalytic processes, such as enantioselective
hydrogenation and various Pd-mediated cross-coupling reac-
tions.
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tion are affected in seasonal epidemics. Some devastating
outbreaks recorded in history even claimed millions of lives
worldwide.[2] Influenza viruses are typically spherical with a
diameter of about 100 nm.[3] The pathogenic properties of the
viruses have been extensively investigated.[4] Significant
advances in therapeutic treatments and in the detection of
the viruses have been made in recent years as a result of this
information. Among the limited number of proteins that are
encoded by the viral RNA segments, two surface glycopro-
teins, namely, hemagglutinin (HA) and neuraminidase (NA),
have often been the focus of research. These two surface
glycoproteins play important roles in the infection process;
HA is responsible for the binding of viruses to the host cells,
whereas NA is involved in the budding process.[5] Although
the surface antigens of the viruses mutate frequently to avert
attacks from the immune system of the hosts, the critical
catalytic activity of NA has to be maintained for successful
infection and propagation. This special feature makes it an
excellent candidate for research.[6]

NA (sialidase, N-acylneuraminosyl glycohydrolase,
EC 3.2.1.18) is an exo-glycosidase that hydrolyzes the linkage
of sialic acid residues, which are mostly found as terminal
constituents of glycoconjugates. X-ray crystallographic infor-
mation about the active site of NA has revealed important
residues involved in the recognition and binding of sialic
acid.[7] This has assisted in the development of several
reversible inhibitors of NA, such as zanamivir and oseltami-
vir, which have been approved for the treatment of influ-
enza.[8] Recently, McKimm-Breschkin et al. have demon-
strated that ligands derived from biotin-conjugated zanamivir
were able to bind influenza virion on microtiter plates; this
could in turn serve as a basis for a diagnostic method.[9]

Besides influenza viruses, many NA-containing microorgan-
isms are pathogenic and it has been proposed that this enzyme
plays an important role in the pathogenicity of these
infections.[10] We therefore envision that the development of
activity probes that selectively form a covalent linkage with
NA would be of great value, as demonstrated by the
application for capturing the virus particles in this report.

Chemical probes that are able to form covalent linkages
with hydrolase subfamilies have proven to be a powerful tool
in modern proteomics studies.[11] We have previously devel-
oped activity probes for hydrolases such as phosphatases and
b-glucosidase.[12] The concept for the design of these activity
probes originated from suicide substrates, or mechanism-
based inhibitors, of enzymes.[13] This approach is unique as the
probes themselves are also the substrates of the correspond-
ing hydrolases. The probes can be selectively activated once
the recognition head is cleaved by the targeting hydrolase,
thereby leading to covalent modifications of the hydrolase.[14]

More importantly and closely related to this report, the
mechanism-based approach has been successfully applied in
the screening and selection of biocatalysts from phage-
displayed libraries, such as in the selection of mutant b-
lactamases and in the search for catalytic antibodies with b-
galactosidase activity.[15] Earlier studies have shown that
compound 1 was a mechanism-based inhibitor of Clostridium
perfringens NA.[16] We thus developed probe 2 as a mecha-
nism-based probe for NA. Probe 2 carries four structural units

in its design; a sialic acid recognition head, which is connected
to an ortho-difluoromethylphenyl latent trapping device, a
linker, and a biotin reporter group. The biotin reporter group

serves two functions. On one hand, it is used to visualize the
labeled NA after Western blotting with streptavidin-conju-
gated peroxidase chemiluminescence. On the other hand, it
could be used to attach the probe to the microtiter plates
through avidin–biotin interactions during the virus-capturing
study. When the designated glycosidic bond is cleaved by NA,
the released intermediate 3 would undergo 1,4-elimination
with removal of a fluoride ion to generate a reactive quinone
methide, 4. The highly reactive quinone methide intermediate
4 would alkylate nearby nucleophiles of the enzyme, thereby
resulting in biotinylated adduct 5 (Scheme 1). Since the viral
surface is spiked with NA, covalent attachment through NA
would then lead to the capture of virus particles.

The synthesis of probe 2 begins with a commercially
available N-acetylneuraminic acid 6 (Scheme 2). All the
synthetic procedures were combinations of efforts from
previous publications.[17] In brief, fully protected glycosyl
chloride 8 was prepared and used directly for coupling with 2-
hydroxy-5-nitrobenzaldahyde in a CHCl3/H2O biphasic
system by using tetrabutylammonium bromide as the phase-
transfer catalyst to give compound 9. The formyl group of
compound 9 could be converted into the difluoromethyl
moiety of the trapping device by the DAST reagent. The
structure of the difluoromethylphenyl group in compound 10

Scheme 1. Mechanism for selective activation and alkylation of neura-
minidase with probe 2.
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was supported by its 1H NMR spectroscopic data which
showed a triplet at d= 6.86 ppm with a coupling constant of
2JH,F= 54.9 Hz, a typical value for H–F coupling. A triplet at
d= 109.9 ppm (1JC,F= 237.2 Hz) in the 13C NMR spectrum of
10 further confirmed the presence of the CHF2 moiety. The
nitro group of compound 10 was then reduced by catalytic
hydrogenation to give amine 11. Attachment of the linker and
biotin reporter group yielded the fully protected probe 14.
Final deprotection under alkaline conditions offered the
desired probe 2 after LH-20 purification.

Probe 2 was first tested for its ability to biotinylate NA
obtained from Arthrobacter ureafaciens. Arthrobacter ureafa-
ciens neuraminidase (0.8 U, Sigma) was incubated in the
presence or absence of probe 2 (200 mm) at 4 8C in 100 mm

ammonium acetate buffer (10 mL). Bovine serum albumin
(BSA) was used as a negative control. Labeled samples were
applied to a 10% polyacrylamide gel, which was then
subjected to sodium dodecylsulfate (SDS) PAGE. After

electrophoresis, the proteins were
transferred from the gel onto a poly-
vinylidene fluoride (PVDF) mem-
brane. The PVDF membrane was
blocked, washed, and developed by
using the enhanced chemilumines-
cence (ECL). Western blotting pro-
tocols as recommended by the sup-
plier (Amersham Biosciences). The
result of the Western blot analysis
only shows biotinylated proteins
(Figure 1). In this experiment, three
biotinylated bands corresponding to
isoenzymes at 88, 66, and 52 KDa
were observed for NA (Lane 1).[18]

Probe 2 had no effect on BSA, as

shown by the lack of labeled bands
(Lane 2). In the absence of the probe,
neither NA nor BSA was biotinylated
(Lanes 3 and 4). This result firmly
supports the alkylation process de-
scribed in Scheme 1. The actual label-
ing site was not further determined in
this study, because a number of bio-
logical applications utilizing the same
latent trapping device have already
established the covalent-bond-form-
ing feature.[15,19] Moreover, Lee and
co-workers recently used this activity-
probe approach to characterize the
catalytic domain of b-galactosidases
from Xanthomonas manihotis, Escher-
ichia coli, and Bacillus circulans, with
the identification of mainly single
modifications on Arg, Glu, and Glu
residues, respectively.[20]

We also compared the inhibitory
effect of probe 2 and zanamivir on the
activity of NA from influenza A virus
(A/WSN/33, H1N1), as well as from
Arthrobacter ureafaciens (AU), Clos-

tridium perfringens (CP), and Vibro cholerae (VC; Figure 2).
Both compounds were tested at 3.3 mm in the NA inhibi-
tion assays with 2’-(4-methylumbelliferyl)-a-d-N-acetyl-

neuraminic acid (MUNANA, Sigma) as the substrate.[21] All
samples were measured in duplicate and fluorometric deter-
minations were performed with a fluorometer (ThermoLab
systems, Sweden). The excitation wavelength was 355 nm and
the emission wavelength was 460 nm. Probe 2 inhibited all
four NA activities (H1N1, AU, CP, VC) with IC50 values of
1.7, 0.68, 0.08, and 0.53 mm, respectively. These results
indicate that probe 2 interferes with the activity of NA
isolated from various sources at the active site, regardless of
the variations the enzymes might have. On the other hand,

Scheme 2. Synthesis of probe 2 for neuraminidase. Conditions: a) MeOH, IR-120 (H+) resin, 92%; b) AcCl,
AcOH; c) 2-hydroxy-5-nitrobenzaldehyde, Cs2CO3, Bu4NBr, H2O/CHCl3, 67% for two steps; d) DAST,
CH2Cl2, 47%; e) H2, 5% Pd/C, MeOH, 95%; f) succinic anhydride, TEA, CH2Cl2, 94%; g) EDCI, HOBt, 13,
DIEA, DMF, 75%; h) Na2CO3, MeOH; aqueous Na2CO3, 52%. TFA= trifluoroacetic acid; TEA= triethyl-
amine; EDCI=3-(3-dimethylaminopropyl)-1-ethylcarbodiimide; HOBt=1-hydroxy-1H-benzotriazole;
DIEA=N,N-diisopropylethylamine; DMF=N,N-dimethylformamide; DAST= (diethylamino)sulfur trifluor-
ide.

Figure 1. Western blot
analysis of probe 2
labeling the Arthro-
bacter ureafaciens neu-
raminidase.

Figure 2. Inhibition study of NA activities from A. ureafaciens (AU),
C. perfringens (CP), V. cholerae (VC), and influenza A virus (Inf A) with
probe 2 (gray), zanamivir (white), and the control (black). Virus,
suspended in 32.5 mm b-morpholinoethanesulfonic acid buffer
(pH 6.5) was incubated with either probe 2 or zanamivir (3.3 mm) at
room temperature for 45 min and then incubated with MUNANA at
37 8C for 30 min. The residual NA activity is expressed as the
percentage of activity relative to that obtained in the absence of
reagent. Assays for AU, CP, and VC were similarly carried out, except
in 80 mm acetate buffer (pH 5.0).

Communications

6890 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6888 –6892

http://www.angewandte.org


zanamivir effectively inhibited viral NA activity with an IC50

value of 2–3 nm, but it displayed weak inhibitory effects on
the three bacterial NA activities, a result suggesting that the
original strong binding interactions could be greatly compro-
mised by possible variations in the active site. It must be
emphasized that although one of the targets in this study, the
influenza virus, is the same as one in the study of McKimm-
Breschkin et al. ,[9] the concept and approach of the current
strategy offers a versatile alternative for future applications.
The labeling event in this study was a result of an activation
step forming the reactive quinone methide and did not rely on
the strong noncovalent binding which is a critical requirement
in the previous approach, a fact which makes the current
approach a more general one in targeting NA activities. It is
especially worth noting that the advantage of the current
approach becomes more prominent with the advent of
zanamivir-resistant viruses.[22]

Having established the efficacy of probe 2 to biotinylate
NA and thus influenza virus A virions, we next studied the
capturing performance by utilizing the covalent-bond-form-
ing feature. The tests were carried out by a modified ELISA
method as described previously.[9] Briefly, a streptavidin-
coated 96-well ELISA plate (NUNC Immobilizer) was
saturated with probe 2. BSA–biotin conjugate provided a
negative control. After 1 hour of incubation, the plate was
blocked with 0.1% BSA/phosphate-buffered saline (PBS) for
1 hour and washed with PBS. Serial twofold dilutions of
influenza A virus (A/WSN/33) were added and incubated for
1 hour at room temperature. After another wash, the
captured viruses were detected by treatment with a polyclonal
anti-FluA antibody, followed by a goat anti-rabbit IgG
horseradish peroxidase (HRP) conjugate and a NeA-Blue
tetramethylbenzidine substrate (TMB, Clinical Science Prod-
ucts, Inc.). The results indicated that probe 2 bound to the
microplate wells could successfully capture influenza virus A
and the intensity of the responding signal was proportional to
the number of virus particles present (Figure 3). The wells
loaded with BSA–biotin conjugate gave a negative response.
The possibility of any noncovalent bindings could be ruled out
by the modest IC50 value (1.7 mm) on the viral NA. More
importantly, when the same procedure was applied to a
mixture of influenza virus and a non-NA-containing Japanese
encephalitis virus, only influenza virus was selectively cap-

tured and detected on the plate, a result strongly supporting
the theory that the capture of virus particles was both probe
and NA dependent. This conclusion was further supported by
the experiment during which probe 2 failed to biotinylate
influenza viruses that were preincubated with zanamivir,
which effectively blocked the active site of NA on the viral
surface. The results represent the first example of the use of a
covalent-bond-forming mechanism for the capture of influ-
enza virus particles. In addition, such covalent interactions
between captured virus particles and the probe are known to
be tolerant to harsh conditions,[15] thus making this method-
ology amenable for further manipulations.

In summary, we have designed and synthesized a mech-
anism-based activity probe 2 for neuraminidase, which uses a
latent quinone methide as the trapping device and forms a
biotinylated adduct with Arthrobacter ureafaciens neuramin-
idase in a model study. By taking advantage of the essential
role played by the NA activity in the life cycle of the influenza
virus, we evaluated the interaction between probe 2 and the
virus. The covalent-labeling event led to diminished NA
activities. Furthermore, it serves as the basis for capturing
influenza virus particles on microplate wells. This novel
approach of capturing the influenza virus, which provides a
stronger interaction between virus and the stationary phase,
will certainly offer opportunities for developing new applica-
tions, such as rapid screening of antibodies against this group
of viruses, and the development of sensitive and rapid
diagnostic methods.
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As pointed out in a recent review, metal-mediated olefin
oxidation is still a subject of great interest.[1] Various classes of
mechanisms have been envisaged for different metal systems.
Among these, that involving metallaoxetanes (1-metalla-2-
oxacyclobutanes) as a key intermediate in the oxygen-transfer
reaction has been recently corroborated by experimental
evidence.[2] While an oxametallacycle has been identified as
the crucial surface intermediate in the ethylene epoxidation
on Ag,[3] a platinaoxetane, obtained from the reaction of a
platinum(ii) oxo complex with norbornene, has been structur-
ally characterized.[4] The same oxo complex has been found to
stoichiometrically oxidize ethylene to acetaldehyde, thus
providing a rare example of alkene oxidation by isolated
late-transition-metal oxo complexes.[5] Metallaoxetanes have
also been obtained from the reaction of iridium(i) and
rhodium(i) alkene complexes with molecular oxygen or
hydrogen peroxide.[6]

Gold oxo species are likely to be involved in oxidations
catalyzed by gold supported on metal oxides,[7] as, for
example, in the direct epoxidation of propene with molecular
oxygen.[7d,8] As soluble oxo complexes are valuable models for
species involved in heterogeneous catalytic oxidation systems,
we studied the reactions of a series of gold(iii) oxo com-
plexes[9] with olefins.[10] The model reaction of [Au2(bipy

R)2(m-
O)2](PF6)2 (bipyR= 6-R-2,2’-bipyridine; see Scheme 1 for R)
with styrene yielded novel cationic gold(i) alkene complexes
[Au(bipyR)(h2-CH2=CHPh)](PF6) and oxygenated styrene
derivatives.[11,12] After these encouraging results, we searched
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for the supposed oxametallacyclic intermediate.[13] A growing
number of papers have appeared on the homogeneous gold-
catalyzed addition of oxygen nucleophiles to C�C multiple
bonds of alkynes or alkenes.[14] Active gold–alkyne (gold–
alkene) and cyclic organogold species, which have been
suggested as key intermediates in the C�O bond formation,
[14f, i–n,q] have never been isolated.

Herein we describe the reaction of [Au2(bipy
R)2(m-O)2]-

(PF6)2 [1-(PF6)2: R=Me (1a), CHMe2 (1b), CH2CMe3 (1c),
C6H3Me2-2,6 (1d)] with the strained cyclic alkenes norbor-
nene (nb) and 2,5-norbornadiene (nbd) to give alkene
complexes and unprecedented metallaoxetanes
(Scheme 1).[15] A dinuclear complex [Au2(bipy

R)2(m-h
2,h2-

nbd)](PF6)2 [2-(PF6)2: R=Me (2a), CHMe2 (2b), CH2CMe3

(2c)] with a bridging nbd ligand is the main product of the
reaction as shown by NMR spectra and other analytical data;
signals attributable to trace amounts of a second species are
sometimes observed in the 1H NMR spectra.

In the case of the nb derivatives, the 1H NMR spectra
indicate the presence of two species, the ratio of which
depends on the preparative conditions and the nature of the
substituent of the bipyridine ligand. The main product is the
alkene complex [Au(bipyR)(nb)](PF6) [3-PF6: R=Me (3a),
CHMe2 (3b), CH2CMe3 (3c), C6H3Me2-2,6 (3d)]. When
signals from the minor species, 4, are not observed in the
1H NMR spectrum, as in the case of the 6-(2,6-xylyl)-2,2’-
bipyridine derivative, 4 is detected in the mass spectrum in
which, besides the molecular ion, M+, corresponding to the
nb complex (3d), a peak of low to medium intensity is found
at [M+16]+. Under comparable preparative conditions,
significant amounts of the latter species are obtained from
1a-(PF6)2.

[15] To separate the two species, different methods
were employed in the case of the 6-methyl-2,2’-bipyridine
(bipyMe) derivatives 3a-PF6 and 4a-PF6. Crystals of 3a-PF6

and 4a-PF6, obtained by slow diffusion of diethyl ether into an
acetonitrile solution of the mixture, were separated and
subjected to X-ray diffraction analyses. Although full refine-
ment of the structure of 3a-PF6 has not been accomplished,

the main feature of the coordination geometry has been
established.[16] The second species, 4a-PF6 , proved to be the
auraoxetane, [Au(bipyMe)(k2-O,C-2-oxynorbornyl)](PF6).

[17]

The structure consists of the packing of 4a cations and PF6

anions in the molar ratio of 1:1 with normal van der Waals
contacts. The molecular structure of 4a is shown in Figure 1.
The gold atom has a square-planar coordination environment
with a slight square-pyramidal distortion; maximum devia-
tions from the best plane are + 0.024(8) and �0.027(1) @ for
O and Au atoms, respectively. Carbon atom C13 lies in the
metal coordination plane, and the oxametallacycle is strictly
planar, as reported for other late-transition-metal metal-
laoxetanes.[18] The Au�O bond length of 1.967(7) @ is very

similar to the Au�O bond lengths
of 1.971(4) and 1.960(6) @ found in
[Au(bipy)(OMe)2](PF6),

[19] and the
Au�C12 separation of 2.055(8) @
is comparable with the Au�C bond
length of 2.028(7) @ found in
[Au{N2C10H7(CMe2CH2)-6}Cl]+

(5), in which N2C10H7(CMe2CH2)-6
is a cyclometalated 6-tert-butyl-
2,2’-bipyridine ligand.[20] The Au�
N1 and Au�N2 bonds (2.026(6)
and 2.183(6) @, respectively) can
be compared with corresponding
interactions in 5 (1.976(5) and
2.151(5) @, respectively).

As the isolation of oxametalla-
cycles is unprecedented in the
chemistry of gold, we tried to
synthesize 4a-PF6 in better yields
in order to study its reactivity.[21] In

Scheme 1. Oxo complexes 1-(PF6)2 (only the trans isomer is depicted; 1a and 1b are mixtures of the
cis and trans isomer) and products of the reaction with 2,5-norbornadiene, 2-(PF6)2, and with
norbornene, 3-PF6 and 4-PF6.

Figure 1. Molecular structure (ORTEP) of cation 4a. Ellipsoids are
drawn at the 30% probability level. Principal bond lenghts [D] and
angles [8]: Au–N1 2.026(6), Au–N2 2.183(6), Au–O 1.967(7), Au–C12
2.055(8), C12–C13 1.550(14), C13–O 1.433(12); N1-Au-N2 78.2(3),
N1-Au-C12 103.9(3), N1-Au-O 172.9(3), N2-Au-O 108.2(3), N2-Au-C12
177.7(3), C12-Au-O 69.6(3), Au-C12-C13 91.2(5), C12-C13-O 100.7(7),
C13-O-Au 98.5(6).
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reactions using different ratios of nb to 1a-(PF6)2 and
at different concentrations of 1a-(PF6)2 , in both
CH3CN and in CH3CN/H2O, we established a general
trend.[22] During the reaction of trans-[1c-(PF6)2] (the
most soluble complex) with nb in CD3CN, we
observed by 1H NMR spectroscopy that the ratio of
3 to 4 remains unchanged. Signals for 3c-PF6 and 4c-
PF6 were detected after about 40 h (3c-PF6/4c-PF6=

2:1); a resonance at d= 9.58 ppm (d, JH-H= 1.9 Hz),
which is typical of an aldehyde proton, appeared at
the same time. Isolation of the organic fraction
obtained from the same reaction in MeCN identified
exo-2,3-epoxynorbornane (6)[23] as the main product
accompanied by at least three aldehydes, 7, 8, and
9.[24] The main aldehyde species was cyclopentane-
1,3-dicarbaldehyde (7, M+ 126)[25] , the others were
likely to be 3-methylene-cyclopentane carbaldehyde
(8, M+ 110)[26] and 3-methyl-2-cyclopentene carbal-
dehyde (9, M+ 110). The epoxide and the dialdehyde
were also the main products of the same reaction in
MeCN in the presence of a small amount of water
(3%). When a larger amount was added (� 10%), a
6:1 mixture of cis-endo-2,3-norbonanediol (10) and
trans-2,3-norbonanediol (11) is obtained. GC–MS
and LC–MS analyses showed peaks of M+= 128,
which correspond to C7H12O2.

Formation of the epoxide in solution and direct
loss of a C7H10O fragment from the molecular ion of
[Au(bipyMe)(C7H10O)]+ in the gas phase—shown by
the FAB mass spectrum of 4a—point to the oxaaura-
cycle 4 being the origin of both the oxygenated
products and the olefin complex 3. Accordingly, the
olefin complex 3a-PF6, 2,3-epoxynorbornane (6), and
small amounts of aldehydes 8 and 9 were slowly
formed when a MeCN solution of 4a-PF6 was treated with
excess nb.[27] To the best of our knowledge, elimination of an
epoxide from an isolated oxametallacycle has never been
previously observed.[1,2b] Aldehydes or ketones are formed by
isolated RhIII and IrIII 2-metalla-oxetanes.[6e,f, 28] Plausible
reaction pathways for the formation of the auraoxetane, 4,
and the alkene complex, 3, are given in Scheme 2.

Attempts to obtain 4a by reaction of 3a with O2
[6a] or

H2O2
[6b–d] in neutral MeCN solution were unsuccessful: partial

decomposition of the alkene complex was observed in both
cases.

Complexes 4a–4c are the first isolated auraoxacyclobu-
tanes. Their formation by the reaction of gold oxo complexes
with alkenes may lead to a better understanding of the
oxidation of olefins mediated by late-transition-metal com-
plexes. Moreover, both the gold(i) alkene complex and the
auraoxetane provide evidence for intermediates in the gold-
catalyzed addition of oxygen nucleophiles to alkenes and
alkynes.

Received: May 20, 2005
Revised: July 28, 2005
Published online: October 5, 2005

.Keywords: alkene ligands · gold · oxidation · oxo ligands

[1] B. de Bruin, P. H. M. Budzelaar, A. W. Gal, Angew. Chem. 2004,
116, 4236 – 4251; Angew. Chem. Int. Ed. 2004, 43, 4142 – 4156.

[2] a) K. B. Sharpless, A. Y. Teranishi, J.-E. BMckvall, J. Am. Chem.
Soc. 1977, 99, 3120 – 3128; b) K. A. Jørgensen, B. Schiøtt, Chem.
Rev. 1990, 90, 1483 – 1506.

[3] S. Linic, H. Piao, K. Adib, M. A. Barteau, Angew. Chem. 2004,
116, 2978 – 2981; Angew. Chem. Int. Ed. 2004, 43, 2918 – 2921.

[4] E. Szuromi, H. Shan, P. R. Sharp, J. Am. Chem. Soc. 2003, 125,
10522 – 10523.

[5] T. Hosokawa, M. Takano, S.-I. Murahashi, J. Am. Chem. Soc.
1996, 118, 3990 – 3991.

[6] a) V. W. Day, W. G. Klemperer, S. P. Lockledge, D. J. Main, J.
Am. Chem. Soc. 1990, 112, 2031 – 2033; b) B. de Bruin, M. J.
Boerakker, J. J. J. M. Donners, B. E. C. Christiaans, P. P. J. Schle-
bos, R. de Gelder, J. M. M. Smits, A. L. Spek, Angew. Chem.
1997, 109, 2153 – 2157; Angew. Chem. Int. Ed. Engl. 1997, 36,
2064 – 2067; c) B. de Bruin, J. A. Brands, J. J. J. M. Donners,
M. P. J. Donners, R. de Gelder, J. M. M. Smits, A. W. Gal, A. L.
Spek, Chem. Eur. J. 1999, 5, 2921 – 2936; d) T. C. Flood, M.
Iimura, J. M. Perotti, A. L. Rheingold, T. E. Concolino, Chem.
Commun. 2000, 1681 – 1682; e) B. de Bruin, M. J. Boerakker,
J. A. W. Verhagen, R. de Gelder, A. W. Gal, Chem. Eur. J. 2000,
6, 298 – 312; f) B. de Bruin, J. A. W. Verhagen, C. H. J. Schouten,
A. W. Gal, D. Feichtinger, D. A. Plattner, Chem. Eur. J. 2001, 7,
416 – 422.

[7] a) M. Haruta, Gold Bull. 2004, 37, 27 – 36; b) G. C. Bond, D. T.
Thompson, Gold Bull. 2000, 33, 41 – 50; c) H. H. Kung, M. C.

Scheme 2. Proposed reaction pathways for the formation of 3, 4, and oxy-
genated organic products 6–11: A) in MeCN/H2O and B) in MeCN. I and II are
supposed intermediates.

Communications

6894 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6892 –6895

http://www.angewandte.org


Kung, C. K. Costello, J. Catal. 2003, 216, 425 – 432; d) J. R.
Monnier, Appl. Catal. A 2001, 221, 73 – 91.

[8] A. K. Sinha, S. Seelan, S. Tsubota, M. Haruta, Angew. Chem.
2004, 116, 1572 – 1574; Angew. Chem. Int. Ed. 2004, 43, 1546 –
1548.

[9] M. A. Cinellu, G. Minghetti, M. V. Pinna, S. Stoccoro, A. Zucca,
M. Manassero, M. Sansoni, J. Chem. Soc. Dalton Trans. 1998,
1735 – 1741.

[10] D. Rais, Dissertation, UniversitP di Sassari, 1998.
[11] M. A. Cinellu, G. Minghetti, S. Stoccoro, A. Zucca, M. Manas-

sero, Chem. Commun. 2004, 1618 – 1619.
[12] Analogous alkene complexes are likewise obtained with other 1-

alkenes, whereas no reaction occurs with linear internal alkenes;
a small amount of an oxygenated gold species is also detected by
1H NMR spectroscopy and FAB-MS of the a-methylstyrene
derivative. Oxygenated organic products were characterized.
Styrene derivatives: phenylacetaldehyde (main product) and
benzaldehyde, reaction in MeCN; phenylacetaldehyde dimethyl
acetal, reaction in MeCN/MeOH; styrene glycol, reaction in
MeCN/H2O. a-Methylstyrene derivatives: acetophenone, reac-
tion in MeCN; 2-phenyl-1,2-propanediol, reaction in MeCN/
H2O; this diol converts almost completely into methylbenzylke-
tone after a prolonged reaction time.

[13] Part of this work was presented in oral form: M. A. Cinellu, F.
Cocco, G. Minghetti, S. Stoccoro, A. Zucca, M. Manassero, III
Euchem Conference on Nitrogen Ligands in Organometallic
Chemistry and Homogeneous Catalysis, Camerino, Italy, Sep-
tember 8 – 12, 2004, O3.

[14] For selected reviews on homogeneous catalysis by gold, see:
a) A. Hoffmann-RQder, N. Krause,Org. Biomol. Chem. , 2005, 3,
387 – 391; b) A. S. K. Hashmi, Gold Bull. 2004, 37, 51 – 65;
c) A. S. K. Hashmi, Gold Bull. 2003, 36, 3 – 9; d) G. Dyker,
Angew. Chem. 2000, 112, 4407 – 4409; Angew. Chem. Int. Ed.
2000, 39, 4237 – 4239; selected examples of alkyne transforma-
tions: e) Y. Fukuda, K. Utimoto, J. Org. Chem. 1991, 56, 3729 –
3731; f) J. H. Teles, S. Brode, M. Chabanas, Angew. Chem. 1998,
110, 1475 – 1478; Angew. Chem. Int. Ed. 1998, 37, 1415 – 1418;
g) A. S. K. Hashmi, T. M. Frost, J. W. Bats, Org. Lett. 2001, 3,
3769 – 3771; h) E. Mizushima, K. Saro, T. Hayashi, M. Tanaka,
Angew. Chem. 2002, 114, 4745 – 4747; Angew. Chem. Int. Ed.
2002, 41, 4563 – 4565; i) R. Casado, M. Contel, M. Laguna, P.
Romero, S. Sanz, J. Am. Chem. Soc. 2003, 125, 11925 – 11935;
j) T. Yao, X. Zhang, R. C. Larock, J. Am. Chem. Soc. 2004, 126,
11164 – 11165; k) A. S. K. Hashmi, J. P. Weyrauch, W. Frey, J. W.
Bats, Org. Lett. 2004, 6, 4391 – 4394; l) V. Mamane, T. Gress, H.
Krause, A. FRrstner, J. Am. Chem. Soc. 2004, 126, 8654 – 8655;
m) A. S. K. Hashmi, P. Sinha, Adv. Synth. Catal. 2004, 346, 432 –
438; n) A. S. K. Hashmi, M. Rudolf, J. P. Weyrauch, M. WQlfle,
W. Frey, J. W. Bats,Angew. Chem. 2005, 117, 2858 – 2861;Angew.
Chem. Int. Ed. 2005, 44, 2798 – 2801; selected examples of alkene
transformations: o) A. S. K. Hashmi, L. Schwarz, J.-H. Choi,
T. M. Frost,Angew. Chem. 2000, 112, 2382 – 2385;Angew. Chem.
Int. Ed. 2000, 39, 2285 – 2288; p) S. Kobayashi, K. Kakumoto, M.
Sugiura, Org. Lett. 2002, 4, 1319 – 1322; q) C.-G. Yang, C. He, J.
Am. Chem. Soc. 2005, 127, 6966 – 6967.

[15] For full experimental data on the synthesis, spectroscopy, and
elemental analysis of complexes 2a–2c, 3a–3d, 4a–4c and for
spectroscopic characterization of organic compounds 6–11 see
Supporting Information.

[16] Crystal data for 3a-PF6: C18H20AuF6N2P, Mr= 606.30 gmol�1,
orthorhombic, space group Pna21 (no. 33), a= 16.480(4), b=
16.662(3), c= 6.911(2) @, V= 1897.7(7) @3.

[17] Crystal data for 4a-PF6: C18H20AuF6N2OP, Mr= 622.30 gmol�1,
triclinic, space group P1̄ (no. 2), a= 6.466(1), b= 8.822(1), c=
17.548(1) @, a= 103.45(1), b= 90.38(1), g= 100.97(1)8, V=

954.4(2) @3, Z= 2, 1calcd= 2.165 gcm�3, T= 150 K, m(MoKa)=
78.4 cm�1, F(000)= 596. Reflections measured 19839, independ-

ent 5795 with Rint= 0.043. Final R2 (F 2, all reflections)= 0.113,
wR2= 0.165, conventional R1= 0.052 for 262 variables. Bruker
SMART CCD area detector, MoKa radiation (l= 0.71073 @), w-
scan mode, qmin= 38, qmax= 268. Structure solved by direct
methods and refined by full-matrix least squares. The program
used to refine the structure was Personal SDP. CCDC-272640
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.

[18] A. A. Zlota, F. Frolow, D. Milstein, J. Am. Chem. Soc. 1990, 112,
6411 – 6413; M. J. Calhorda, A. M. Galv¼o, C. Vnaleroglu, A. A.
Zlota, F. Frolow, D. Milstein, Organometallics 1993, 12, 3316 –
3325; and references therein.

[19] M. A. Cinellu, G. Minghetti, M. V. Pinna, S. Stoccoro, A. Zucca,
M. Manassero, J. Chem. Soc. Dalton Trans. 2000, 1261 – 1265.

[20] M. A. Cinellu, G. Minghetti, S. Stoccoro, A. Zucca, M. Manas-
sero, M. Sansoni, J. Chem. Soc. Dalton Trans. 1996, 4217 – 4225.

[21] 4a-PF6 was isolated in low yield after elaborate workup of the
mixture. 4a-BPh4 which conversely can be obtained in fairly
good yields, is not stable enough in solution for carrying out a
reactivity study.[15]

[22] General trend: 1) high 1a-(PF6)2 conversions (high 3a + 4a
yields) require a long reaction time (at least 15 days) a temper-
ature of 10–15 8C and high nb/1a ratio (20:1–30:1) both in MeCN
and in MeCN/H2O. 2) Under the same preparative conditions
the overall yield (3a + 4a) is only slightly higher in MeCN/
H2O; nevertheless, the 3a/4a ratios are remarkably different:
6.5:1 (averaged) in MeCN and 1.5:1 in MeCN/H2O. 3) Under the
same nb/1a ratio and time conditions higher 4a yields are
obtained from concentrated solutions; the overall yield (3a +

4a) was slightly lower than that from dilute solutions.
[23] Signals of the epoxide could not be detected in the spectrum of

the reaction mixture (CD3CN) as they overlapped with those of
1c, 3c, and 4c.

[24] 1H NMR spectra were recorded soon after workup of the
reaction mixture. Aldehyde signals (CDCl3): 7: 9.64 (d, 2.0 Hz;
2H); 8 or 9 : 9.63 (d, 2.4 Hz; 1H); 9 or 8 : 9.62 ppm (d, 2.4 Hz;
1H). Intensities: 7� (8 + 9); 7� 6 (molar ratio based on CHH-
7 of the epoxide at d= 0.70 ppm).

[25] 1H NMR and GC-MS spectra were compared to those of an
authentic sample prepared according to: S. GQksu, R. Altundas,
Y. SRtbeyaz, Synth. Commun. 2000, 30, 1615 – 1621.

[26] Oxidation of nb with N2O to give 3-methylenecyclopentane
carbaldehyde (and norbornanone) has recently been reported:
E. V. Starokon, K. A. Dubkov, D. E. Babushkin, V. N. Parmon,
G. I. Panov, Adv. Synth. Catal. 2004, 346, 268 – 274. In default of
1H NMR data for these aldehydes, the experimental spectra
have been compared to the simulated ones obtained by
ChemDraw 9.0 (CambridgeSoft).

[27] Complex 3a and 6 also form upon addition of nb and a catalytic
amount (5%) of HBF4·Et2O to 4a ; in this case small amounts of
diols 10 and 11 are formed.

[28] D. Milstein, J. C. Calabrese, J. Am. Chem. Soc. 1982, 104, 3773 –
3774.

Angewandte
Chemie

6895Angew. Chem. Int. Ed. 2005, 44, 6892 –6895 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Hypervalent Iodine

DOI: 10.1002/anie.200502438
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and Thioamides**
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In 1996, Wipf and Venkatraman reported an efficient method
for the synthesis of thiazoles, which involved the cyclo-
condensation of hypervalent 1-alkynyl(phenyl)-l3-iodanes
with thioureas or thioamides.[1] For instance, the reaction of
phenylethynyl(phenyl)(mesylato)-l3-iodane (1a) (X=OMs,
Ms=methanesulfonyl) with thiourea in methanol in the
presence of triethylamine at 0 8C directly afforded 2-amino-4-
phenylthiazole (2 ; R=Ph, R’=NH2) in a good yield
(Scheme 1). 1-Hexynyl-l3-iodane 1b (X=OMs) also pro-

duced the thiazole 2 (R= nBu, R’=NH2 or Ph) by reaction
with thiourea or thiobenzamide. This direct method for the
synthesis of thiazoles based on the cyclocondensation of 1-
alkynyl-l3-iodanes was applied to the synthesis of 2-mercap-
tothiazoles and selenazoles.[2]

The one-step thiazole synthesis developed by Wipf and
Venkatraman is a very useful reaction, as many biologically
active natural products contain thiazole moieties.[3] They
proposed a reaction mechanism that involves a unique [3,3]-
sigmatropic rearrangement of an initially formed 1-alkyn-
yl(iminothio)-l3-iodane 3 through ligand exchange on the
hypervalent iodine. Reductive elimination of the resulting
vinyliodonium ylide 4 generates an a-thioamido alkylidene
carbene 5, which undergoes an intramolecular cyclization to
yield 2,4-disubstituted thiazole 2 (Scheme 2, pathway A).[4]

The more common Michael addition pathway with the initial
formation of an isomeric vinyliodonium ylide 6was discarded,
and it was proposed that this Michael addition pathway would
provide thiazoles 8with an inverse C4,C5-substitution pattern
through successive reductive elimination of iodobenzene and
intramolecular 1,5 N�H insertion of the alkylidene carbene 7
(pathway B).[1]

It occurred to us that a third mechanism (pathway C) that
involved the Michael addition of thio nucleophiles followed
by a 1,2-rearrangement of the iminothio group in the
alkylidene carbene 7, instead of the intramolecular 1,5 N�H
insertion, thus yielding the alkynyl sulfide 9, seems to be a
more attractive alternative. Further intramolecular cycliza-
tion of 9 probably provides 2 selectively. In fact, the 1,2-
rearrangement of sulfenyl groups in alkylidene carbenes is
known to be a facile and very rapid process because of the
excellent migratory aptitude of sulfenyl groups.[5] Further-
more, it has been shown that soft sulfur nucleophiles, such as
thiolates,[6] thiosulfonates,[7] phosphorodithioates,[8] thiocya-
nates,[9] and sulfinates,[10] preferentially undergo Michael
additions towards 1-alkynyl(phenyl)-l3-iodanes. We report
herein some evidence that 9 is a reactive intermediate in the
cyclocondensation of hypervalent 1-alkynyl(phenyl)-l3-
iodanes with thioureas or thioamides and that the thiazole
synthesis probably proceeds through pathway C.

The cyclocondensations of 1-alkynyl(phenyl)-l3-iodanes
with thioureas or thioamides that yield 2 were carried out in
the presence of a base, such as potassium carbonate or
triethylamine.[1] The reaction course, however, dramatically
changed without a base being present. Thus, when the reaction
of phenylethynyl-l3-iodane 1a (X=OMs) with thiourea
(1 equiv) was carried out in dichloromethane at �78!108C
under nitrogen in the absence of triethylamine, no formation of
2 (R=Ph, R’=NH2) was observed; instead, a hitherto
unknown S-(phenylethynyl)isothiouronium mesylate 9-MsOH
(R=Ph, R’=NH2) was isolated in 82% yield after repeated
decantation with hexane.[11] The IR spectrum of this salt showed
the characteristic peak of the triple bond at 2180 cm�1, as well as
the strong absorption of the iminium group at 1683 and
1662 cm�1, whereas the 13C NMR spectra revealed two peaks of
acetylenic carbon atoms at d=65.8 and 106.6 ppm.

Single crystals of 9-MsOH for X-ray structural analysis
were grown from a mixture of methanol/dichloromethane/
hexane.[12] Figure 1a illustrates a planar S-(1-alkynyl)iso-
thiouronium structure with the sum of the C(9)-centered
bond angles �8C(9) = 359.978. Interestingly, the phenyl and
the isothiouronium groups lie almost on the same plane, with
a dihedral angle of 8.19(3)8.

It should be noted that exposure of S-(phenylethynyl)-
isothiouronium mesylate (9-MsOH) to an aqueous saturated
solution of NaHCO3 at room temperature produced a
moderate yield (51%) of 2-amino-4-phenylthiazole (2)
through an intramolecular 5-endo digonal cyclization. The
same type of intramolecular cyclization in substituted S-
alkynylisothiouronium salts has been reported.[11,13] These
results suggest that methanesulfonic acid generated from l3-
iodane 1a (X=OMs) during the reaction with thiourea
(Scheme 2) probably inhibits the intramolecular cyclization of
9 (R=Ph, R’=NH2) under our conditions by formation of

Scheme 1. Synthesis of thiazoles.
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the 9-MsOH. Treatment with a base regenerates the free
sulfide 9 which undergoes spontaneous cyclization at room
temperature. The isolation and cyclization of 9-MsOH clearly
indicate that this alkynyl sulfide 9 is probably a reactive
intermediate in the one-step 2-aminothiazole synthesis in the
presence of a base, which is compatible with the alkylidene
carbene pathway C.

Comparable results were obtained from the reaction with
thioamides. Reaction of 1-decynyl(tetrafluoroborato)-l3-
iodane (1d)[14] (X=BF4) with thiobenzamide in dichloro-
methane at �78 8C!room temperature afforded a 69:31
mixture of S-(1-decynyl)thiobenzimidonium tetrafluorobo-
rate (9-HBF4; R= n-C8H17, R’=Ph) and 4-octyl-2-phenyl-
thiazolium tetrafluoroborate (2-HBF4; R= n-C8H17, R’=Ph)
quantitatively (as shown by 1H NMR spectroscopic analysis
of a crude reaction mixture). The thioimidonium salt 9-HBF4

is highly labile and tends to undergo intramolecular cycliza-
tion; thus, even the attempted purification of the crude

product by decantation with hexane/
diethyl ether at room temperature
resulted in partial cyclization, and the
ratio of 9-HBF4/2-HBF4 was reversed to
31:69 (91% yield). Treatment with a base
(Na2CO3/H2O) accelerates the cycliza-
tion and gave 4-octyl-2-phenylthiazole
(2)[15] in 93% yield. Reaction of 1-hex-
ynyl-l3-iodane 1b (X=BF4) with thio-
benzamide also afforded a 94:6 mixture
of labile S-(1-hexynyl)thiobenzimido-
nium tetrafluoroborate 9-HBF4 and 4-
butyl-2-phenylthiazolium tetrafluorobo-
rate 2-HBF4 (for each R= nBu, R’=
Ph), which on treatment with a solution
of 5% aqueous Na2CO3 produced 4-
butyl-2-phenylthiazole (2)[1] in a high
yield (87%).

Isolation and full characterization of the labile S-(1-
alkynyl)thiobenzimidonium salts were achieved by reaction
of the more-sterically demanding 3,3-dimethyl-1-butynyl-l3-
iodane 1c (X=BF4) with thiobenzamide, followed by acid-
ification of the reaction mixture with HBF4·Me2O (1 equiv).
This procedure makes the quantitative isolation of S-(3,3-
dimethyl-1-butynyl)thiobenzimidonium tetrafluoroborate (9-
HBF4) as pale-yellow needles possible. Treatment with a base
(Na2CO3/H2O) afforded 4-tert-butyl-2-phenylthiazole (2)[16] in
96% yield.
N,N-Dimethylthiobenzamide seems to be an attractive

nucleophile in the reaction, because the resulting N,N-
dimethylthiobenzimidonium salts cannot undergo the intra-
molecular 5-endo digonal cyclization. In fact, S-(3,3-dimethyl-
1-butynyl)thiobenzimidonium salt 10 was isolated as stable
colorless plates by the reaction of N,N-dimethyl-
thiobenzamide with 3,3-dimethyl-1-butynyl-l3-iodane 1c
(X=BF4) in 98% yield (Scheme 3). The structure of the

Scheme 2. Possible reaction mechanisms.

Figure 1. ORTEP drawing of a) isothiouronium salt 9-MsOH (R=Ph, R’=NH2) and b) thio-
benzimidonium salt 10. Selected interatomic distances [A] and angles [8]: 9-MsOH: C(7)-C(8)
1.193(1), S(1)-C(8) 1.6888(8), S(1)-C(9) 1.7695(7), C(8)-S(1)-C(9) 102.19(4); 10 : C(8)-C(9)
1.187(2), S(1)-C(8) 1.691(2), S(1)-C(1) 1.752(1), C(8)-S(1)-C(1) 101.69(7).
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salt 10 was firmly established by solid-state structure analysis
(Figure 1b).[12]

All of these results indicate that the one-step thiazole
synthesis using 1-alkynyl(phenyl)-l3-iodanes 1 developed by
Wipf and Venkatraman involves the intermediate formation
of the alkynyl sulfides 9 (and/or their salts), probably
produced through the Michael addition of thioureas or
thioamides and 1,2-shift in the alkylidene carbenes 7. This
Michael addition has been well established as the most
common reaction pathway for 1-alkynyl-l3-iodanes with soft
nucleophiles.[17,18]

An alternative mechanism that leads to the formation of 9
involves a tandem ligand exchange and ligand-coupling
process at the iodine(iii) center (Scheme 4). This tandem

process does not, however, seem to take place, as the
attempted reaction of diphenyl-l3-iodane 11 with thiobenza-
mide did not show any evidence of the formation of the
ligand-coupling product 12 and 11 was recovered (95%).
Further evidence against the ligand-coupling mechanism was
reported recently:[19] that is, the reaction of (E)-1-decenyl-
(phenyl)-l3-iodane 13 with thiourea resulted in unusual
vinylic SN2 displacement that yields the inverted (Z)-(S)-
vinylisothiouronium salt 14 stereoselectively in a good yield
(Scheme 4). In this reaction, no formation of the ligand-
coupling product, the (E)-(S)-vinylisothiouronium salt, was
detected.

In conclusion, the isolation and the intramolecular
cyclization of (S)-(1-alkynyl)isothiouronium and (S)-(1-alky-
nyl)thiobenzimidonium salts indicate that these species are
probably involved in the cyclocondensation of hypervalent 1-

alkynyl(phenyl)-l3-iodanes with thioureas or thioamides
yielding thiazoles.
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Magnetic exchange coupling between distant metal centers is
a major topic in the field of magnetochemistry.[1] Although a

great number of covalently linked oligomacrocycles (e.g.
porphyrins or phthalocyanines) have so far been prepared,
only a few such molecules have been tested for the
exploitation of long-range magnetic coupling.[2,3] One diffi-
culty in the use of these metalated macrocycles for magnetic
coupling may be exemplified by the work of Eaton et al., in
which a �J value of only about 0.5 cm�1 was detected for a
face-to-face coplanar bis-CuII diporphyrin with a short center-
to-center distance of around 4.1 ,.[2a] However, suitably
arranged intervening bridges may help magnetic communi-
cation between distant metal centers.[3]

In recent years, we have explored a series of directly
linked diporphyrins, including the meso–meso singly linked
diporphyrin 1,[4a] the meso–b singly linked diporphyrin 2,[4b,e]

the meso–b, b–meso doubly linked diporphyrin 3,[4c,e] and the
meso–meso, b–b, b–b triply linked diporphyrin 4.[4d,e,f] Because
of their direct covalent linkages, these diporphyrins exhibit a
large electronic interaction, which increases in the order 2<
1! 3! 4, as judged from the absorption spectra.[4] In these
diporphyrins, two metal centers that are connected by various
s-bond networks are kept strictly apart due to the center-to-
center distances of 8.34, 8.91, 8.60, and 8.42 , for 1, 2, 3, and 4,
respectively.[5] Herein we report antiferromagnetic coupling
in bis-CuII and bis-AgII complexes of 1–4. It is known that the
unpaired spin of both CuII and AgII porphyrins is localized in
the dx2�y2 orbital, which leads to a situation where the unpaired
electrons can be delocalized into the porphyrinic p-electronic
network only through a s-bond pathway.[6] In this context, the
diporphyrins 1–4 constitute a nice set for systematic studies on
the dependence of antiferromagnetic interactions on a direct
linkage.

The free-base diporphyrins 1–4 were prepared by the
reported methods[4] and metalated with Cu(OAc)2 and
AgOAc to afford 1Cu–4Cu and 1Ag–4Ag, respectively
(Scheme 1). The effective magnetic moments (cT) at 300 K

Scheme 1. Directly linked porphyrins 1M–5M. M: CuII, AgII.

[*] Prof. Dr. T. Kato
Department of Chemistry
Graduate School of Science
Josai University
Sakado 350–0295 (Japan)
Fax: (+81)49-271-7985
E-mail: rik@mail.josai.ac.jp

Dr. T. Ikeue, H. Hata, Dr. N. Aratani, Prof. Dr. H. Shinokubo,
Prof. Dr. A. Osuka
Department of Chemistry
Graduate School of Science
Kyoto University
and
Core Research for Evolutional Science and Technology (CREST)
Japan Science and Technology Agency
Sakyo-ku, Kyoto 606-8502 (Japan)
Fax: (+81)75-753-3970
E-mail: osuka@kuchem.kyoto-u.ac.jp

Dr. K. Furukawa
Institute for Molecular Science
Myodaiji, Okazaki 444-8585 (Japan)

[**] This work was partly supported by Grants-in-Aid from the Ministry
of Education, Culture, Sports, Science, and Technology, Japan (no.
15350022 and 21st Century COE on Kyoto University Alliance for
Chemistry) and by the International Innovation Center of Kyoto
University.

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

Angewandte
Chemie

6899Angew. Chem. Int. Ed. 2005, 44, 6899 –6901 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



were determined to be 0.82–0.87 emuKmol�1 for 1Cu–4Cu,
thus indicating the presence of two magnetically uncoupled
spin doublets (Figure 1a; see also Supporting Information
(SI)). Variable-temperature magnetic susceptibility measure-
ments revealed that the cT values of 1Cu, 2Cu, and 3Cu are
nearly temperature-independent in the range 2–300 K, with
essentially constant values of about 0.8 emuKmol�1.

The mean g values in the EPR spectra of 1Cu, 2Cu, and
3Cu in frozen toluene at 4.0 K were 2.08, 2.13, and 2.13 (see
SI), respectively, which were reproduced as a simple sum of an
isolated CuII porphyrin. In contrast, the cT value of 4Cu was
found to drop sharply at temperatures below 20 K and to
reach a value of 0.34 emuKmol�1 at 2.0 K (Figure 1b). This
temperature dependence is indicative of Curie law behavior
with a weak antiferromagnetic coupling between the two
copper(ii) ions. A least-squares fit with the Bleaney–Bowers
equation gave a �J value of 1.43 cm�1 for 4Cu. In line with
the cTmeasurement, the EPR spectrum of 4Cu at the mean g
value of 2.11 could not be reproduced as a sum of isolated CuII

porphyrins but as two magnetically interacting CuII porphyr-
ins. This means that the spectrum of 4Cu is due to the
thermally populated S= 1 triplet state above the S= 0 ground
state.

The magnetic properties of 1Ag–4Ag were also exam-
ined. In the range 2–300 K, the cT values of 1Ag–3Ag are
temperature independent (ca. 0.8 emuKmol�1; Figure 1a),
thus indicating the presence of two magnetically uncoupled
spin doublets, while the cT values of 4Ag exhibit a sharp drop
below 20 K, reaching a value of 0.09 emuKmol�1 at 2.0 K (see
SI and Figure 1b). The mean g values in the EPR spectra of
1Ag–4Ag in frozen toluene are 2.06, 2.07, 2.06, and 2.06,
respectively. The spectra of 1Ag–3Ag were reproduced as a
simple sum of isolated AgII porphyrins, whereas that of 4Ag
could be reproduced as two magnetically interacting AgII

porphyrins, similarly to the case of 4Cu (see SI). The least-
squares fit with the Bleaney–Bowers equation gave a�J value
of 3.64 cm�1 for 4Ag (Figure 1b).

The marked differences observed between the magnetic
coupling behaviors of 4M and 1M–3M led us to consider the
importance of a b–b bond for effective long-range magnetic
coupling, since such a linkage only exists in 4M. We thus
prepared a new b–b singly linked diporphyrin 5M from a b-
borylated porphyrin precursor.[7] Both bis-metalated com-
plexes 5Cu and 5Ag exhibit long center-to-center distances of
around 9.63 , and the lowest excitonic coupling in the
absorption spectra in the series. Nevertheless, as shown in
Figure 2, both the cT values of 5Cu and 5Ag exhibit

temperature-dependent behavior at low temperature, reach-
ing values of 0.65 and 0.24 emuKmol�1 at 2.0 K, respectively.
The least-squares fit of the cT values with the Bleaney–
Bowers equation provided �J values of 0.55 and 1.73 cm�1,
respectively. These results clearly indicate the critical role of a
direct b–b bond in the long-range antiferromagnetic coupling.

Although excited triplet states are present in 4Cu, 4Ag,
5Cu, and 5Cu, no EPR signal was observed at the half field.
This can be accounted for in terms of a small fine-structure
interaction jD j in the triplet states (see SI) of these
diporphyrins.[8] The jD j value should become smaller with
increasing spin–spin distance. Actually, a simple estimation of
jD j for 4M and 5M led to a prediction that the “forbidden
transition” at the half field is hardly observed in these cases
(see SI); this seems to be a general feature of diporphyrins
with a large center-to-center distance.

The critical importance of a direct b–b bond can be
explained in terms of the spin densities of CuII and AgII

porphyrin monomers, as calculated by the DFT method at
the B3LYP level. The 6-31G* basis set was employed except
for Cu and Ag, for which a basis set consisting of the Stuttgart
effective core potential was used. In both cases, the calcu-
lations confirmed that the unpaired electron in the dx2�y2

Figure 1. Variable-temperature magnetic susceptibility measurements
in the range 2–300 K: a) 3Cu and 3Ag, b) 4Cu and 4Ag. The solid
lines represent the fitting curves based on the Bleaney–Bowers
equation.

Figure 2. Variable-temperature magnetic susceptibility measurements
in the range 2–300 K: a) 5Cu and b) 5Ag. The solid lines represent the
fitting curves based on the Bleaney–Bowers equation.
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orbital develops only at the b position and not at the
meso position (see SI), thus highlighting the importance of a
direct b–b bond. In fact, the calculated singly occupied MOs
(SOMOs; Figure 3) of a model compound for 4Cu, in which

all meso substituents were replaced with hydrogen, indicate
that the spin orbital of the copper porphyrin interacts only
through the b–b bond in the S= 1 state (Figure 3a). In
addition, the DFT calculations support our interpretation of
the EPR measurements, namely that the S= 0 ground state
lies below the S= 1 state.

The antiferromagnetic couplings are larger in the AgII

complexes than in their CuII counterparts. Since the spin
distribution patterns are similar due to the spin location in the
dx2�y2 orbital, the observed difference may be attributed to
different spin densities. The spin density distribution via the s-
contact contribution can be estimated by a 2H NMR method.
Typically, the 2H NMR spectrum of CuII(tpp) exhibits the
pyrrole b-2H signal at around d= 41 ppm as a broad signal,[9]

while the signals of AgII(tpp) are too broad to be detected,
thus indicating that the s-contact contribution is larger for
AgII porphyrin than CuII porphyrin. The fact that 5Ag lies
roughly on the long-range limit predicted by the Coffman–
Buettner equation[10] suggests that the direct b–b bond allows
an effective s-bond pathway for long-range antiferromagnetic
coupling between distal paramagnetic metal ions in porphyr-
ins (see SI).

In conclusion, we have shown that antiferromagnetic
coupling is only effective for 4Cu, 4Ag, 5Cu, and 5Ag, thus
underlining the crucial importance of a direct b–b bond.
However, even in the extensively p-conjugated diporphyrins
4Cu and 4Ag, the long-range antiferromagnetic interaction is
considered to propagate via a b–b s-bond pathway. These
results will be quite useful for further molecular design of
magnetically coupled molecules. The exploration of higher

CuII and AgII porphyrin arrays is an attractive subject that is
actively being pursued in our laboratory.
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We report a rational synthetic approach to novel molecular
and polymeric hybrids containing polyoxometalate (POM)
clusters and transition-metal complexes covalently linked by
an organic p-conjugated bridge. There continues to be
extensive interest in hybrids containing both POMs and
organometallic components.[1–3] The motivation lies not only
in chemists% steady desire to bring different structural units
together but also in the prospect of generating new functional
and multifunctional materials,[4] although the overwhelming
interest in organometallic/POM hybrids has so far been
focused to their catalytic activity.[1, 5] A significant number of
organometallic/POM hybrids have already been reported,
most of which anchor the organometallic component by
either the surface oxygen atoms of POM clusters or active
metal centers incorporated within the POM cluster.[1–5] The
commonly adopted synthetic approach relies on a self-
assembly process in which attachment of the organometallic
component and assembly of the POM cluster occur simulta-
neously.[1–5] Although various other preparation methods
have been reported,[6] one which allows rational design and
predetermination of structure and properties remains elusive.

One fascinating aspect of POM clusters is their structural
diversity, not only in the cluster frame itself but also in the
ways of derivatizing them.[1] Among the many types of
organically functionalized POMs, organoimido derivatives
are particularly interesting.[7] Aside from remarkable stability
of the imido metal–nitrogen linkage, which makes further
structural modification on the cluster-anchored organic

component possible,[8] delocalization of organic p electrons
on the POM cluster may lead to a new class of electronic
hybrid materials.[9] Indeed, we have recently shown that
organoimido derivatives with remote functionality can be
used as building blocks to construct hybrid dumbbells,[10]

charge-transfer hybrids,[11] and polymer hybrids[12] which
have been demonstrated to be photovoltaic materials. Here
we report that the building block approach can be extended to
the preparation of organometallic POMs with predetermined
structures. In particular, we describe the synthesis and optical
properties of the first molecular and polymeric hybrids (3 and
6 in Schemes 1 and 2, respectively) in which POM clusters and
transition-metal complexes are linked by an organic p-
conjugated bridge. Such hybrids were designed to take
advantage of the metal-to-ligand charge-transfer (MLCT)
transitions of transition-metal complexes,[13] the electron-
accepting properties of POM clusters, and the charge-trans-
port properties of p-conjugated systems, to realize systems
with efficient photoinduced charge separation.

Schemes 1 and 2 show the structures and syntheses of
molecular hybrid 3 and polymeric hybrid 6, respectively.
Polyoxometalate clusters functionalized with one or two iodo
functional groups (1 and 4, respectively) were prepared
according to previously reported procedures.[14, 15] Pd-cata-
lyzed coupling of 4’-ethynyl-2,2’,6’,2’’-terpyridine with 1 and 4
yielded terpyridine-functionalized clusters 2 and 5, respec-
tively. The crystal structure of hybrid 2 was communicated
previously.[16] Hybrid 5 was characterized by 1H NMR spec-
troscopy (see Experimental Section), electrospray ionization
mass spectrometry (ESI-MS), and X-ray single-crystal dif-
fraction.

The mass spectrum of 5 shows isotopic clusters centered at
m/z 853.05 (100), 1707.73 (9), and 1953.09 (3%). These signals
can be assigned to the cluster anion M2� (M=

[Mo6O17N8C58H52], calcd m/z : 854.36), M2�+H+ (calcd m/z :
1709.72), and M2�+Bu4N

+ (calcd m/z : 1952.17), respectively,
consistent with its structure.

Hybrid 5 crystallizes in the triclinic space group P1̄[17] with
two formula units per asymmetric unit of the cell. The anions
of the two formula units adopt rather different configurations
(Figure 1). Most notable are the different dihedral angles
between one terpyridine system (2-3-4) and the adjacent
phenyl ring (ring 1). In configuration a, the dihedral angle
between rings 1 and 2 is only 19.78, while the corresponding
two rings are nearly perpendicular to each other in config-
uration b.

Coordination of hybrids 2 and 5 with Fe2+ was carried out
in acetonitrile or dimethyl sulfoxide (DMSO) at room
temperature. 1H NMR titration (see Supporting Information
(SI) for details) indicates that the terpyridine ligand in 2
almost completely coordinates with Fe2+ to form Fe2+

bis(terpyridine) complex when 0.5 equiv of Fe2+ (vs 2) is
added. Further addition of Fe2+ does not result in the
dissociation of the bis(terpyridine) complex; this indicates a
high kinetic barrier and thus kinetic inertness of [Fe(tpy)2]

2+

complexes.[18] Hybrid 3, however, has a net �2 charge. Excess
Fe2+ can replace Bu4N

+ and form ion pairs with 3. Indeed,
when an excess of FeCl2 (10 equiv) was added to a solution of
2 in acetonitrile, a green precipitate immediately formed,
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whose 1H NMR spectrum shows no proton signals of Bu4N
+

(see the Supporting Information). A UV/Vis titration experi-
ment (see the Supporting Information) also points to the
formation of 3-Fe2+ ion pairs when an excess of Fe2+ is added.
These results indicate that, to form 3 with Bu4N

+ as the
counterion, the appropriate ratio of Fe2+/2 is 1:2.

Hybrid 3 with the Bu4N
+ counterion is soluble in dimethyl

formamide (DMF) and DMSO. Its structure was confirmed
by 1H NMR and ESI-MS measurements. As shown in
Figure 2, both hybrids 2 and 3 show nearly identical signals
in the region of chemical shifts between 0 and 4 ppm, where
protons in the Bu4N

+ counterion (labeled a, b, c, d) and the
benzyl methyl protons (proton 8) appear. The cluster-bound
aryl protons (proton 7) also exhibit similar chemical shifts.
Protons in the terpyridine ligands, however, show drastic
changes in chemical shifts after Fe2+–terpyridine coordina-
tion. By comparison with the 1H NMR spectrum of Fe2+–
bis(terpyridine) model complex 7, one can clearly identify the
similarity in the aromatic region between 3 and 7, assign all
signals accordingly, and thus unambiguously confirm Fe2+–
terpyridine complexation. The lack of signals corresponding
to free terpyridine ligands in the 1H NMR spectrum of 3
indicates rather complete coordination. The integration ratio
of signals associated with the hybrid anion versus those
corresponding to the counterion also offers useful structural
information. For example, the integration ratios of signal 3’
over b are 1:7.76 for 2 and 1:3.82 for 3, that is, one Fe2+ ion

Scheme 1. Synthesis of a molecular hybrid containing POM clusters and a transition-metal complex linked by a conducting bridge.

Figure 1. ORTEP representation for the two anion configurations in
hybrid 5. Selected dihedral angles [8]: I–II, 25.1 (a), 25.6 (b); II–III, 18.8
(a), 17.2 (b); II–IV, 6.7 (a), 16.8 (b); 1–2, 19.7 (a), 81.6 (b); 2–3, 3.8
(a), 6.4 (b); 2–4, 35.2 (a), 33.6 (b).

Scheme 2. Synthesis of a polymer hybrid by metal–ligand coordination.
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indeed binds to two terpyridyl ligands (the theoretical ratios
of 3’ over b for 2 and 3 are 1:8 and 1:4, respectively).

The structure of 3 is also confirmed by ESI-MS measure-
ments. The ESI mass spectrum of hybrid 3 shows two major
isotopic clusters centered at m/z 1265 and 1239.2. The first
signal can be assigned to the cluster anion M2� of 3 (M2�=

[Mo12O36N8C50H36Fe]2�, calcd m/z : 1266.0), while the second
is attributed to hybrid 2 ([2]2�+H+, [Mo6O18N4C25H19]

� , calcd
m/z : 1239.1). The relative intensity of these two signals
depends strongly on probe potential. Under relatively high
probe potential (15 V), the signal corresponding to free
hybrid ligand 2 dominates (1239.2, 100%; 1265, 55%), while
under low probe potential (8 V), the relative intensity of the
two signals reverses (1239.2, 38%%; 1265, 100%); hence, the
appearance of signals corresponding to noncoordinated
hybrid 2 is due to in-source decomposition of 3. Great efforts
were made to grow single crystals of 3, but all attempts so far
were unsuccessful.

Unlike 3, coordinated hybrid 6 exhibits poor solubility in
common organic solvents. When the coordination of 5 with
FeCl2 is carried out in acetonitrile, the coordinated product
precipitates immediately as a green solid, and the overlying
clear solution becomes colorless. 1H NMR measurements on
the clear solution show no signals for aromatic proton but
only for tetrabutylammonium counterion, indicating that all
starting hybrid 5 has reacted and precipitated. Hybrid 6 does
show slight solubility in DMSO, however. When the coordi-
nation process of hybrid 5 with FeCl2 was carried out in
[D6]DMSO, a green precipitate was again produced. The
color of the solution, however, remained green. After mixing
with FeCl2 for only 20 min, the 1H NMR spectrum of the
solution (see the Supporting Information) shows that the
signals corresponding to free terpyridine ligands have com-
pletely disappeared, that is, all terpyridine ligands have
coordinated with Fe2+. The peaks in the aromatic region
show chemical shifts nearly identical to those of hybrid 3,
further confirming the formation of iron(ii)–bis(terpyridine)
complexes. The overwhelming counterion signals in the
solution indicate that, as coordinated hybrid 6 precipitates
from solution, the tetrabutylammonium counterion remains.

Indeed, the 1H NMR spectrum of 6 (the green precipitate),
obtained after days of data collection due to its poor
solubility, shows no signals attributable to the counterion,
while signals consistent with iron(ii)–bis(terpyridine) complex
can be identified. Note that the lack of free terpyridyl ligands
in 6 may also indicate the formation of cyclic oligomers.

The electronic properties of hybrids 3 and 6 were studied
by UV/Vis absorption measurements. As shown in Figure 3,

terpyridine-anchored clusters 2 and 5 both show a maximum
absorption at 392 nm, which is assigned to the ligand-to-metal
charge-transfer (LMCT) transition associated with Mo�N p

bonding. After coordination with Fe2+, the resulting hybrids 3
and 6 show two new absorption bands, one at 595 nm and the
other at 333 nm. The first band is attributed to MLCT, while
the second is due to the ligand-centered (LC) transition, both
associated with the Fe2+–bis(terpyridine) complex. These
assignments are confirmed by the UV/Vis absorption spec-
trum of model complex 7, which shows two similar absorption
bands. The MLCT bands of 3 and 6 are red-shifted by nearly
40 nm compared to that of 7. The electron-withdrawing
nature of the Mo�N bond lowers the p* orbital of the ligand
and thus decreases the MLCT band gap and results in its
bathochromic shift.[19] The more extended p conjugation of
the ligands in 3 and 6 than in 7 also contributes to the red
shift.[20]

The electrochemical behavior of hybrids 3 and 6 was
studied by cyclic voltammetry. Figure 4 shows the cyclo-
voltammogram of 6, measured on its polymer film, together
with those of 3, model complex 7, and hybrid 2, measured in
DMSO solutions. In the range �2.0–1.5 V (vs Ag/Ag+), 7
shows one metal-localized (Fe2+/Fe3+) reversible oxidation
wave at 0.805 V (DE= 0.11 V) and two ligand-localized
reversible reduction waves at �1.47 V (DE= 0.10 V) and
�1.62 V (DE= 0.10 V).[21] In the same potential range, hybrid
2 exhibits no oxidation process. Besides one semireversible
reduction process at �1.60 V, which can be attributed to the
reduction of the terpyridine ligand, a reversible reduction
wave at a much lower potential of �0.80 V (DE= 0.17 V) is

Figure 2. 1H NMR spectra of 2 and 3. The middle spectrum is the
1H NMR spectrum of 7. All spectra were recorded in [D6]DMSO.

Figure 3. UV/Vis absorption spectra of hybrids 2, 3, 5, 6, and model
Fe2+–bis(terpyridine) complex 7 in DMSO.
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observed. This reduction process is associated with the POM
cluster.[7] Under the same conditions and in the same
potential range, hybrid 3 shows redox waves of both 2 and
7. The observation of the Fe2+/3+ oxidation wave, the POM-
associated reduction wave, and the two ligand-centered
reduction waves once again confirms the structure of 3. For
6, the Fe2+/3+ oxidation wave is still noticeable, and the
reduction peak at �1.12 V is consistent with diimido deriv-
atives of POMs.[7,12]

In conclusion, we have successfully prepared the first
hybrid in which a POM cluster and transition-metal com-
plexes are linked through an extended p-conjugated bridge. A
coordinated POM-containing hybrid polymer is also demon-
strated. The hybrids exhibit low-lying MLCT transitions
associated with the transition-metal complexes and LMCT
transitions located at the cluster/organic Mo�N junction. This
rational building-block approach may be extended to the
preparation of hybrids with other metal ions, particularly
those coordinating with terpyridine ligands at room temper-
ature with large binding constants.

Experimental Section
See the Supporting Information for detailed synthetic procedures of
hybrids 3, 5, and 6, their 1H NMR spectra, 1H NMR titration and UV/
Vis titration of the coordination process of 2 with FeCl2, and ESI-MS
data of 5 and 3.
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Perovskite Hollow-Fiber Membranes for the
Production of Oxygen-Enriched Air**

Haihui Wang,* Steffen Werth, Thomas Schiestel, and
J�rgen Caro

Oxygen-enriched air with 30–50 vol%O2 is used in a number
of industrial processes, for example, in the synthesis of
ammonia, the Claus process, and the regeneration of the
catalyst for the fluid-catalytic-cracking (FCC) process.[1,2]

Another application of O2-enriched air is the most efficient
use of methane in high-temperature furnaces or cement
kilns.[2] There are different methods for producing O2-
enriched air, mainly by mixing air with pure O2 obtained
from a cryogenic technique or pressure swing adsorption
(PSA). However, these techniques require high capital
investment and operational costs. Depending on the O2

concentration and the amount of the O2-enriched air
needed, membrane technology can be competitive. As
organic polymeric hollow-fiber membranes have a separation
factor between 2 and 6, a single-stage membrane permeation
gives an O2 concentration typically of the order of 30–
50 vol% under a pressure difference of about 10 bar.[3]

Although higher O2 concentration and permeability can be
achieved by increasing the feed flow rate, by reducing the
membrane thickness, or by increasing the pressure difference,
these actions increase the separation costs. Furthermore, the
organic polymeric membrane cannot be used for the recovery
of heat from exhaust gas in high-temperature processes.

Herein we propose a new technique to produce O2-
enriched air by using a mixed-ion and electron-conducting
(MIEC) perovskite membrane. The basic idea is shown in
Figure 1. At elevated temperatures, under a slight difference
in air pressure (1–2 bar) O2 can be transported through a
MIEC perovskite membrane in the form of oxygen ions from

the side of high air pressure to the side of low air pressure.
Simultaneously, electrons are transported in the opposite
direction to maintain electric neutrality. The permeated O2

increases the O2 concentration to typically 30–50 vol% in the
sweep air that forms the O2-enriched air on the low-pressure
side. Therefore, the perovskite membrane combines the
in situ O2 supply with permeated O2 and air in one unit thus
simplifying the process of O2 enrichment and reducing the
operational and capital costs.

The obvious advantage of using perovskite membranes is
their 100% selectivity for O2. Usually, polymeric membranes
also transport noble or inert gases such as Ar or CO2, which
can be disadvantageous depending on the process. Synthesis
gas for ammonia production, for example, is prepared at a
pressure level of about 30 bar and afterwards compressed to a
pressure of typically 170–190 bar. Any inert gases contained
within the synthesis gas are also compressed to a higher
pressure and fed into the synthesis loop. This in turn increases
the energy expenditure for compression, the necessary loop
volume, and the purge flow used to get rid of the inert
components in the synthesis loop.

Moreover, compared with hollow-fiber membranes made
from organic polymers, the perovskite hollow-fiber mem-
brane requires a lower pressure difference (1–2 bar) across
the membrane and can work at elevated temperatures, thus
allowing high-temperature heat exchange. O2-enriched air is
used mostly in high-temperature oxidation processes such as
in the generation of synthesis gas for ammonia production in
which O2-enriched air is used to run a secondary reformer
typically operated at 1000 to 1100 8C. Therefore, in this
process the temperature required to operate the perovskite
hollow fiber is already available and can be used by heat
exchange. Furthermore, the heat used for the O2 enrichment
is not consumed, for example, in an endothermic reaction and
can be regained by heat exchange with the product streams
that leave the O2-permeation-membrane module. A similar
setup may also apply to other applications for O2 enrichment
with perovskite membranes, for example, the temperature
increase of firing systems in power plants or industrial
furnaces.

The perovskite of composition BaCoxFeyZrzO3�d (BCFZ;
x+y+z= 1.0) is a novel O2-permeable membrane with high
O2 permeation fluxes and excellent thermal and mechanical
stability.[4, 5] BCFZ was used in a hollow-fiber configuration as

Figure 1. O2 enrichment with perovskite mixed-conducting mem-
branes.
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the membrane, which showed an O2 permeation flux of
6.5 cm3min�1 cm�2 at 875 8C.[6] This flux is higher than those of
Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF)[7] and La1�xSrxCo1�yFeyO3�d
(LSCF)[8] hollow-fiber membranes under similar conditions
with a nonreactive sweep gas. The preparation and character-
ization of the hollow-fiber membrane was recently reported.[6]

The performance of perovskite membranes for O2 enrich-
ment can be characterized by the O2 permeation rate, the
production rate of O2-enriched air, and the O2 concentration
on the permeate side. The force that drives O2 transport
through perovskite membranes is the gradient of the chemical
potential, that is, the difference between the O2 partial
pressures across the perovskite membranes. Instead of
separating O2 by using inert sweep gases, it is possible to
obtain O2-enriched air by using air as the sweep gas and
applying a difference in air pressure as the driving force as
shown in Figure 2. When the difference in air pressure

increases from 0.5 to 3.0 bar, the O2 concentration on the
permeate side almost doubles from 30 to 55 vol%, and the O2

permeation rates rise from 0.5 to 2.2 cm3min�1 cm�2. Accord-
ingly, the production rate of O2-enriched air increases from
3.3 to 5.0 cm3min�1 cm�2. Silicone rubber—the polymeric
membrane used most often commercially—with a thickness
of 25 mm shows an O2 permeation flux of about
0.11 cm3min�1 cm�2bar�1 with an O2 concentration of
35 vol% under a pressure difference of 9.0 bar.[9] However,
the perovskite hollow-fiber membrane with a thickness of
around 180 mm can give an O2 concentration higher than
38 vol% with a production rate of 3.7 cm3min�1 cm�2 by
applying only a pressure difference of 1.0 bar.

Figure 3 shows the influence of the temperature on O2

enrichment under a fixed pressure difference of 1.5 bar. As
expected, the O2 permeation rate increases with rising
temperature, which leads to an increase in both the produc-
tion rate of the O2-enriched air and the O2 concentration in
the effluent air. Figure 4 shows how the rate of air flow on the
permeate side affects the production of O2-enriched air at a
constant pressure difference of 1.5 bar at 875 8C. It was
previously found that the O2 permeation flux increases with

raising the rate of He flow when He was fed to the permeate
side as the sweep gas.[10] The reason for this increase is that the
partial pressure of O2 on the permeate side decreases with an
increase in He flow.[10] As shown in Figure 4, the O2

concentration decreases sharply when the air flow on the
permeate side increases. This decrease leads to an increase in
the rate of O2 permeation when the air flow on the permeate
side rises. Accordingly, the rate of production of O2-enriched
air increases. An air flow of about 22 cm3min�1 on the
permeate side gives a good compromise between the O2

concentration (� 35 vol%) and the rate of production of
O2-enriched air (7.5 cm

3min�1 cm�2).
Teraoka et al.[11,12] first reported O2 permeability through

perovskite membranes based on La1�xAxCo1�yFeyO3�d. Since
then, there have been numerous reports on perovskite
membranes.[13–17] An attractive goal is the integration of
perovskite membranes and the partial oxidation of methane
(POM) to synthesis gas into a single reactor. Although a lot of
effort has been made to apply perovskite membranes to an
industrial POM process,[18,19] so far there are no plants using
this methodology. The formidable problem for this technol-
ogy lies in the poor stability of the perovskite membranes at
elevated temperatures under a reducing atmosphere (e.g., a

Figure 2. Influence of the pressure difference on the production of O2-
enriched air. Air flow rate: feed side=100 cm3min�1; permeate
side=10 cm3min�1, membrane surface area=3.50 cm2, T=950 8C.

Figure 3. Influence of the temperature on the production of O2-
enriched air. Air flow rates: Feed side=100 cm3min�1; permeate
side=10 cm3min�1, membrane surface area=3.50 cm2, pressure dif-
ference=1.5 bar.

Figure 4. Influence of the air flow rate at the permeate side on the
production of O2-enriched air. Air flow rate: feed side=100 cm3min�1;
permeate side=10–40 cm3min�1, membrane surface area=3.50 cm2,
T=875 8C, pressure difference=1.5 bar.
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mixture of hydrogen and carbon monoxide).[20] A further
problem is the poor operational safety of such systems. In the
event of a membrane leak, air, methane, and synthesis gas
would mix at 800 8C, thus causing serious trouble if not
handled properly. However, these stability and operational-
safety problems are avoided in the above-proposed O2-
enrichment process because both sides of the perovskite
membranes are exposed to an oxidizing atmosphere (air).

As expected, the perovskite membranes exhibit excellent
stability (Figure 5). A perovskite membrane operated steadily

for more than 800 h at 875 8C under a constant pressure
difference of 1.5 bar. During this operation, the O2 concen-
tration in the O2-enriched air reached around 42 vol% with
an O2 permeation rate of about 1.0 cm

3min�1 cm�2 and an O2-
enriched air production rate of about 4.0 cm3min�1 cm�2. It
should be pointed out that although we had to stop the test,
the perovskite membrane was still working after 800 h. XRD
and element maps obtained from scanning electron micro-
scopy–energy-dispersive X-ray spectra (SEM–EDX) of the
spent hollow-fiber membrane show no structural change and
no significant element segregation (see Supporting Informa-
tion).

In summary, the results presented here demonstrate the
possibility of applying perovskite membranes to high-temper-
ature O2 enrichment. The O2 concentration reached around
35 vol% with a production rate of 7.5 cm3min�1 cm�2 of O2-
enriched air at 875 8C under a pressure difference of 1.5 bar.
The O2 concentration and the rate of production can be
adjusted by controlling the temperature, air pressure differ-
ence, and gas flow rates. It is important to note that hollow-
fiber membranes can give very high values of the membrane
area per unit volume (up to 5.000 m2 per m3 of permeator;
based on the densest packing of fibers with outer diameters of
0.75 mm). Economic goals such as a price of well below
1000 E per m2 of membrane area can be also met by using this
perovskite membrane. We estimate that 700 tons of O2-
enriched air (35 vol%) can be produced per day in a
permeator volume of about 1 m3. The long-term stability
found in our experiments indicates that perovskite mem-

branes have the potential to replace the current O2-enrich-
ment systems for high-temperature applications because they
can integrate O2 separation and mixing in one application.

Experimental Section
BCFZ was obtained by simple hydrolysis of Ba, Co, Fe, and Zr
nitrates in a solution of ammonium hydroxide. It was then mixed with
a solution of polysulfone in N-methylpyrrolidone and ball-milled for
16 h. The resulting slurry was spun through a spinneret and the green
BCFZ perovskite fiber, thus obtained, was cut into 0.5-m pieces
before being sintered above 1200 8C. On sintering, the length shrank
to 0.33 m and the outer diameter went from around 1.75 mm to
around 0.90 mm.

O2-enrichment experiments were carried out in a high-temper-
ature permeator (Figure 6). The two ends of the hollow-fiber

membrane were sealed by two silicone rubber rings. Preheated air
(100 cm3min�1) was fed into the shell side and different air pressures
were obtained by adjusting the needle valve on the air outlet. The air
pressures on the shell side were between 1.5 and 4.0 bar. Preheated air
(10–40 cm3min�1) was fed to the core side and the air pressure was
fixed at 1.0 bar. Due to the difference in air pressure between the shell
side and the core side, the O2 on the shell side permeates through the
hollow-fiber membrane to the core side and mixes with air to form
O2-enriched air. The rate of O2 permeation, JO2

(cm3min�1 cm�2), can
be calculated with Equation (1) in which Fair,inlet (cm

3min�1) is the rate

JO2 ¼
Fair,inlet ðCO2

�20:9Þ
S ð100�CO2 Þ

ð1Þ

of air flow at the inlet of the core side; CO2
(vol%) is the O2

concentration at the outlet of the core side, which can be determined
by GC; S (cm2) is the effective membrane surface area of the hollow
fiber for O2 permeation.

The O2-enriched air production rate, ROEA (cm
3min�1 cm�2), is

defined in Equation (2) in which Foutlet (cm
3min�1) is the flow rate at

ROEA ¼
Foutlet
S

ð2Þ

the outlet of the core side, which can be measured by soap film meter.

Received: June 2, 2005
Published online: October 5, 2005
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Figure 5. Long-term stability of perovskite hollow fibers for the produc-
tion of O2-enriched air. Air flow rate: feed side=100 cm3min�1;
permeate side=10 cm3min�1, membrane surface area=3.50 cm2,
pressure difference=1.5 bar, T=875 8C.

Figure 6. Scheme of the permeator for the O2 enrichment at high
temperatures.
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Allosteric-Controlled Metal Specificity of a
Ditopic Ligand**
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Craig R. Rice,* and Martina Whitehead

There are numerous examples in the field of metallosupra-
molecular chemistry that demonstrate that careful design of
ligands can produce species that are selective to certain metal
ions.[1] For example, Lehn et al. demonstrated that a mixture
of two ligands that contain three bipyridine units and are
linked either by aliphatic or ether units form only homonu-
clear and homoleptic trinuclear double and triple helicates
upon reaction with Cu+ and Ni2+ ions, respectively.[2] Another
approach to enhance metal specificity is to introduce discrete
binding domains within a ligand strand such that each domain
is specific to a particular metal ion.[3] However, when using
the latter strategies, the information contained within the
ligand system, that is, its “programming”, is finalized at the
synthetic stage and cannot be altered thereafter. Herein, we
describe a ditopic ligand L1, whose selectivity for different
transition-metal ions can effectively be “reprogrammed” by
the addition of the larger s-block-metal ions to the crown
ether moiety. This approach is related to the allosteric effect
demonstrated by Rebek et al., in which the ability of a crown
ether to coordinate Group 1 metal ions is influenced by
coordination of a remote bipyridine coordination domain.[4]

In this case, however, the reverse occurs as coordination of
the crown ether unit controls the ability of a remote nitrogen-
donor unit to act as either a tetradentate or bisbidentate
domain. Other reprogrammable systems have been shown to
control the formation of helicates[5] and modulate their pitch
length.[6]

The reaction of L1 (Scheme 1) with an equimolar amount
of [Cu(MeCN)4]PF6 in MeCN gave a dark-red solution, and
ESI-mass-spectrometric analysis showed the formation of a
dinuclear double helicate with an ion at m/z 1497 consistent
with {[Cu2(L

1)2](PF6)}
+. In addition, the crown ether moiety
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can coordinate barium ions as the reaction of this copper-
containing helicate with excess Ba(ClO4)2 gives rise to ions in
the ESI mass spectrum of m/z 1788 and 2124, which corre-
spond to {[Cu2(L

1)2Ba](ClO4)3}
+ and {[Cu2(L

1)2Ba2](ClO4)5}
+,

respectively. The formation of the complex [Cu2(L
1)2Ba2-

(H2O)](ClO4)6·2MeCN·0.5Et2O has been established by a
single-crystal X-ray diffraction study (Figure 1).[7] In the solid

state, the ligand splits into two bisbidentate binding domains
with two Cui ions coordinated by two bridging ligands in a
double helicate arrangement with an average interdomain
torsion angle of 108.98 (N-C-C-N). Each of the Cui centers has
a distorted-tetrahedral geometry formed by coordination of
one bidentate pyridyl–thiazole nitrogen-donor unit from each
ligand (Cu�N: 1.985(7)–2.158(8) D). Furthermore, both of
the crown ether units coordinate to barium ions (O�BaO(crown

ether): 2.760(8)–2.978(12) D), with the longest bonds arising
from coordination of the “benzylic” oxygen atoms (Ba�
O(methylene): 2.791(9)–2.978(12) D).

The 1H NMR spectrum of [Cu2(L
1)2]

2+ in CD3CN shows
three aromatic signals for the pyridyl–thiazole moiety, con-

sistent with a highly symmetrical double helicate complex in
which all four of the thiazole–pyridyl fragments are chemi-
cally equivalent (Figure 2a). The two doublets ascribed to the
pyridyl protons show a characteristic upfield shift that arises

because these protons are shielded by the aromatic-ring
currents of a thiazole moiety in the adjacent ligand strand. In
addition, the diastereotopic “benzylic” -CH2O- protons give
rise to two comparatively upfield doublets. The addition of
barium ions affords a similar 1H NMR spectrum, in which the
“benzylic” -CH2O- protons show a characteristic downfield
shift because of the coordination of the electronegative
Ba2+ ions in the crown ether cavities (Figure 3a).

Reaction of L1 with an equimolar amount of [Zn(H2O)6]-
(ClO4)2 in MeCN gave a pale-yellow solution, and ESI-MS
analysis showed an ion of m/z 776 consistent with the
formation of the mononuclear {[Zn(L1)](ClO4)}

+ complex.
The 1H NMR spectrum of [Zn(L1)]2+ in CD3CN (Figure 2c)
shows more deshielded pyridyl proton resonances than the Cu

Scheme 1. Conditions: a) penta(ethylene glycol) di-para-toluenesulfo-
nate, DMF, NaH (60/45%); b)mCPBA, CH2Cl2 (70%); c) TMSCN,
PhCOCl, CH2Cl2 (83%); d) H2S, Et3N, EtOH (90%); e) chloroacetone,
EtOH (76%). DMF=dimethylformamide, mCPBA=meta-chloroperoxy-
benzoic acid , TMSCN= trimethylsilyl cyanide.

Figure 1. Crystal structure of the complex cation in [Cu2(L
1)2Ba2]-

(ClO4)6·2MeCN·0.5Et2O.

Figure 2. Selected regions of the 1H NMR spectra (CD3CN) of
a) [Cu2(L

1)2]
2+, b) L1+Cu++Zn2+, and c) [Zn(L1)]2+.

Figure 3. Selected regions of the 1H NMR spectra (CD3CN) of
a) [Cu2(L

1)2]
2++excess Ba2+ ions, b) L1+Cu++Zn2++excess

Ba2+ ions, c) L1+Cu++Zn2++excess Sr2+ ions, and d) [Zn(L1)]2++ex-
cess Ba2+ ions.
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helicate [Cu2(L
1)2]

2+, thus reflecting an absence of the
aromatic shielding caused by interstrand p stacking of the
ligands in the latter complex. In addition, the “benzylic”
-CH2O- protons appear as a broad singlet, which indicates
that rapid conformational movement about the bipyridyl
backbone occurs on the NMR timescale, thus rendering these
methylene protons chemically equivalent. Upon addition of
Ba(ClO4)2 to [Zn(L1)]2+, an ion of m/z 1112 that corresponds
to {[Zn(L1)Ba](ClO4)3}

+ is observed in the ESI mass spec-
trum, thus indicating that a Ba2+ ion is again coordinated in
the host cavity of the crown ether. Consistent with this
observation, the 1H NMR spectrum in CD3CN shows small
but significant changes as the “benzylic” -CH2O- protons
resolve into two doublets on addition of Ba2+ ions (Fig-
ure 3d). This change could be ascribed to the restricted
conformational mobility induced by coordination of a
Ba2+ ion into the crown host cavity. Treatment of [Zn(L1)]2+

with excess Ba(ClO4)2 followed by crystallization afforded
the complex [Zn(L1)Ba(H2O)2](ClO4)4·MeCN·0.5Et2O·
0.75H2O, the structure of which has been established by
single-crystal X-ray diffraction studies.[8] In the solid state, the
ligand coordinates to the equatorial plane of the Zn2+ center
through all four nitrogen-donors, and two water molecules
occupy the axial positions (Figure 4). The ligand is almost

planar and exhibits only a shallow helical twist about the
metal center, which is caused by unfavorable steric inter-
actions between the methylene substituents on the central
bipyridine core (N-C-C-N dihedral angle is approximately
31.08). The arrangement of equatorial nitrogen-donors and
axial water ligands generates a distorted-tetragonal geometry
about the Zn2+ center (Zn�N: 2.178(5)–2.237(6) D; Zn�O:
2.060(5) and 2.095(5) D) similar to the geometry observed by
Baxter et al. for the Znii complex of the analogous crown-free
ligand.[9] The Ba�O separations are distributed over a
narrower range than for [Cu2(L

1)2Ba2]
6+ (Ba�O in

[Zn(L1)Ba]4+: 2.803(4)–2.893(4) D), which is consistent with
the barium ion being located more centrally within the crown
ether in [Zn(L1)Ba]4+ (compare with, the range 2.736–2.875 D
for the Ba�O separations observed in the barium complex of
[18]crown-6).[10]

As the ligand can partition into either tetradentate or
bisbidentate binding domains, we decided to investigate its
specificity towards different metal ions. The reaction of ligand
L1 with [Cu(MeCN)4]PF6 and [Zn(CF3SO3)2] (in the ratio

1:1:1) in CD3CN gave an orange solution whose 1H NMR
spectrum showed six aromatic-proton environments that
correspond to two different L1-containing complexes. Com-
parison of the 1H NMR spectrum of the mixed system with
that of the individual [Cu2(L

1)2]
2+ and [Zn(L1)(H2O)2]

2+

complexes showed that both these species were present in
the ratio 1.5:1 (Figure 2b). This observation is also supported
by the ESI mass spectrum, in which ions are present for both
copper- and zinc-containing species. Upon the addition of
Ba(ClO4)2, the color of the solution became paler and the
1H NMR spectrum revealed new signals for the barium-
containing species [Cu2(L

1)2Ba2]
6+ and [Zn(L1)Ba]4+ in a 1:10

ratio, respectively (Figure 3b). Analysis by ESI MS showed
that ions are present for the mononuclear zinc complex
{[Zn(L1)Ba](ClO4)3}

+, whereas ions that correspond to any
copper-containing complexes were virtually nonexistent.
Interestingly, the addition of excess Sr(ClO4)2 to a stoichio-
metric mixture of L1, [Cu(MeCN)4]PF6, and [Zn(CF3SO3)2]
resulted in virtually total conversion into the zinc-containing
species ([Cu2(L

1)2Sr2]
6+/[Zn(L1)Sr]4+, 1:> 20; Figure 3c).

Thus, upon addition of excess Zn2+ and Cu+ ions, the
ligand can act as either a tetradentate or bisbidentate donor
unit to generate a mixture of the Cui helicate and Znii

mononuclear species. However, upon addition of barium or
strontium ions, the ligand is effectively reprogrammed to act
as a tetradentate donor which is specific to Zn2+ ions.

As with similar systems,[5,6] such control over the ligand
coordination domains may be attributed to one or two effects.
Firstly, an electrostatic effect is plausible given that the copper
helicate will form a 6+ ion [Cu2(L

1)2M2]
6+ in the presence of

excess Ba2+ or Sr2+ ions, whereas the zinc complex
[Zn(L1)M]4+ carries an overall charge of only 4+ . Thus,
electrostatic destabilization of the highly charged helicate
with respect to the mononuclear Zn2+ species results in the
formation of the lesser charged species. However, the change
in specificity could also be attributed to an allosteric effect,
whereby coordination of a guest s-block ion to the crown
ether unit is mechanically coupled to the bipyridine inter-
annular bond in such a way as to impede the necessary
partitioning required for helicate formation. Although
the crystal structure of [Cu2(L

1)2Ba2(H2O)](ClO4)6·
2MeCN·0.5Et2O clearly demonstrates that barium ions can
coordinate to the crown ether region when the ligand is acting
as a bisbidentate donor, careful comparison of the solid-state
structures of the barium-containing helicate species
[Cu2(L

1)2Ba2]
6+ and monozinc(ii) species [Zn(L1)Ba]4+ reveals

that separations between the barium ions and the methylene
oxygen atoms are marginally shorter for the latter (mean Ba�
O(methylene) distances in [Cu2(L

1)2Ba2]
6+: 2.895(2) D;

[Zn(L1)Ba]4+: 2.863(9) D). Tentative extrapolation from
these observations could imply that when acting as a
tetradentate donor (compare with, bisbidentate), there is an
effective contraction of the crown ether unit which serves to
optimize the Ba2+/etherate interactions. If sufficient, the
difference in the binding energies between the barium/crown
ether associations in the respective helicate and monomer
(ligand) conformers could also account for the observed shift
in equilibrium from the dicopper(i) helicate to the zinc(ii)
monomer. The apparent “mutual dependence” of effective

Figure 4. Crystal structure of the complex cation in [Zn(L1)Ba(H2O)2]-
(ClO4)4·MeCN·0.5Et2O·0.75H2O.
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crown ether size and remote binding events has been
previously suggested for related ditopic systems[4] and is
further supported by the observed increase in metal specific-
ity when a smaller Sr2+ ion is employed (compare with,
Ba2+ ions); therefore, the latter suggests that the Sr2+ ion is
more sensitive to the difference in the effective size of the
helicate and the monomer host cavities than the Ba2+ ion.
Barium/strontium ion inclusion into the crown ether host of
L1, thus, appears to influence the conformational preferences
of the nitrogen-donor domains, such that the preferred
coordination mode is tetradentate in the presence of a guest
ion.

Other s-block-metal ions also exert measurable effects:
the addition of Li+ and Na+ ions result in the formation of
equal amounts of copper and zinc complexes, whereas the
zinc complex is again favored ([Cu2(L

1)2K2]
6+/[Zn(L1)K]4+,

1:4) upon addition of K+ ions. Comparison of the effects of
the addition of Ba2+ versus K+ ions shows that, although both
significantly alter the equilibrium composition and favor the
formation of the zinc-containing species, the change in
monomer/helicate ratio is more apparent for Ba2+ ions. In
view of the fact that both ions have similar ionic radii, the
stronger influence of Ba2+ ions must reflect the difference in
ionic charge, thus highlighting the importance of both
electrostatic and allosteric factors in the modification of
ligand specificity.

In conclusion, we have shown that a ditopic system can
change its preference for different transition-metal ions upon
addition of a range of s-block-metal ions at a remote site.
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Carbon�carbon bond-forming reactions are fundamental in
organic synthesis. The a alkylation of enolates derived from
ketones with electrophiles such as alkyl halides is the
conventional method to form C�C bonds.[1] The metal-
catalyzed a alkylation of ketones with alcohols is attracting
much attention because of its critical advantage over the
conventional a-alkylation method, which suffers from prob-
lems with waste salts. Recently, several groups have reported
the use of homogeneous catalysts for the a alkylation of
ketones with alcohols.[2] However, these catalytic systems
often suffer from low yield, low product selectivity, and/or the
need for additives and strong bases. As a related C�C
coupling reaction, Kaneda and co-workers developed an
a alkylation of nitriles with primary alcohols using a Ru-
grafted hydrotalcite as the catalyst.[3] Herein, we report a
heterogeneous and recyclable palladium catalyst, which does
not require ligands or additives, for the a alkylation of
ketones with primary alcohols. Furthermore, our catalyst is
active in the presence of oxygen and can produce enones
selectively under 1 atm O2, whereas ketones are the major
product under argon (Scheme 1).

Recently, we reported a heterogeneous palladium cata-
lyst, Pd/AlO(OH) (1), that is composed of palladium nano-
particles entrapped in aluminum hydroxide[4] and is highly
active for both alkene hydrogenation and aerobic alcohol
oxidation. We envisioned that 1 would be applicable to the

a alkylation of ketones with primary alcohols as it is able to
produce aldehydes from primary alcohols and hydrogenate
intermediate enones formed from the coupling of aldehydes
and ketones in the presence of a base.[2d] In fact, 1,3-
diphenylpropan-1-one was obtained in 97% yield in the
reaction of acetophenone with 1.2 equivalents of benzyl
alcohol in the presence of 1 (0.2 mol% of Pd) and K3PO4

(3 equiv) for 8 h at 80 8C under argon. Notably, the same
reaction under 1 atm O2 produced chalcone in 95% yield
after 20 h.

The reaction conditions were optimized for the alkylation
of acetophenone with benzyl alcohol through variation of the
base, temperature, and solvent. Among the bases tested,
K3PO4 was found to be the best. Strong bases such as KOH,
NaOH, and CaH2 dissolved the aluminum hydroxide matrix,
whereas the alkylation product was not detected in reactions
with weak bases, such as K2HPO4, K2CO3, Na2CO3, and
triethylamine. The reaction rate was affected by the amount
of K3PO4;

[5] thus, three equivalents were needed to complete
the reaction within 8 h at 80 8C. The temperature was also an
important factor for the reaction rate: as the temperature was
raised to 110 8C, the alkylation was completed in 2.5 h. Studies
on the effect of the solvent revealed that toluene is more
effective than trifluorotoluene, n-heptane, 1,4-dioxane, or
water.

The high efficiency of 1 for the coupling of acetophenone
and benzyl alcohol relative to commercially available cata-
lysts and the a-alkylation catalysts reported previously was
shown clearly (Table 1). Low selectivities (< 71%) and yields
(< 55%) of 1,3-diphenylpropan-1-one (2) were observed for
the reactions with commercially available heterogeneous
palladium catalysts (entries 2–4). The reaction with [RuCl2-
(PPh3)3] requires the addition of 1-dodecene to increase the
selectivity.[2c] The production of 1,3-diphenylpropane-1-ol
increases as the amount of benzyl alcohol is increased for
the reactions with [RuCl2(PPh3)3] and [Ru(dmso)4]Cl2
(dmso= dimethyl sulfoxide),[2f] and phosphine ligands were
needed with [{IrCl(cod)}2] (cod= cyclooctadiene).

[2e] The
ruthenium-grafted hydrotalcite is a notable catalyst for
a alkylation in the absence of a base, although a long reaction
time at high temperature is required.[3]

The main advantage of 1, besides its selectivity, is its
recyclability—it can be recovered by filtration or decantation
(Table 2). To the best of our knowledge, 1 is the first
recyclable catalyst for the a alkylation of ketones with
alcohols.[9] When the recovered catalyst was used without
any treatment, the reaction rate decreased considerably
(entry 2), whereas the addition of K3PO4 lead to resumption
of the rate. Therefore, for each successive use, one equivalent
of K3PO4 relative to acetophenone was added. Catalyst 1
retained its activity even during its sixth use, as 2 was
prepared in 96% yield after 20 h.

With suitable reaction conditions established, a series of
ketones and alcohols were employed to investigate the scope
of the reaction (Table 3). Our catalytic system was effective
for a wide combination of ketones and alcohols that produced
the corresponding a-alkylated products under anaerobic
conditions. It was also effective for the selective production
of trans enones under 1 atm O2, although the reaction rates

Scheme 1. Palladium-catalyzed coupling of acetophenone and benzyl
alcohol.

[*] M. S. Kwon, N. Kim, S. H. Seo, I. S. Park, R. K. Cheedrala, Prof. J. Park
Center for Integrated Molecular Systems
Department of Chemistry
Division of Molecular and Life Sciences
Pohang University of Science and Technology (POSTECH)
San 31 Hyoja Dong, Pohang 790-784 (Korea)
Fax: (+82)54-279-3399
E-mail: pjw@postech.ac.kr

[**] This work was supported by the SRC/ERC program of MOST/
KOSEF (R11-2000-070-05003-0).

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

Angewandte
Chemie

6913Angew. Chem. Int. Ed. 2005, 44, 6913 –6915 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



were relatively slow (entries 5, 11, and 13).
The alkylation of 4’-(trifluoromethyl)aceto-
phenone was somewhat less selective, as the
expected ketone was obtained in 87% yield
along with the corresponding alcohol in 6%
yield (entry 6).[6] Indanone was alkylated
successfully at the a-methylene position
(entry 7). Acetophenone was also alkylated
by aliphatic alcohols in high yield (entries 8
and 9). Furthermore, aliphatic ketones were
alkylated by an aliphatic alcohol as well as
by aromatic alcohols in high yields and with
high selectivities (entries 10–15). Alkylation
occurred almost exclusively at the methyl
positions, and the coupling of acetone with
1-butanol produced undecan-6-one in 92%
yield (entry 16). The reactions of aliphatic
primary alcohols were slower than those of

aryl methanol derivatives. In particular, the coupling between
an aliphatic ketone and an aliphatic alcohol required a
reaction time about eight times longer than for the coupling
between aryl methyl ketones and aryl methanol derivatives
(entry 15). A noticeable example is the coupling of 5-
pregnen-3b-ol-20-one with benzyl alcohol,[7] as the secondary
hydroxy group and the C=C bond are compatible with the
coupling conditions (entry 17). Furthermore, the epimeriza-
tion at C17 was negligible.[8]

In summary, we have demonstrated a highly efficient
a alkylation of ketones with primary alcohols by the use of a
recyclable palladium catalyst that is easily prepared from
readily available reagents. We are currently investigating

Table 1: Catalytic activity comparison.[a]

Entry Catalyst Metal [mol%] Base (equiv) T [8C] t [h] Conv. [%][b] Product yield [%][c]

2 3 4

1 1 0.2 K3PO4 (3) 80 8 >99 97 2 0
2 5% Pd/C[d] 0.2 K3PO4 (3) 80 8 78 55 4 10
3 5% Pd/Al2O3

[d] 0.2 K3PO4 (3) 80 8 47 21 2 17
4 5% Pd/BaCO3

[d] 0.2 K3PO4 (3) 80 8 30 11 0 12
5 [RuCl2(PPh3)3] 2.0 KOH (1) 80 20 84 82 2 [e]
6 [Ru(dmso)4]Cl2 2.0 KOH (1) 80 [e] [e] 72 [f ] [e]
7 [{Ir(cod)Cl}2] 1.0 KOH (0.1) 100 4 [e] 86 10 [e]
8 Ru/HT 0.75 none 180 20 85 85 [e] [e]

[a] A solution of acetophenone (1.0 mmol) and benzyl alcohol (1.2 mmol) in toluene (2 mL) was heated
under argon. [b] Conversion of acetophenone. [c] Determined by GC. [d] Commercially available
catalysts. [e] No report. HT=hydrotalcite.

Table 2: Recycling 1 for the coupling of acetophenone and benzyl
alcohol.[a,b]

Use T [8C] t [h] Yield [%][c]

1 80 8 97
2 80 8 30[d]

3 80 8 97
4 80 8 92
5 80 8 87
6 80 20 96

[a] A solution of acetophenone (1.0 mmol) and benzyl alcohol
(1.2 mmol) in toluene (2 mL) was heated at 80 8C in the presence of 1
(0.2 mol% of Pd) under argon. [b] K3PO4 (1 equiv) was added for the
reuse of 1. [c] Determined by GC. [d] Without the addition of K3PO4.

Table 3: a Alkylation of ketones with primary alcohols.[a]

Entry Ketone Alcohol t [h] Product Yield [%][b]

1 2.5 97(92)[c]

2 2.5 96

3 2.5 96

4 2.5 98(90)[c]

5 20[d] 87(80)[c]

6 3 87[e]

7 3 97

8 12[f ] 95(88)[c]
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other one-pot multicatalytic reactions based on the versatile
activity of the palladium catalyst.

Experimental Section
Coupling of acetophenone and benzyl alcohol: Acetophenone
(120 mg, 1.00 mmol), benzyl alcohol (130 mg, 1.20 mmol), 1 (24 mg,
0.2 mol% of Pd), K3PO4 (636 mg, 3.00 mmol), and toluene (2 mL)
were placed in a 20-mL flask under argon at 80 8C for 8 h. The catalyst
was separated by filtration, and the filtrate was purified by column
chromatography (ethyl acetate/hexane 1:9) to give 1,3-diphenylpro-
pan-1-one (193 mg) in 92% yield.[10]
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Table 3: (Continued)

Entry Ketone Alcohol t [h] Product Yield [%][b]

9 14[f ] 95

10 3 97(90)[c]

11 20[d] 85[c]

12 3 97

13 20[d] 82[c]

14 3 98(94)[c]

15 20 94

16 48[f ] 92

17 5 84[c]

[a] A solution of ketone (1.0 mmol) and alcohol (1.2 mmol) in toluene (2 mL) was heated in the presence of 1 (0.2 mol% of Pd) and K3PO4 (3 mmol) at
110 8C under argon. [b] Determined by GC. [c] Yield of isolated product. [d] Under 1 atm O2. [e] 3-Phenyl-1-(4-trifluoromethyl)phenylpropanol was
formed in 6% yield. [f ] Excess 1-butanol (4 mmol) was used.
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Multinuclear manganese complexes have played an impor-
tant role in the search for structural analogues of the active
site of the oxygen-evolving complex (OEC) of photosys-
tem II.[1] However, the discovery of a functional biomimetic
manganese complex that catalyzes the oxidation of water to
dioxygen remains a challenge with enormous scientific
implications. Reported here is the discovery that a dimanga-
nese complex of the ligandN-methyl-N’-carboxymethyl-N,N’-
bis(2-pyridylmethyl)ethane-1,2-diamine (mcbpen�) catalyzes
the oxidation of water by tert-butylhydrogenperoxide
(TBHP) or cerium nitrate to dioxygen. Furthermore, we
have directly measured the evolved O2 concentration in
solution by using the relatively new method of membrane
inlet mass spectrometry (MIMS). The isotopomer distribution
is quantified with this method and shows that the reaction is
highly specific: One oxygen atom in the evolved dioxygen
comes from water, and the other is derived from the oxidant.

It did not escape our attention that a series of dinuclear
manganese complexes of the new pentadentate ligand
mcbpen� ,[2] for which we have identified complexes with the

oxidation states MnII/MnII, MnIII/MnIII, MnIII/MnIV, and MnIV/
MnIV, is highly relevant as a model system for the OEC. Two
molecules of water are coordinated in the stable, crystallo-

graphically characterized [MnII
2(mcbpen)2(H2O)2](ClO4)2 (1-

(ClO4)2). The X-ray crystal structure of 1-(ClO4)2 shows two
seven-coordinate MnII atoms with the carboxylate arms of
mcbpen bridging the metal centers through one of the oxygen
atoms to give a Mn···Mn separation of 4.0914(9) 6 in the
dinuclear structure. Manganese complexes of mcbpen� with a
formal metal oxidation state higher than MnII are unstable,
but have sufficiently long lifetimes in solution for spectro-
scopic (ESR and UV/Vis), spectrometric (ESIMS), and
electrochemical characterization.[2] A plausible precursor for
dioxygen, two oxides in a Mn2O2 rhombus, is present in an
unstable MnIV/MnIV complex [MnIV

2(O)2(mcbpen)2]
2+, which

has been identified in solutions of 1-(ClO4)2 treated with
TBHP in acetonitrile. The present work arose from our efforts
to delineate the decomposition pathway of [MnIV

2(O)2-
(mcbpen)2]

2+: Does this occur through release of O2? In this
scenario, [MnII

2(mcbpen)2(H2O)2]
2+ can be considered a low-

valent complex with a substrate (H2O) coordinated, and
[MnIV

2(O)2(mcbpen)2]
2+ the appropriate higher formal oxi-

dation state species with the product precursors coordinated.
As such, the mcbpen� dinuclear system is unique in man-
ganese chemistry and pertinent to modeling the OEC.

We have now used both a Clark electrode and MIMS[3–6]

to prove that O2 is evolved from aqueous solutions containing
1-(ClO4)2 and two separate chemical oxidants. The complex
catalyzes the oxidation of water. When 1-(ClO4)2 is mixed
with 5–100 equivalents of TBHP in water, the initially pale
solutions turn dark brown and bubbles are observed with the
higher amounts of TBHP. The solutions generally bleach
within 24 h and 1-(ClO4)2 can be reisolated. Figure 1 shows
the profiles of the O2 evolution in the reaction of an aqueous
solution of 1-(ClO4)2 treated with periodic additions of TBHP
(20 equivalents). The evolution of O2 ceases approximately
25 min after each addition, and essentially the same amount
of O2 is repeatedly produced on each addition. The pH value
of the system was 4.75 and did not change during the
experiment. Control experiments in which an aqueous
solution of manganese(ii) perchlorate at the same pH value
is used produces no O2 on addition of 20 or more equivalents
of TBHP. The shape of the traces in the MIMS experiments
indicates evolution of O2 rather than a surge, for example,
from its introduction by the syringe.[7] The fact that there is
little decay in the response to each TBHP addition implies
convincingly that the system is turning over.[8] To date,
evolution of 10–20 equivalents of O2 has been recorded with
no detectable catalyst decomposition or inhibition.

A strength of the MIMS technique is that 18O labeling
experiments can be carried out to investigate the source of the
O atoms in the evolved O2. The 18O16O isotopomer is
produced exclusively when 18O-labeled water (min. 95%
18O) is used. No significant levels of 16O2 and 18O2 are
detected. Thus, one oxygen atom in the O2 evolved in the 1-
(ClO4)2 catalyzed oxidation of water by TBHP is derived from
water. The reaction was carried out in pure water, and the
measuring cell was purged with Ar, so the only other source of
oxygen atoms was the oxidant, TBHP.[9] In these experiments,
the concentration of one substrate, water, is in large excess
(172-fold) of the other substrate TBHP. It is not realistic to
change these ratios such that the reaction stoichiometry might
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be experimentally verified because increasing the oxidant
concentration will give an unreliable measurement, as MIMS,
similar to an O2 electrode, detects only the oxygen dissolved
in the liquid and not the oxygen expelled as bubbles. Thus,
with water as the solvent we were limited to using the
concentrations of the THBP and 1-(ClO4)2 shown in Figure 1
in the quantitative experiments. It is likely that greater yields
are achievable.

On the basis of our earlier characterization of the
transient mononuclear and dinuclear Mniii and dinuclear
MnIV complexes of mcbpen� generated by oxidation of 1-
(ClO4)2 with TBHP in acetonitrile and water (see Supporting

Information and ref. [2]), we propose the speculative reaction
mechanism outlined in Scheme 1. Oxidation of 1-(ClO4)2 with
TBHP cleaves the bridging carboxylate-O ligands of 1[10] and
produces the transient mononuclear hydroxide [MnIII-
(mcbpen)OH]+ (2). ESIMS studies of the reaction in both

D2O and H2
18O clearly show that the oxygen atom in 2 is

derived from water and not the oxidant, as the major ion
generated is [MnIII(mcbpen)OD]+ (m/z 386.5) and [MnIII-
(mcbpen)18OH]+ (m/z 387.3) in D2O and H2

18O, respectively.
The next step in the catalytic cycle is dimerization and
dehydration of 2 to give [MnIII

2(mcbpen)2(O)]2+ (3). The
dehydration in aqueous solution of manganese(iii) and
iron(iii) complexes containing terminal hydroxides to give
dinuclear mono-oxide bridged complexes is well documented.
We have shown that reaction of 1-(ClO4)2 with TBHP in water
and acetonitrile produces the very short lived 3 as verified by
ESIMS and UV/Vis spectroscopy.[2] A facile oxidation of 3 on
the basis of the known instability of such species to oxidation
is expected, and differs from the first oxidation step, in that
the TBHP may in this case act as an oxygen atom donor to
give the dimeric [MnIV

2(O)2(mcbpen)2]
2+ (4). It is likely that

during the 3!4 reaction step the carboxylate arms are
concomitantly displaced to accommodate the two m-oxo
ligands. Thus, an arrangement similar to other, known bis(m-
oxo)-dimanganese complexes of linear N4 bispicen-based[11]

ligands (Mn···Mn= 2.7 6)[12–14] is achieved. The anticipated
facile oxidation of 3 (oxidase activity) can be invoked to
explain the slightly different curve shape in the first evolution
step (the front of the peak shows a spike, which indicates an
initial rapid reduction in O2 concentration). This spike might

Figure 1. Measurement of O2 concentration in an Ar-purged aqueous
solution of 1-(ClO4)2 with TBHP additions followed over time. a) Evo-
lution measured by using a Clark electrode with injections of TBHP
(2.7 mL, 1m) at t=0, 50, and 90 min to 1-(ClO4)2 (0.2 mm,
3.2E10�7 mol) b) Evolution of 16O2 measured by means of MIMS with
injections of TBHP (10 mL, 0.323m, 3.2E10�6 mol) at t=8, 54, 104,
and 169 min to 1-(ClO4)2 (0.5 mm, 1.67E10�7 mol). 18O16O (m/z 34)
and 18O2 (m/z 36) concentrations were followed but are not present in
detectable amounts. The first, second, third, and fourth additions of
TBHP generate 2.52E10�7, 2.9E10�7, 2.58E10�7, and 2.62E10�7 mol
of 16O2 respectively (total: 1.062E10�6 mol 16O2). Note: The relative
concentrations of TBHP and 1-(ClO4)2 in the two experiments are
different, therefore, the measurement scales of the two experiments
cannot be directly compared.

Scheme 1. A speculative mechanism for water oxidation by tBuOOH
catalyzed by 1-(ClO4)2.
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be caused by an initial trace amount of O2 in the solution
which oxidizes 3 in the first cycle.

Spontaneous collapse of 4 followed by release of dioxygen
and coordination of two molecules of water will result in re-
formation of 1 in aqueous solution. We imagine that the
carboxylate arms of mcbpen� are not innocent in the O2-
elimination reaction; by swinging in and recoordinating the
manganese atoms, as depicted in the resonance structures 4
and 5 (Scheme 1), the formation of a bond between the two
oxide bridges might be favored as a Mn�O(Mn) bond at each
Mn atom is displaced. Similar resonance in copper bis(m-oxo)/
m-peroxo systems has been proposed.[15,16] Oxygen release
from the m-peroxo-MnIII

2 complex 5 to give a MnII
2 species

would then ensue. A notable feature of this mechanism is the
involvement of the coordinatively flexible carboxylate arm of
the mcbpen� ligand: Bridging, terminal, and noncoordinated
modes support the various dinuclear and mononuclear
structures proposed, and the oxidation states deduced exper-
imentally, in a chemically logical fashion. This is analogous to
the so-called “carboxylate shift” proposed to be important in
the mechanisms of several non-heme iron enzymes. Of course
any mechanistic proposal is speculative; however, we have
spectroscopic evidence for all the species in Scheme 1 except
5. Furthermore, the species are all chemically reasonable,
comprising water/hydroxo/oxo ligands on metal centers of the
appropriate oxidation state.

The overall reaction for the mechanism proposed in
Scheme 1 including an 18O label is described by Equa-
tion (1).[17]

2 tBuOOHþ 2H2
18O 1-ðClO4Þ2

�����!2 tBuOHþ 18O16OþH2OþH2
18O ð1Þ

Equation (1) simplifies to Equation (2):

2 tBuOOHþH2
18O 1-ðClO4Þ2

�����!2 tBuOHþ 18O16OþH2O ð2Þ

The attempt to establish the source of the O atoms in the
evolved O2 is clearly problematic where a terminal oxidant
containing an O atom is used. We therefore tested (NH4)2-
[Ce(NO3)6] as the oxidant. This CeIV source has been used in
the studies of the oxidation of [(bpy)2(H2O)RuORu(H2O)-
(bpy)2]

4+ (bpy= 2,2’-bipyridine) by Meyer and co-work-
ers[18,19] and recently in the report by Yagi and Narita that
[Mn2O2(terpy)2(H2O)2](NO3)3·6H2O (terpy= 2,2’:6’,2’’-ter-
pyridine) adsorbed onto kaolin clay produces O2 from
water.[20] When (NH4)2[Ce(NO3)6] was used as the oxidant,
the evolution of O2 from water catalyzed by 1-(ClO4)2 was
again detected, however, in lower yields than in the TBHP
reaction. The pH value of the reaction mixture with (NH4)2-
[Ce(NO3)6] drops rapidly to 1 and this is most likely the cause
of the lower yields—at low pH values, the formation of high-
valent oxo-bridged Mn species is not favored. Furthermore,
ligand decoordination caused by competing protonation is
suggested by the ESI mass spectra of reaction mixtures
containing (NH4)2[Ce(NO3)6] which show the presence of the
free ligand mcbpenH2

+ at m/z 315.4 in addition to [Mn2-
(mcbpen)2]

2+ at 368.3 and [MnIII(mcbpen)NO3]
+ at 430.2 (see

Supporting Information). Figure 2 follows the concentration
of the 18O16O isotopomer with time in experiments with

(NH4)2[Ce(NO3)6]. Again, and initially surprisingly, the
18O16O isotopomer is produced exclusively in the 18O labeling
experiments with (NH4)2[Ce(NO3)6].

As the reaction is carried out in 95% H2
18O water, the

only source of one 16O atom is the nitrate[21] anion in the CeIV

salt. Thus, the exclusive production of 18O16O in the reactions
with CeIV as the oxidant can be only explained by the
involvement of nitrate as an O-atom donor.[22] Thus, we
propose that the water oxidation is coupled with both CeIV

and nitrate reduction as shown in Equation (3). Inspection of
the redox potentials of CeIV reduction and nitrite oxidation
indicates any nitrite produced would be rapidly reoxidized to
nitrate in the presence of excess CeIV [Eq. (4)].

2CeIV þ 2H2
18OþNO3

� 1-ðClO4Þ2
�����!

2CeIII þ 18O16OþH2
18Oþ 2Hþ þNO2

�
ð3Þ

2CeIV þH2
18OþNO2

� ! 2CeIII þN18O16O2
� þ 2Hþ ð4Þ

By combining Equations (3) and (4), the overall reaction
for the 1-(ClO4)2 catalyzed oxidation of water, including
labels, by (NH4)2[Ce(NO3)6] is that in Equation (5), which can
be simplified to Equation (6).

4CeIV þ 3H2
18OþNO3

� þNO2
� 1-ðClO4Þ2
�����!

4CeIII þ 18O16OþH2
18Oþ 4Hþ þNO2

� þN18O16O2
�

ð5Þ

4CeIV þ 2H2
18OþNO3

� 1-ðClO4Þ2
�����!4CeIII þ 18O16Oþ 4Hþ þN18O16O2

�

ð6Þ

Aqueous solutions of [Mn2O2(terpy)2(H2O)2]-
(NO3)3·6H2O, (6) have been shown to evolve dioxygen
(without turnover) in the presence of aqueous sodium
hypochlorite[23] and oxone.[24] In the presence of high concen-

Figure 2. Trace of 18O16O evolution over time from a solution contain-
ing 1-(ClO4)2 (2 mm, 7.1E10�7 mol) in 95% H2

18O after injections of
(NH4)2[Ce(NO3)6] (20 mL, 0.6m) in 95% H2

18O at t=2, 25, and 60 min.
Total amounts of evolved oxygen are much lower, and the decrease in
productivity with each addition of oxidant is evident from the
comparison of the curve shape to that of Figure 1b. The evolution of
16O2 (m/z 32) and 18O2 (m/z 36) was under detectable limits.
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trations of oxone (KHS16O5) (100:1 oxone:6) negligible
amounts of labeled dioxygen were formed in the presence
of H2

18O, thus suggesting that oxone was the likely source of
the O atoms in the O2 produced under these conditions.
However, by lowering the ratio of the oxone:6 to 20:1, labeled
dioxygen was detected, with the highest yielding mixtures
containing doubly-labeled 18O2 (12%� 6%), mixed-labeled
18O16O (39%� 15%), and 16O2 (49%� 19%).[24] Solutions of
6 in these reactions decompose rapidly to give permanganate.
These results are in contrast to those we report for the Mn/
mcbpen� system. In neither of the oxidation reactions with
TBHP or CeIV as oxidant and 1-(ClO4)2 as catalyst was
permanganate produced as a decomposition product of the
catalyst; the reaction is highly specific as only one isotopomer
is produced, and there is turnover.

Notably, mcbpen� is mononegative and provides one
carboxylate donor for each Mn ion, which is analogous to the
protein donors for all the Mn atoms of the 3+ 1 OEC
cluster.[25] The flexible carboxylate donor means that dinu-
clear manganese complexes of mcbpen� show the potential to
change between 6 and 7 coordination as needed, depending
on the Mn oxidation state and the presence of exogenous
ligands. The Mn···Mn separations may vary between
4.0914(9) 6 (MnII/MnII) and 2.7 6 (MnIV/MnIV). These fea-
tures are a significant advance in ligand design for an OEC
model and may in fact be crucial to the functionality of this
system. The dinuclear complexes in the proposed catalytic
cycle (Scheme 1) are all plausible intermediates and have
structural precedents with either mcbpen� itself or related
ligand systems. The highly specific and catalytic oxidation of
water catalyzed by 1-(ClO4)2 is a noteworthy advance in the
mimicry of the activity of the OEC.

Experimental Section
All solutions were prepared using doubly deionized water. H2

18O (95
atom%) was purchased from ISOTEC (Sigma Aldrich). All other
chemicals were purchased from Aldrich and used without further
purification. Solutions of tert-butylhydrogenperoxide (TBHP) in
decane (6m) or water (1m and 0.32m) were used. 1-(ClO4)2 was
synthesized as reported previously.[2] Caution! Perchlorate salts of
metal complexes with organic ligands are potentially explosive!

Electrospray Ionization Mass spectra were obtained using a
Finnigan TSQ 700 triple-quadrapole instrument equipped with a
Finnigan API source in nanoelectrospray mode. The oxygen concen-
tration was measured with an MI-730 oxygen electrode from Micro-
electrodes Inc., USA and by means of membrane inlet mass
spectrometry (MIMS). In the MIMS experiment, the sample cell
had a volume of 500 mL and was made of stainless steel. The solution
was stirred with an impeller connected through a stirring shaft to an
electric motor operating at 400 rpm. The sample cell was mounted on
a vacuum flange, and the only separation between the liquid in the
sample cell and the vacuum chamber of a single-quadrapole mass
spectrometer (Balzers QMG 420) was a 51-mm thick silicone
membrane (SIL-TEC Sheeting, Technical products Inc., USA). The
inlet was thermostatically controlled at 30 8C. The concentration of O2

was determined by using the calibration method described by Degn
and Lauritsen.[26]
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Selective Sensing of Zinc Ions with a PARACEST
Contrast Agent**
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Divalent zinc, the second most abundant transition-metal ion
in seawater and in humans, is an essential integral component
of numerous functional proteins involved in a wide range of
physiological systems.[1–4] Zinc ions also bind to many
membrane receptors, transporters, and channels, and modu-
late their activity.[5] Therefore, it is not surprising that zinc
deficiency affects many organs, including the digestive,
immune, and neuronal systems.[4,6, 7] Free ZnII ions are
released from loosely bound metal–protein complexes
found in selected cell types and cell organelles in brain and
other tissues.[8] Various indirect evidence indicates that the
concentration of free ZnII ions ranges from 10�12 to 10�5m in
undifferentiated mammalian cells to approximately 0.3 mm in
hippocampal-nerve synaptic vesicles.[9,10] Understanding the
importance and control of the release of ZnII ions in living
cells will require suitable detection and imaging reagents.[11–13]

In the past two decades, magnetic resonance imaging
(MRI) has grown into one of the most powerful techniques in
diagnostic medicine and biomedical research. One of the first
designs for sensing ZnII ions by MRI was based on a GdIII

complex that showed an approximately 30% decrease in
water relaxivity in the presence of ZnII ions.[14] The ligand in
this complex was prepared by treating diethylenetriamine-
pentaacetic acid (dtpa) bisanhydride with N,N-bis(2-pyridyl-
methyl)ethylenediamine to form a ligand having both a GdIII

site and a ZnII site, which is presumably formed by the four
pyridine donors situated above the water molecule bound to
the GdIII ion. On the basis of recent success at creating
imaging agents that respond to changes in water-exchange
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rates rather than relaxation rates, we decided to test the
hypothesis that a chemical exchange saturation transfer
(CEST) agent may be advantageous for measuring the
levels of free ZnII ions in tissues.[15–18] Here, we report a
first-generation paramagnetic CEST agent, [Eu(dotampy)]
(dotampy= 1,7-bis(N,N-bis(2-pyridylmethyl)aminoethylcar-
bamoylmethyl)-4,10-bis(butylcarbamoylmethyl)-1,4,7,10-tet-
raazacyclododecane, 1), as a novel sensor for ZnII ions.

The CEST profile of [Eu(dotampy)] is typical of a system
exhibiting intermediate to slow water exchange between a
EuIII-bound water species with a resonance at d= 50 ppm and
that of bulk water at d= 0 ppm (Figure 1). Somewhat
surprisingly, addition of ZnII ions to this complex in buffered
solution at pH 7.1 resulted in broadening of the resonances of
both the EuIII-bound water molecule (d= 50 ppm) and the
bulk water (d= 0 ppm), suggestive of more rapid water
exchange. As a result, the most dramatic changes that are
observed in the CEST spectrum upon addition of ZnII ions
occur in the region between these two exchanging water
signals (15–30 ppm). This effect was even more dramatic
when ZnII ions were added to [Eu(dotampy)] at pH 8.0
(Figure 1). In this case, water (or proton) exchange is so fast
that the entire CEST signal at d= 50 ppm disappeared upon
addition of ZnII ions. The sensitivity of CEST to base catalysis
was not anticipated for this system nor was the origin of this
effect immediately apparent. One possibility is that if a ZnII

ion forms a mononuclear complex by coordinating the four
pyridine donors, such binding could introduce “strain” around
the EuIII coordination complex and perhaps alter the geom-
etry of [Eu(dotampy)] from a square-antiprism (SAP)
structure with intermediate-to-slow water exchange to a
twisted-square-antiprism (TSAP) structure with faster water
exchange. A high-resolution 1H NMR spectrum of [Eu-
(dotampy)] shows a single, highly shifted resonance near
d= 25 ppm that is characteristic of the four axial macrocyclic
protons in a SAP coordination geometry (Figure 2) and no
indication of even a small population of a TSAP coordination
isomer.[19–22] Addition of ZnII ions to [Eu(dotampy)] resulted
in a slight shift of this resonance to low field and a broadening
into three or more nearly resolved signals. This result
indicates that [Eu(dotampy)] is less symmetric in the presence
of ZnII ions but, again, no new resonances were present in the
region between d= 12 and 15 ppm, as would be anticipated if

there had been a change in structure from SAP to TSAP.[23]

Thus, the enhanced water-exchange characteristics of the
[Eu(dotampy)]–ZnII adduct cannot be traced to a switch in
the coordination geometry of the complex.

A second possible reason why water (or proton) exchange
is faster in the [Eu(dotampy)]–ZnII adduct is that the ZnII ion
may itself have a coordinated water molecule that is partially
deprotonated at these pH values, thereby positioning a
ZnIIOH species near the EuIII-bound water molecule (a
hypothetical model is illustrated in Scheme 1). Such a species

Figure 1. Top: Z-spectra of 20 mm [Eu(dotampy)] in the absence (gray
line) and in the presence (black line) of 20 mm ZnII ions in 1,4-
piperazinebis(ethanesulfonic acid) (PIPES) buffer (100 mm ; pH 7.1) at
25 8C. Bottom: Z-spectra of 20 mm [Eu(dotampy)] in the absence (gray
line) and in the presence (black line) of 20 mm ZnII ions in 2,4,6-
tris[(dimethylamino)methyl]phenol (DMP) buffer (100 mm ; pH 8.0) at
25 8C. The CEST profiles were collected by using a 2-s frequency-
selective hard pulse (B1=1000 Hz) followed by a non-frequency-
selective 608 read-out hard pulse. Ms=bulk-water magnetization when
a presaturation pulse is applied; Mo=equilibrium magnetization with-
out presaturation.

Figure 2. Low-field portion of a 1H NMR spectrum (400 MHz, 25 8C) of
100 mm [Eu(dotampy)] in the absence (upper) and in the presence
(lower) of 100 mm of ZnII ions at pH 6.95.
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could act to catalyze prototropic exchange between the EuIII-
bound water molecule and the bulk solvent. Other ligand
systems containing two N,N-bis(2-pyridylmethyl)amine (dpa)
units frequently form dinuclear complexes with ZnII ions, in
which each dpa arm provides three nitrogen donors and the
fourth coordination site is occupied by a bridging hydroxide
ion.[24–27] However, all of our data on this system (potentiom-
etry, spectroscopy, and CEST titrations, see below) show that
a mononuclear species is formed between [Eu(dotampy)] and
ZnII ions under all experimental conditions examined.
Molecular modeling studies of the [Eu(dotampy)]–ZnII

adduct suggest that the positions of the tertiary amines on
each side-arm are constrained by the size of bridging {Eu-
(dotam)} moiety and are therefore not likely to be coordi-
nated to the ZnII ion. This would leave only the four pyridyl
nitrogen atoms and perhaps one or two water molecules
available to form a complex with the ZnII ions. Attempts to
isolate crystals of [Eu(dotampy)]–ZnII suitable for X-ray
crystallographic analysis to confirm the structure illustrated in
Scheme 1 have been unsuccessful.

Potentiometric titrations of [Eu(dotampy)] were per-
formed in the absence and presence of ZnII ions to examine
whether either a EuIII- or ZnII-coordinated water molecule
can be titrated over the pH range employed in the CEST
studies (see Supporting Information). In the absence of ZnII

ions, [Eu(dotampy)] displays three stepwise protonation
constants (logKa= 3.60� 0.03, 5.75� 0.03, 11.29� 0.02) over
the usual pH range covered by potentiometry. The logKa

values of 3.60 and 5.75 are consistent with protonations

occurring at the two tertiary nitrogen atoms on the side-arms
whereas the logKa value of 11.29 likely corresponds to
deprotonation of the EuIII-bound water molecule.[28] A fit of
the titration data collected in the presence of a stoichiometric
amount of ZnII ions gave a stability constant of logKst=

7.59� 0.02 for the [Eu(dotampy)]–ZnII adduct. The potentio-
metric data also provided evidence for formation of a ZnIIOH
species above approximately pH 6 which could act as a
catalyst for the exchange of protons between the EuIII-bound
water molecule and the bulk solvent. A similar mechanism
has been proposed for proton catalysis by the appended
phosphonate groups in [Gd(dota-4amp)] (dota-4amp=
1,4,7,10-tetrakis(N-methylphosphate)-1,4,7,10-tetraazacyclo-
dodecane).[29] Spectrophotometric titrations of [Eu-
(dotampy)] at pH 7.1 confirmed this potentiometric binding
model. The absorbance between 225 and 285 nm changed
linearly with an increase in the ZnII concentration up to a
[Eu(dotampy)]/ZnII mole ratio of 1:1, with isosbestic points at
248, 267, and 272 nm, but then remained unchanged with
further increases in ZnII concentration. A Job plot of these
binding data provided further evidence for the formation of a
1:1 complex (see Supporting Information). Finally, additional
support is given by the Z-spectra collected after incremental
additions of ZnII ions at pH 7 (Figure 3); the CESTeffect was

quenched linearly with addition of up to one equivalent of
ZnII ions, but then relatively small changes were observed
upon further increases in the ZnII concentration. This
observation demonstrates that a 1:1 complex is formed both
at 20 mm (the concentrations used to collect the CEST
spectra) and 0.1–2.0 mm (the concentrations used in the
potentiometric and UV/Vis experiments).

To demonstrate that ZnII binding can be sensed in a CEST
imaging experiment, a phantom consisting of four plastic
tubes (i.d. 4 mm), each containing 20 mm [Eu(dotampy)] and
different amounts of ZnII ions, was prepared. Images were
acquired after applying a selective Gaussian-shaped presatu-
ration pulse at d= 50 ppm followed by a spin-echo gradient
imaging sequence. A second image was collected after
presaturation at d= 25 ppm and CEST images were gener-
ated by pixel-by-pixel subtraction of the two SE images. The
image intensities (Figure 4) show a clear gradation that

Scheme 1. Hypothetical structures of [Eu(dotampy)] in the presence
and absence of ZnII ions.

Figure 3. A plot of relative CESTmagnitude versus ZnII concentration
for 20 mm [Eu(dotampy)] in PIPES buffer (100 mm ; pH 7).
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parallels the ZnII concentrations in each sample. To test for
selectivity, CEST images were also collected by replacement
of ZnII ions with either MgII or CaII ions. Those ions could not
be detected by CEST imaging.

Finally, one needs to consider the practical use of this
system for imaging of ZnII ions in a real biological system.
From the CEST results illustrated above, one can estimate
that a minimum of approximately 2 mm agent would be
needed to satisfy the sensitivity limits for detection of ZnII

ions by MRI. Given that the CEST MRI signal would only
detect changes in total ZnII concentration covering the range
from 0.4 to 1.6 mm (as set by the sensitivity limits of MRI) and
that logKst= 7.59� 0.02 for the [Eu(dotampy)]–ZnII system,
one can then estimate that the effective sensitivity range for
this sensor in detecting changes in concentration of “free”
ZnII ions varies from 5 nm to 0.12 mm—a reasonable concen-
tration range for levels of free ZnII ions in tissues. Of course,
the practicality of this detection method remains to be
proven, but the idea—detection of the catalysis of proton
exchange by a nearby coordinated hydroxide group, as
demonstrated in the current ZnII system—serves as an
attractive model for the design other responsive PARACEST
imaging agents.
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Figure 4. Left: CEST images of phantoms containing 20 mm [Eu-
(dotampy)] and either 0, 5, 10, 20 mm ZnII ions. Right: CEST images
of phantoms containing 20 mm [Eu(dotampy)] plus stochiometric
amounts of ZnII, MgII or CaII ions. PIPES (100 mm) was used to buffer
the solution at pH 7.1. A 1 s (left image) or 0.5 s (right image)
frequency-selective Gaussian shaped pulse (B1=1000 Hz) was used to
presaturate the sample prior to applying spin-echo (SE) imaging
pulses. The CEST images represent the intensity difference between
the SE images for saturation at d=50 ppm and d=25 ppm from the
bulk water. Other imaging parameters included: TR/TE 1300 ms/
13 ms, thickness 2 mm, FOV 30J30 mm, data matrix 128J128, 4
dummy scans, each image was the average of 2 scans. TR= repetition
time; TE=echo time; FOV= field of view.
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Enantioconvergent catalysis is a powerful
synthetic method that converts a racemic
stereogenic substrate into an enantiomerically
enriched product with a theoretical yield of
100% in a single operation.[1] Conceptually, a
catalytic system for such a reaction must
achieve a stereomutation[2] or stereoabla-
tion[3,4] of the substrate (or an intermediate),
followed by an enantioselective conversion
into product (Figure 1, compare pathways I

and II). A number of catalytic processes of this type have
been developed, including chemical, enzymatic, and chemo-
enzymatic strategies.[1,2, 4] Racemic compounds that contain
quaternary carbon centers are typically unsuitable substrates
for enantioconvergent catalysis because of the difficulty
associated with C�C bond cleavage in the stereomutative or

stereoablative process.[5,6] Herein, we describe the first
catalytic system for the deracemization of quaternary
carbon stereocenters. Our enantioconvergent method con-
verts racemic a-substituted 2-carboxyallylcyclohexanones
into highly enantioenriched cycloalkanones that bear quater-
nary stereocenters through catalytic asymmetric decarboxy-
lative allylation.

We recently reported the first catalytic asymmetric
allylation methods for the synthesis of 2-alkyl-2-allylcyclo-
alkanones (Scheme 1).[7] These reactions, based on racemic

transformations reported in the early 1980s by Tsuji,[8] use
enol carbonates and silyl enol ethers along with various allyl
carbonates and a Pd0 catalyst supported by a chiral phosphi-
nooxazoline ligand (e.g., 1).[9–11]

To demonstrate the utility of this methodology, we have
started to employ these allylations as the key enantioselective
reaction in multistep syntheses. In one such project, we
required the substituted cyclohexenone 6 (Scheme 2).
Unfortunately, the preparation of the allylation precursor 4
(R=CO2allyl or SiMe3) was hampered by nonselective
enolization of 3 to form inseparable mixtures of 4 and 5,
which resulted in significant amounts of 7 after allylation.

Prompted by the need for better position control in these
synthetic sequences, we sought mechanistically guided alter-
natives to the reactions depicted in Scheme 1. To this end, we
synthesized dideuterated carbonate 8 and trideuterated
carbonate 9. When 8 was subjected to our standard conditions
for allylation, the deuterium label was almost evenly scram-
bled between the termini of the allyl fragment in the product
(Scheme 3a).[12] In a separate crossover experiment, the
reaction of equimolar amounts of carbonates 8 and 9 was
performed under our standard allylation conditions. As
expected, NMR spectroscopic analysis of the product
showed deuterium scrambling between the allyl termini, but
interestingly, mass spectrometric analysis of the product
showed an almost perfect statistical distribution of enolate
and allyl fragment pairs with four possible masses (Sche-
me 3b).[12] Thus, all six possible products were formed in the
reaction including those derived from crossover reactions.
Although the specific details associated with the enantiodis-
crimination remain unclear, we hypothesized that a discrete
achiral ketone enolate (namely, 10) must exist in solution for
some period to explain our observations.[13]

We took this mechanistic insight into account, and so
reasoned that the putative prochiral enolate needed for the

Figure 1. Stereomutative versus stereoablative enantioconvergent cat-
alysis.

Scheme 1. Enantioselective Tsuji allylations. dba=dibenzylideneacetone; TBAT= tetra-
butylammonium difluorotriphenylsilicate; TMS= trimethylsilyl.
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synthesis of 6 (namely, 4 ; R= anion) could be derived through
decarboxylation of a racemic b-ketoester precursor, such as
(� )-12 (Scheme 4).[14] Moreover, this route would solve the
enolization problem outlined above because the position-

selective a-alkylation of ketoester 11 would be facile. We
prepared b-ketoester (� )-12 by acylation and alkylation of
enone 2 to test the reaction (Scheme 4).[15] To our delight,
treatment of (� )-12 with the complex derived from [Pd2-
(dba)3] and (S)-tBu-phox ligand 1 in Et2O exclusively
produced allyl ketone (�)-6 in 73% yield and with 86% ee.
Importantly, b-ketoester 12 remained racemic throughout the
course of the reaction, thus indicating that significant kinetic
resolution of the starting material had not occurred. This

information, coupled with
the product yield of over
50% and high enantiomeric
excess, clearly demonstrates
the enantioconvergent
nature of the system
(Figure 1, pathway II).

With the enantioconver-
gent decarboxylative allyla-
tion of (� )-12 established,
we investigated the scope of
this unusual asymmetric
transformation. In general,
the system is highly tolerant
to an array of functionalities
and substitution patterns
(Tables 1 and 2). A variety
of a-substituted 2-carboxy-
allylcyclohexanones can be
converted into products with
high enantiopurity in excel-
lent yields under the condi-
tions for decarboxylative
allylation (Table 1). The
presence of enolizable func-
tional groups (entries 4 and
5) and b-heteroatom substi-
tution (entry 9) is of partic-
ular note. Furthermore, the
2-fluoro derivative (entry 10)
allows for the high-yielding
synthesis of stereodefined
tertiary fluorides.

In addition to changes at the a position, variation of the
cyclic and allylic portions of the quaternary b-ketoester is
tolerated (Table 2). Examples in which the cyclohexane ring
has been substituted (entries 1–4), unsaturated (entry 5),

appended (entry 6), or
enlarged (entry 7) proceed
to products in high yield and
enantioselectivity. Finally,
substrates with internal
allylic substitution (entries 8
and 9) and a racemic hetero-
cycle (entry 10) also afford
products in excellent yield
and enantioselectivity.

With a general procedure
for enantioconvergent decar-
boxylative allylation in hand

and given our interest in tandem reactions and catalysis,[16] we
designed a substrate that could undergo a double allylation
cascade to afford a product that possesses two all-carbon
quaternary stereocenters. Thus, we prepared (� )-13, a
substrate that contains a reactive enol carbonate and a
latent b-ketoester moiety (Scheme 5).[12] Treatment of (� )-13
under our catalytic asymmetric conditions provided the
double alkylation product in 76% yield as a 4:1 mixture of
C2/meso diastereomers.[17] Gratifyingly, the major diaster-

Scheme 2. Nonselective enol formation. R=anion.

Scheme 3. a) Deuterium-labeling experiment with enol carbonate 8. b) Crossover experiment with deuterium-
labeled enol carbonates 8 and 9.

Scheme 4. b-Ketoester synthesis and enantioconvergent decarboxylative allylation. LDA= lithium diisopropyl-
amide.
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Table 1: Catalytic enantioconvergent decarboxylative allylation of a-substituted 2-carboxyallylcyclohexanones.

Entry R Solvent T [8C] t [h] Yield [%][a] ee [%][b]

1 CH3 THF 25 7.5 85 88
2 CH3 Et2O 25 4.75 89 88
3 prenyl Et2O 30 6 97 91
4 CH2CH2CN Et2O 25 6.5 97 88
5[c] CH2CH2CO2Et Et2O 25 6 96 90
6 CH2C6H5 THF 25 0.5 99 85
7 CH2(4-CH3OC6H4) THF 25 10 80 86
8 CH2(4-CF3C6H4) THF 25 0.5 99 82
9[c] CH2OTBDPS THF 25 5 86 81

10 F Et2O 30 3.5 80 91

[a] Yield of isolated product from reaction of 1.0 mmol substrate at 0.033m in solvent, unless otherwise noted. [b] Determined by chiral GC or HPLC.[12]

[c] Conditions: 4 mol% [Pd2(dba)3], 10 mol% (S)-tBu-phox (1), 0.021m. phox=phosphinooxazoline; TBDPS= tert-butyldiphenylsilyl.

Table 2: Enantioconvergent decarboxylative allylation of b-ketoesters.

Entry Substrate Product T [8C] t [h] Yield [%][a] ee [%][b]

1
2[c]

25
25

1.5
24

94
94

85
86

3 30 9 89 90

4 25 5 90 85

5[d,e] 30 4 77 90

6[d] 25 10 97 92

7 25 9.5 83 87

8[d] 35 6.5 87 92

9[d,e] 35 2.5 87 91

10 25 2.5 91 92

[a] Yield of isolated product from reaction of 1.0 mmol substrate, 2.5 mol% [Pd2(dba)3], and 6.25 mol% (S)-tBu-phox (1) at 0.033m in THF, unless
otherwise noted. [b] Determined by chiral GC or HPLC.[12] [c] Conditions: 25 mmol substrate, 1.5 mol% [Pd2(dba)3], and 3.75 mol% (S)-tBu-phox (1).
[d] Performed in Et2O. [e] Conditions: 4 mol% [Pd2(dba)3] and 10 mol% (S)-tBu-phox (1) at 0.021m. Bn=benzyl.
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eomer (�)-14 was obtained with 92% ee and bears two
quaternary stereocenters set by a single catalytic asymmetric
transformation.

In conclusion, we have developed the first example of a
catalytic enantioconvergent synthesis of quaternary stereo-
centers from racemates with quaternary stereocenters. The
decarboxylative allylation reaction described herein is an
example of an enantioconvergent process in which the same
catalyst is intimately involved in both the stereoablative (C�C
bond-breaking) and stereoselective (C�C bond-forming)
steps. The availability of racemic b-ketoesters of the type
employed in this study greatly increases the practical value of
these Pd-catalyzed allylations for the enantioselective syn-
thesis of cyclic ketones with one or more quaternary stereo-
centers. The utility of this methodology for enantioselective
synthesis of complex targets is currently under investigation.
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Clathrate hydrates are inclusion compounds consisting of a
hydrogen-bonded crystal of water molecules with cages that
contain a guest molecule. The crystal structures of types I, II,
and H are well known,[1] and two other types of clathrate
hydrate have recently been reported.[2] Guest–host interac-
tions play a crucial role in the crystal structure, and thus
clathrate hydrates are thermodynamically stable only when
guest molecules are encaged in the host cages. The relation
between structural type of clathrate hydrate and guest
molecule is categorized according to the size of the guest
molecule.[3] However, the use of these categories is not clear
when applied to mixed hydrates; for example, a structural
transition in methane (CH4) + ethane (C2H6) mixed-gas
hydrates from type I to II was observed, even though pure
CH4 and C2H6 each form type I.[4,5] There is not much

difference between the molecular size of CO2 (ca. 5.1 .) and
C2H6 (ca. 5.5 .) with respect to the cavities of the hydrate
cages, but their effect on hydrate structure may be completely
different. Additionally, recent studies have shown that even
pure CH4 and pure CO2 form type I and type II hydrates in
coexistence. It has been shown that the correlation of guest
size and formed structure type is not straightforward for pure
systems, too.[6]

The structural transitions of mixed-gas clathrates are
interesting not only from a fundamental point of view but also
from the practical viewpoint of natural gas resources and
technology.[7] For instance, natural gas clathrate hydrates in
oceanic sediments and permafrost, also called natural gas
hydrate, are recognized as an alternative natural fuel resource
because they contain significant amounts of natural gases. The
main gas in the hydrates is CH4, but they also contain CO2,
C2H6, and small amounts of other gases. In addition, CH4+

CO2 mixed-gas hydrates have been studied as a medium to
remove CO2 from air; in particular, natural gas hydrates can
be converted to CO2 hydrate, and thus a fuel is obtained and
an unwanted combustion byproduct is removed.[8]

We present here our measurements of the lattice expan-
sion of CH4+CO2 and CH4+C2H6 hydrates as a function of
mixed-gas composition. This is important because lattice
expansion plays a crucial role in thermodynamic modeling of
hydrate systems.[5,9] Data for natural gas hydrate from the
sediments of Lake Baikal are also reported to examine the
effect of small amounts of other gases and the kinetic effect
under natural conditions on their crystal structures.

X-ray diffraction (XRD) patterns of CH4+CO2 hydrate
identified it as type I, which is composed of two 12-hedra and
six 14-hedra with space group Pm3n (Figure 1). The crystal
structure of CH4+C2H6 hydrate changed from type I to
type II with increasing C2H6 content in the mixed-gas hydrate,
in agreement with previous studies.[4,5] (The type II structure
(Figure 1) is composed of sixteen 12-hedra and eight 16-hedra
with space group Fd3m.) Since the type I and type II hydrates
have cubic structures, only one unit-cell parameter—the
lattice constant a—need be determined.

The lattice constants are plotted in Figure 2. The lattice
constant of CH4+CO2 hydrate is roughly independent of gas
composition, and this suggests that changes in the occupancy
of CH4 or CO2 in the cages of the mixed-gas hydrate do not
affect the lattice size of type I hydrate. In the case of CH4+

C2H6 hydrate, a large increase in the lattice constant occurs at
approximately 60 to 80% CH4 content, which corresponds to
the structural transition from type I to type II. In the region of
high CH4 content in CH4+C2H6 hydrate, from approximately
80 to 100%, the lattice constants of type I hydrate are almost
the same as that of pure CH4 hydrate. In the region of low
CH4 content in CH4+C2H6 hydrate, from approximately 0 to
40%, the lattice constants of type I hydrate are same as that
of pure C2H6 hydrate and are approximately 0.07 . larger
than that of the high-CH4 region. The deviation of the lattice
constant of type I CH4+C2H6 hydrate corresponds to 0.6%
of the value for a pure CH4 hydrate crystal. This deviation
may not seem large, but it corresponds to a pressure
difference of several hundred megapascals, in accordance
with the bulk modulus of CH4 hydrate.

[13]
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The results also suggest that a change in the occupancy of
CH4 or C2H6 in the cages of the mixed-gas hydrate does not
affect the lattice size of type I hydrate. On the other hand, the
lattice constant of type II hydrate seems to increase as the
CH4 occupancy in the CH4+C2H6 hydrate increases. This
difference between type I and type II hydrates implies a

major difference in guest–host or guest–guest interactions due
to their different crystal structures. Differences in the proper-
ties of CO2 and C2H6 molecules in the hydrate are also
suggested. For example, the 12-hedral small cage has a large
(ca. 71%) CO2 occupancy but a small (ca. 5%) C2H6

occupation in pure CO2 and C2H6 hydrate, respectively.
[10,14]

Also, different locations of disordered CO2 and C2H6

molecules in 12-hedral and 14-hedral cages in pure CO2

hydrate and C2H6 hydrate have been shown by assuming
that each molecule rotates about the cage symmetry axis at a
constant angle to the equatorial plane.[10,14] There may be
several factors that affect the change of lattice constants of
mixed gas hydrates.

We also analyzed the crystal structure of natural gas
hydrate from the sediments of Lake Baikal (Figure 3). Using
gas chromatography, we found that the gas content of the
natural gas hydrate was 95.9% CH4, 4.1% CO2, and less than
500 ppm of C2H6 and C3H8. The XRD profile showed that the
crystal structure of the natural gas hydrate in the sediment
sample was type I (Figure 4). Also, the 13C NMR spectrum of

Figure 1. Ball-and-stick representations of the host lattices of types I and II clathrate hydrates. Only oxygen atoms are drawn and solid lines
indicate the unit cell of each structure. Middle and right figures show only the small and large cages, respectively, of each structure.

Figure 2. Variation of lattice constants of clathrate hydrates at 113 K as
a function of CH4 gas content in the hydrates. Lattice constants of
CH4+CO2 hydrate, CH4+C2H6 hydrate, and natural gas hydrate are
from this study. Lattice constants of CO2 hydrate (CO2+D2O),
deuterated methane hydrate (CD4+D2O), and CH4+C2H6 hydrate
(CH4/C2H6 82:18; CH4+C2H6+D2O) were determined at different
temperatures and converted to values at 113 K.

Figure 3. Hydrate-bearing sample from the sediment of Lake Baikal.
The white regions are a mixture of natural gas hydrate and ice, and the
black regions are sediment.
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the natural gas hydrate showed that CH4 is encaged in the gas
hydrate with a large-cage occupancy of 0.94 and a small-cage
occupancy of 0.99. CO2, C2H6, and C3H8 were not detected by
13C NMR spectroscopy. We used this 13C NMR data in the
Rietveld refinement of the XRD profile.[15] Thus, the lattice
constant of the natural gas hydrate was estimated to be
11.8527(6) ., and its density was calculated to be 0.948 gcm�3

at 113 K. The lattice constant of the natural gas hydrate is
consistent with those of the artificially formed mixed-gas
hydrates (see Figure 2), even though the differences in cage
occupancies between artificial and natural gas hydrates is
suggested experimentally to be due to differences in their
formation conditions.[16] This also shows that the small
amounts of C2H6 and C3H8 did not influence the structural
transition or the lattice expansion. This result suggests that
the knowledge of artificial clathrate hydrate structures can be
applied to natural gas hydrates.

In the present study, the effect of guest molecules on the
lattice constant of mixed-gas hydrates was measured for the
first time. The dependence of lattice expansion on gas
occupancies differs for different guest molecules. For
instance, lattice expansion of CH4+C2H6 hydrate depends
on the composition of the guest molecules, whereas no lattice
expansion of CH4+CO2 hydrate was observed. Even a small
deviation of the lattice constant corresponds to a large
pressure difference at constant temperature, and thus crystal
structure data should be considered in detail for optimal
thermodynamic modeling. However, the guest molecules are
difficult to locate because of their rotational disorder and
nonstoichiometry due to their random occupancy in each
cage, even though the clathrate hydrate lattice may be well
defined. Therefore, further analysis of the guest molecules in
the hydrate cages will be required for a better understanding
of mixed-gas hydrates.

Experimental Section
Mixed-gas hydrate samples were synthesized by our previously
reported method.[5] Sediment samples containing natural gas hydrate
were recovered by gravity coring at gas-vent fields in Lake Baikal in
June 2002.[17] The samples are from the lake bottom at a water depth
of 1393 m, and the site had latitude 51855.203’ N and longitude
105838.080’ E. After the cores were brought up, the gas hydrate-
containing samples were immediately stored at about 100 K in an
atmosphere of nitrogen gas to prevent hydrate dissociation.

For the XRD measurements, finely powdered hydrate samples
were put in a quartz glass capillary cell (Hilgenberg; 2.0 mm, 0.01 mm
thick) and then mounted on the goniometer of the XRD apparatus.
The XRDmeasurements were performed with CuKa radiation (50 kV,
200 mA; Rigaku model Rint-2000) at 113 K and atmospheric
pressure. Lattice constants were determined at 113 K by using a
two-phase Rietveld refinement method with RIETAN-2000.[18] For
this analysis, the lattice constant of hexagonal ice was fixed at
4.4793 . for the a axis and 7.3216 . for the c axis.[19]

For the natural gas hydrate sample, 13C NMR spectroscopy was
used to determine the composition of the encaged gas molecules in
the cages. Powdered samples of natural gas hydrate were put in a
tube-shaped zirconium sampler that was then placed in the NMR
probe (100 MHz; JEOL model JNM-AL400 FT). CP-MAS 13C NMR
spectra were recorded at 183 K on an NM-AL40/BU spectrometer at
a frequency of 100 MHz. Chemical shifts were then determined by
assuming that the polydimethylsilane (PDMS) peak was at 0 ppm.
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There has beenmuch interest in the development of clean and
environmentally benign methods for the transformation of
amines into the corresponding a-functionalized compounds.
These compounds have proven to be versatile intermediates
and have been widely used in the construction of biologically
active nitrogen compounds such as alkaloids.[1] Direct intro-
duction of a substituent at the a position of tertiary amines is
performed in two steps: a-C�H activation to produce
iminium ion intermediates and subsequent reaction with
nucleophiles.[2–4] The initial C�H activation has been achieved

by two methods, that is, with low-valent transition metals by
oxidative addition[2,5] or with metal–oxo species.[2,3]

Although various compounds can be used for the
oxidation of amines, hydrogen peroxide is the oxidant that
satisfies recent environmental and sustainable demands,
because water is the sole by-product. Therefore, catalytic
oxidation of substrates such as alkenes, alcohols, amines,
sulfides, and alkanes with H2O2 has been explored exten-
sively.[6,7] However, there are few examples for the introduc-
tion of an external functional group to substrates upon H2O2

oxidation.[7r,8] We report here that a carbon–carbon bond
forms at the a position (with respect to the nitrogen atom) of
tertiary amines under the H2O2 oxidation conditions. Thus,
the ruthenium-catalyzed oxidative cyanation of tertiary
amines with H2O2 in the presence of sodium cyanide or
hydrogen cyanide gives the corresponding a-aminonitriles
with high efficiency [Eq. (1)]. The reaction is, to the best of
our knowledge, the first example of direct C�H activation and
C�C bond formation under H2O2 oxidation conditions.

The catalytic activity for the oxidative cyanation of N,N-
dimethylaniline with H2O2 in the presence of sodium cyanide
was examined. RuCl3 was found to be the most effective
catalyst. [RuCl2(PPh3)3] and Pr4N[RuO4] show moderate
catalytic activity, while K4[Ru(CN)6] retards the reaction.
Methanol is the most effective solvent, although ethanol,
ethyl acetate, and acetonitrile can also be used. The addition
of acetic acid is necessary for the reaction with sodium
cyanide, as otherwise no reaction takes place.

As shown in Table 1, various tertiary amines can be
efficiently converted into the corresponding a-aminonitriles[9]

with H2O2 in the presence of sodium cyanide. Reaction of
substituted N,N-dimethylanilines bearing both electron-
donating and electron-withdrawing substituents gave the
corresponding cyanated products (entries 1–3). In the pres-
ence of other alkyl groups, the N-methyl group reacts
predominantly. For example, the reaction of N-methyl-N-
ethylaniline gave N-cyanomethyl-N-ethylaniline (8) along
with a small amount of N-(1-cyanoethyl)-N-methylaniline (9 ;
entry 4). The reaction can also be applied efficiently to cyclic
amines: Piperidine, pyrrolidine, and tetrahydroisoquinoline
derivatives can be converted into the corresponding a-
cyanoamines (entries 5–8). In terms of the substrate, oxida-
tive cyanation with H2O2 is more versatile than with
molecular oxygen;[10] for example, molecular oxygen cannot
be used for reactions with piperidine and pyrrolidine deriv-
atives. The ruthenium-catalyzed oxidative cyanation of N-(4-
methoxyphenyl)pyrrolidine (14) with H2O2 gave the corre-
sponding a-cyanated amine 15 in 80% yield (entry 7), while
the same reaction with molecular oxygen provided the
product in only 23% yield.

To gain insight into the reaction mechanism, the relative
reaction rates for the oxidative cyanation of four para-
substituted N,N-dimethylanilines (p-XC6H4NMe2; X=MeO,
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Me, H, Br) with H2O2 in the presence of sodium cyanide were
determined by 1H NMR spectroscopy of the resulting cya-
nated products. The rate data correlate well (R2= 0.998) with
the Hammett linear free energy relationship with use of s
values (Figure 1).

The 1 value was determined to be �3.61, indicating a
cationic intermediate at the rate-determining step. The intra-
molecular deuterium isotope effect for the ruthenium-cata-

lyzed oxidative cyanation of N-methyl-N-(trideuteriomethy-
l)aniline was found to be 4.1 by 1H NMR spectroscopy.
Similarly, the intermolecular deuterium isotope effect for the
oxidative cyanation of an equimolar mixture of N,N-dime-
thylaniline and N,N-bis(trideuteriomethyl)aniline was deter-
mined to be 3.7. These intra- and intermolecular isotope
effects are larger than those observed for N-demethylation
with cytochrome P450 (1.6–3.1,[11] and 1.0–1.1[12]), suggesting
that cleavage of the C�H bond proceeds via an intermediate
bearing more ionic character. Under consideration of these
data, the present reaction can be rationalized by assuming the
cytochrome P450 type mechanism, as shown in Scheme 1. The

low-valent ruthenium species [Run] undergoes reaction with
H2O2 to give the oxo–ruthenium species [Run+2=O], which
produces an iminium ion intermediate by electron transfer
and subsequent hydrogen transfer. Nucleophilic attack by
hydrogen cyanide on the iminium ion intermediate provides
the corresponding a-cyanated products, water, and the [Run]
species to complete the catalytic cycle.

The participation of hydrogen cyanide, which is formed
from sodium cyanide and acetic acid under the reaction
conditions,[13] was confirmed by the following reactions: The
ruthenium-catalyzed oxidation of N,N-dimethylaniline with
H2O2 in the presence of hydrogen cyanide in methanol gave
the corresponding a-aminonitrile 2 in 80% yield (Scheme 2).
The analogous reaction with N-phenyltetrahydroisoquinoline
provided the a-cyanated tetrahydroisoquinoline 17 in 97%
yield.

The oxidative cyanation of tertiary amines provides a
convenient method for synthesizing various compounds,

Table 1: Results of the ruthenium-catalyzed oxidative cyanation of
tertiary amines with hydrogen peroxide and NaCN [see Eq. (1)].[a]

Entry Substrate t [h] Product Yield [%][b]

1 2 90 (80)[c]

2 1.5 81

3 3 67

4[d] 1.5 63

5 2 69[e]

6[f ] 1.5 73[e]

7[g] 1.5 80[e]

8 1.5 83[e]

[a] The reaction was carried out as follows: A 30% aqueous solution of
H2O2 (2.5 mmol) was added dropwise over a period of 1 h to a mixture of
amine (1.0 mmol), RuCl3 (0.05 mmol), NaCN (1.2 mmol), and
CH3CO2H (6 mmol) in MeOH (1.2 mL). The reaction mixture was then
stirred for the given amount of time. [b] Determined by GLC using an
internal standard. [c] Yield of the isolated product. [d] A small amount of
9 was also formed. [e] Determined by 1H NMR spectroscopy.
[f ] 1.5 mmol of H2O2 was used. [g] 1.0 mmol of H2O2 was used.

Figure 1. Hammett plot for the RuCl3-catalyzed oxidative cyanation of
the para-substituted N,N-dimethylanilines p-XC6H4NMe2 (X=MeO,
Me, H, Br) with H2O2 in the presence of NaCN.

Scheme 1. The proposed reaction mechanism for the ruthenium-cata-
lyzed oxidative cyanation of tertiary amines with H2O2.

Scheme 2. The ruthenium-catalyzed oxidative cyanation of tertiary
amines with H2O2 in the presence of HCN. Reaction conditions: RuCl3
(5 mol%), H2O2 (1.5 equiv), MeOH, RT, 24 h (1!2) or 4 h (16!17).
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including N-aryl-a-amino acids[14,15] and N,N-disubstituted
1,2-diamines. Upon hydrolysis, 2-cyano-N-4’-methoxyphe-
nyl)pyrrolidine (15) can be converted into N-(4’-methoxy-
phenylproline (18) in 69% yield, while the reduction of 15
with LiAlH4 provides 2-aminoethyl-N-(4’-methoxyphenyl)-
pyrrolidine (19) in 99% yield. Quinoline skeletons can also be
constructed from tertiary arylamines by iminium ion cycliza-
tion. Typically, the TiCl4-promoted reaction of a-aminonitrile
2, derived from oxidative cyanation of 1 with allyltrimethyl-
silane in CH2Cl2 at �78 8C, gave 1-methyl-4-trimethylsilyl-
methyl-1,2,3,4-tetrahydroquinoline (20) in 75% yield.

In conclusion, we have demonstrated the novel ruthe-
nium-catalyzed oxidative cyanation of tertiary amines with
hydrogen peroxide. The reaction proceeds with high effi-
ciency to give the corresponding a-cyanated amines, and thus
provides a useful method for the synthesis of various nitrogen
compounds from tertiary amines. Research is currently
underway to elucidate the mechanism and to apply the
principle to other catalytic systems.
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Assembling functional photoelectric nanodevices is of current
interest in nanoscience and nanotechnology due to their
potential applications in microelectronics and information
science.[1] Generally, fabrication routes to a functional nano-
device can be classified into two types: the “top-down”
approach and the “bottom-up” approach. The latter refers to
assembly or scale up of nanoscale building blocks into
functional devices, in which the dimensions of the functional
domain can be controlled through the size of the building
blocks. Various methods, such as self-assembly and Lang-
muir–Blodgett (LB) techniques, have been used for fabrica-
tion[2] with various degree of success, however, the small size
of the nanoscale building blocks makes the fabrication
process always costly and complex. Hierarchical nanostruc-
tures that have both the properties of nanoscale materials and
ease of manipulation may facilitate assembly processes and
provide an attractive alternative for bottom-up fabrication.
They can be prepared directly by growing nanoscale struc-
tures of materials with different dimensions (nanoscale to
microscale).[3] In addition, the core and branches of a
hierarchical structure can be composed of different chemical
elements, making them suitable for assembly into a nano-
device with multiple functions. A few homogeneous and

heterogeneous hierarchically structured materials[3] have
been fabricated. It is envisaged that these large hierarchical
nanostructures could find applications in a variety of fields
such as optoelectronics, sensors, and field emission.

Silicon and its oxides have long been of great interest for
applications in microelectronic devices, and silicon-on-insu-
lator (SOI) devices are playing an important role in the
modern semiconductor industry. Recently, an SiOx–Si hier-
archical nanostructure described as “silicon nanowires stand-
ing on silica microwires” was fabricated.[4] However, oriented
hierarchical nanostructures which are more amenable for
device fabrication have yet to be reported. Herein, we report
the synthesis of a highly ordered Si–SiOx columnlike hier-
archical nanostructure which consists of high-density, radially
oriented amorphous silica nanowires standing on a single-
crystal Si nanocore. Unlike the previous hierarchical nano-
structures, which were assumed to form by the two-step
growth mechanism,[3] the growth of the present Si–SiOx

hierarchical nanostructure appears to occur by two concur-
rent processes: the vapor–liquid–solid (VLS) mechanism and
the oxide-assisted growth (OAG) process. Interestingly, this
novel structure emits UV light at 378 nm on excitation by a
femtosecond laser at 300 nm.

Si/SiOx strands were synthesized in a high-temperature
tube furnace with tin as catalyst. The general morphology of
the deposition product is shown in Figure 1a–c, which reveals

that large-scale wirelike microsized structures are aligned on
the substrate, and that the microstructures are long, straight,
and smooth strands. The products have diameters of hundreds
of nanometers to several micrometers and lengths up to
several millimeters (with an aspect ratio exceeding 1.6 ; 103).
The cross-sectional SEM images (Figure 2a and b) show that
the strands have a columnlike, radially aligned hierarchical
structure. Energy dispersive X-ray (EDX) spectroscopy
(Figure 2c and d) confirms the stoichiometric elemental
composition of silicon for the core and SiOx (x= 1.5–2) for
the branches of the strand. The SEM images further reveal
that the strands have two different tip morphologies: one has
a corn-shaped taper (Figure 1d) and the other a spherical
particle at the tip (Figure 1c; EDX confirms the tip is made of
Sn, as will be discussed below). It can also be observed that

Figure 1. SEM images of as-synthesized Si–SiOx hierarchical nano-
structure.
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the SiOx on the strand has fleecy surfaces (Figure 1d) and
grows towards the tapered end where the strand diameter is
less than 1 mm. When the diameter is more than 2 mm, the
strand looks like a compact whisker or column, and the SiOx

nanowires stand vertically on the strand core (whiskerlike or
columnlike; see Figures 1 and 2).

The structure of the strand was further studied by TEM
(Figure 3). The sharp selected-area electron diffraction
(SAED) spots (Figure 3a, upper inset) obtained from the
center of the strand demonstrates that the solid Si core has a
single-crystal structure, whereas the diffuse SAED pattern
obtained from the edge of the strand (Figure 3a, lower inset)
reveals that the radially oriented SiOx nanowires standing on
the core are an amorphous phase. According to statistical data
from the TEM images, the Si core has an average diameter of
230 nm, and the SiOx nanowires in the shell have a uniform
diameter of 10–20 nm and a length of hundreds of nanometers
to several micrometers (with an aspect ratio of about 1000).

An X-ray diffraction spectrum of the as-synthesized
hierarchical structure is shown in Figure 4, which reveals
that the sample is dominated by the cubic silicon phase. The
spectrum also shows reflections due to the body-centered
crystalline structure of Sn. These results are in good agree-
ment with those of SAED and EDX.

To elucidate the growth mechanism of the hierarchical
structure, the tip regions of the strands were examined in
detail. Figure 5 shows a TEM image of a single strand

Figure 2. Cross-sectional SEM image of the Si–SiOx hierarchical struc-
ture or strand (a and b) and the corresponding EDX spectra of the
core (c) and shell (d) of the strand.

Figure 3. TEM images of the Si–SiOx hierarchical nanostructure.
a) TEM image of the strands and corresponding selected-area electron
diffraction pattern of the core (upper inset) and the shell (lower inset).
b) TEM image of the aligned SiOx nanowires, detached from the shell
of the cable by sonication. c) High-resolution TEM image of the
amorphous SiOx nanowire showing its featureless structure.

Figure 4. XRD spectrum of the Si–SiOx hierarchical nanostructure. The
peaks marked by & belong to the body-centered crystalline structure of
Sn, and the rest to crystalline Si. The weak, broad peak at 218 is due to
amorphous SiOx.
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segment, in which a spherical particle at the tip can be clearly
observed. The chemical composition at several different
positions was analyzed by EDX. The spherical particle at the
tip of the strand is an Sn particle surrounded by Si. The Sn
particle is considered to act as a catalyst for nanowire growth,
because the corresponding eutectic Si–Sn alloy can form at
low temperature (232 8C). The presence of a spherical
metallic particle at the tip is usually considered to be a
signature of the VLS mechanism.[5] The growth direction of
the single-crystal Si core is (111), as determined by SAED,
and is in good agreement with the VLS growth process.[5] The
part of the nanotube partially filled with Sn between the
spherical particle at the tip and the main product is due to the
temperature change at the end of the preparation, as was
previously observed.[5] Pan et al. also found that gallium
catalyst could be wrapped inside Si in the synthesis of silicon
oxide nanowire sandwich structures,[6] in which they attrib-
uted the growth of amorphous silicon oxide nanowires outside
the Si core to oxidation of silicon. We suggest that the silicon
oxide wires standing on the silicon core in the present case
may also grow by the same oxidation process.

We now discuss why the SiOx nanostructure forms in a
wirelike form instead of an agglomeration pattern. Previous
models for explaining this phenomenon[6–11] suggested that Si
reacts with oxygen to form SiOx particles, which then serve as
nucleation sites to initiate the growth of SiOx nanowires.
However, we suggest that the OAG process proposed by Lee
et al.[12–14] may be more suitable to account for the formation
of SiOx nanowires in the present work. In contrast to the
conventional VLS mechanism, the OAG process relies on an
oxide or a redox reaction instead of a catalytic metal or metal
compound to assist the formation of nanowires. We propose
that the Si nuclei formed at the Si droplet surface covered by
the SiO2 layer are similar to the nanoparticles, which then
were oxidized to SiOx dots by reacting with the SiO2 outside.
Meanwhile, new Si extruded from the alloy would nucleate at
the end of the nanoparticles. This recurrence or cycling
process would maintain the continual growth of the amor-

phous SiOx nanowire. Meanwhile, the Si core would continue
its growth along the axial direction, guided by the Sn catalyst
and following the VLS mechanism, and only the surface
nuclei could be formed when the core remained in the liquid
state. Concurrent with core growth, the end of the SiOx

nanowires grown from the surface nuclei would grow in the
forward direction together. Consequently, the SiOx nanowires
would form at an angle with respect to the growth direction of
the core, just as was discussed above. According to the above
analysis, we propose the following process for the formation
of the Si–SiOx hierarchical structure, as shown schematically
in Figure 6:
1) Thermal evaporation: vaporization of Sn and SiO powder

to form Sn and SiO vapors.
2) Vapor deposition: deposition and formation of SiO-

containing Sn liquid droplets in the low-temperature
area (Figure 6a).

3) Separation: disproportionation of SiO into SiO2+ Si and
subsequent phase separation of Si and SiO2, whereby SiO2

wraps the alloy droplet (Si and Sn; Figure 6b).
4) Growth: precipitation and segregation of Si crystal from

liquid Sn due to supersaturation of Si in the Sn+ Si
droplet (Figure 6c). Then the SiO2 species on the surface
react with Si nuclei or residual oxygen to form SiOx

nanowires. At the same time the central Si core would
continue to grow by the VLS mechanism. The two
concurrent processes would make the product grow in
axial and lateral directions, and finally form an Si–SiOx

hierarchical structure (Figure 6d).

Figure 7 shows the room-temperature photoluminescence
(PL) spectrum of the as-synthesized Si–SiOx hierarchical
structures on excitation by a femtosecond laser at 300 nm.
The spectrum is dominated by only one narrow UV emission
peak centered at 378 nm with a half-peak width of 6 nm. This
PL spectrum is radically different from that of nonhierarch-
ical amorphous SiO2 nanostructures, which usually show

Figure 5. TEM image of the Si–SiOx hierarchical nanostructure or
strand with a spherical Sn particle at the tip and Sn inside the strand.

Figure 6. Proposed growth model for the Si–SiOx hierarchical struc-
ture. a) Sn and SiO vapors from the evaporation area (1320 8C)
condense and form a liquid alloy droplet in the growing area (750–
850 8C). b) More SiO vapor is absorbed into the droplet and dispropor-
tionates into Si and SiO2, which are then phase-separated (at 800 8C,
the concentration of Si in the Si/Sn alloy is about 1%). c) Si nucleates
and oxide grows into a SiOx nanowire. d) Single-crystal Si core grows
with assistance of the Sn catalyst, and SiOx nanowires grow concur-
rently.
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multipeak blue or green emissions.[6,15] The nature of the UV
PL peak is not clear, although several luminescence bands
with peak energies ranging from 743 to 328 nm have been
observed in various types of silica by Nishikawa et al.[16] On
the other hand, the present emission centered at 378 nm may
also be attributable to oxygen vacancies.[16]

In conclusion, a novel hierarchical nanostructure consist-
ing of high-density amorphous silica nanowires radially
standing on a single-crystal silicon core were grown on a
substrate in bulk (grams) quantity by a simple thermal
evaporation process. The nanostructure shows a single sharp
PL peak at 378 nm. The microsized hierarchically ordered
nanostructures of Si and its luminescent oxide could serve as
potential building blocks for ready assembly into various
functional devices. Indeed, the Si–SiOx hierarchical nano-
structure has been shown to be an outstanding template for
chemical and biosensors[18] due to its large surface-to-volume
ratio. The present facile growth process is expected to be
readily extendable to fabricate similar functional hierarchical
nanostructures of other semiconductors and oxides.

Experimental Section
The Si–SiOx strands were synthesized in a high-temperature tube
furnace, as described previously.[9] An Al2O3 boat with a mixture of
3.00 g SiO (Aldrich, 325 mesh, 99.9%) and 0.50 g Sn was put in the
center of an alumina tube and then mounted in the furnace. The
system was pumped to 5; 10�2 mbar and than heated to 1320 8C at
40 8Cmin�1, then a mixture of argon (95%) and hydrogen (5%) at
350 mbar was kept flowing at a rate of 10 sccm. After growth for
about 7 h, the furnace was cooled to room temperature at 40 8Cmin�1.
A dark yellow product (ca. 0.5 g) was obtained on the silicon wafer
and the inside wall of the alumina tube in the 750–8508C zone at the
downstream end; the amount of product can be increased by
lengthening the reaction time. The product was checked by SEM
(Philips XL 30 FEG) and XRD (Siemens D500). Some of the sample
was dispersed in ethanol and a drop of the dispersion was put on a
carbon-coated copper TEM sample grid for examination by TEM
(Philips, CM20, operated at 200 kV). To record the room-temperature
photoluminescence spectrum, the sample was fixed between two
crystal plates, and a 3941C-M1BB/Spitfire FF-1K/OPA-800CF-0.5
femtosecond laser (300 nm) was used as excitation source.
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Solution-Phase Mixture Synthesis with Double-
Separation Tagging: Double Demixing of a Single
Mixture Provides a Stereoisomer Library of
16 Individual Murisolins**

Craig S. Wilcox,* Venugopal Gudipati, Hejun Lu,
Serhan Turkyilmaz, and Dennis P. Curran*

Most small organic molecules are synthesized individually,
but there is a compelling reason to synthesize molecules as
mixtures—the effort conserved in a synthesis is directly
proportional to the number of compounds that are mixed.
“Split/mix” methods conduct reactions on mixtures of beads
yet provide individual products at the end.[1] Recently, a
general concept for solution-phase mixture synthesis[2] by
separation tagging has been introduced[3] and put into
practice with homologous fluorous tags.[4] Chemical reactions
are conducted on tagged mixtures and the final reactions
mixtures are demixed (sorted) in an orchestrated fashion by a
tag-complementary separation technique. Finally, detagging
provides the individual pure target products.

Generally, the availability of n tags in a single tagging
strategy allows n compounds to be tagged (Figure 1, top). We

define a tag “class” as a set of tags that all share a similarly
useful response to a given separation process. The addition of
m new tags to a given class of n tags increases the maximum
possible size of a mixture to n+m.

Wilcox and Turkyilmaz recently introduced a new class of
oligoethylene glycol (OEG; (OCH2CH2)nOCH3) tags. These
were designed for solution-phase mixture synthesis, and a
polarity-based demixing process was implemented.[5] The
availability of two different classes of tags opens up the
possibility for double-tagging strategies. The tagging of n
precursors with a first class of tag and m precursors with a
complementary second class of tag provides n+m precursors.
However, reaction of these two mixtures provides a new
mixture of n6m products, each of which has a unique pair of
tags (Figure 1, bottom). Isolation of the final products is
achieved by double demixing with a separate demixing
process that targets each tag class. We report herein the first
example of double tagging with tandem separation. The
ability to leverage available tags is shown by the preparation
of 16 stereoisomers of the natural product murisolin in a
single reaction flask with only eight tags, four fluorous tags
and four OEG tags.

A crucial question in any multiple-tagging exercise is tag
orthogonality; when combined in a single molecule, will the
fluorous tags and OEG tags enable a separation as well as
each does alone. To address this question, a mixture of
16 doubly tagged analogues of vanillic acid (4-hydroxy-3-
methoxybenzoic acid) M-1[6] was created wherein each
compound had one of four OEG tags on the phenolic
hydroxy group (n= 1–4) and one of four homologous fluorous
tags on the carboxylate group (RF=C2F5, C4F9, C6F13, and
C8F17). The resulting 16 compounds (4 6 4) are unique and
differ by the combination of the OEG and fluorous tags.

The 16-compound mixture was demixed into its individual
components according to the tags by using a series of two
demixings, one targeted to each class of tag. TLC analysis of
the reaction mixture on silica gel showed only four spots
(Figure 2a). The mixture was separated by flash chromatog-
raphy (pentane/EtOAc gradient) into four fractions based on
the properties of the OEG tags. The least polar fraction
contained all four molecules 1 that bear the OEG1 tag (n= 1)
and the four different fluorous tags. The successive fractions
each contained four molecules with the OEG2, OEG3, and
OEG4 tags. Each of these four fractions was further demixed
by fluorous HPLC chromatography on a FluoroFlash PF-C8
column.[7] As expected, the products from this chromato-
graphic procedure were eluted in the order of the fluorous tag
from C2F5 up to C8F17, thus providing all 16 individual vanillic
esters 1.

We observed that the order of the demixings can also be
reversed, with the fluorous demixing being conducted before
the OEG demixings. Figure 2b shows an HPLC trace of the
16-compound mixture M-1 on a FluoroFlash PF-C8 column.
The compounds emerge as four groups of four peaks. The
larger separations correspond to the fluorous tags, with the
four compounds bearing the C2F5 tag eluting well before the
four compounds bearing the C4F9 tag, and so forth. The
smaller separations within the groups of peaks correspond to
OEG-tagged compounds, from the more polar n= 4 tag to the
less polar n= 1 tag. The mixture was separated by semi-
preparative fluorous HPLC. In this case, only four fractions
that correspond to the four different groups of fluorous-
tagged compounds were collected. Each of these fractions,

Figure 1. Single (top) and double (bottom) separation tagging.

[*] Prof. Dr. C. S. Wilcox, V. Gudipati, H. Lu, S. Turkyilmaz,
Prof. Dr. D. P. Curran
Department of Chemistry
University of Pittsburgh
Pittsburgh, PA, 15260 (USA)
Fax: (+1)412-624-9861
E-mail: daylite@pitt.edu

curran@pitt.edu

[**] We thank the US National Institutes of Health for funding this work.

Communications

6938 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6938 –6940



which contain four molecules with one fluorous tag and all
four OEG tags, were then separated by simple flash column
chromatography to provide the same 16 individual products.

These proof-of-concept experiments are remarkable. It is
well known that the addition of CF2 groups decreases the
polarity of molecules,[8] yet this effect is completely over-
whelmed on silica gel by the presence of the OEG tag.
Conversely, the large polarity effects of the OEG tags are

largely masked on the fluorous column, and the fluorine
content rules. This complementarity suggests that fluorous
tags and OEG tags are compatible partners in double-tagging
strategies. To verify this hypothesis, we proceeded to synthe-
size 16 stereoisomers of the acetogenin murisolin in a single
reaction flask. The pathway follows the recently completed
fluorous mixture synthesis in which 16 stereoisomers were
prepared in groups of four with the aid of four fluorous tags.[4e]

We planned to use a Kocienski–Julia reaction[9] to couple a
mixture of four diastereomers of the dihydroxy THF subunit
M-2 with another mixture of four diastereomers of the
hydroxybutenolide subunit 3 to give a doubly tagged 16-
component mixture, in which the tag pairs encode the
configurations and enable double demixing (Scheme 1). The
tetrazolylsulfonyl component 2 was synthesized as four
stereoisomers coded with a fluorous PMB (FPMB) tag by
using methods described recently.[4e] These stereoisomers all
had the 15R,16R configuration, and all four possible isomers
at C19 and C20 were present. In the first multistep OEG
mixture synthesis, the aldehyde component 3 of the coupling
was prepared as all four possible stereoisomers at C4,34 coded
with the OEG-modified dimethyloxybenzyl group (hereafter
called an OEG tag).

The Kocienski–Julia coupling of the four-compound
fluorous-tagged mixture M-2 and the four-compound OEG-
tagged mixture M-3 provided a 16-compound mixture, which
was directly hydrogenated to saturate the new alkene. This
sequence provided mixture M-4 composed of 16 doubly
tagged murisolins. A photograph of the TLC analysis of the
mixture on silica gel shows the anticipated demixing into four
spots (Figure 2c).[10] Flash column chromatography[11] sorted
this mixture into four fractions based on the OEG tag from
OEG1 (least polar) to OEG4 (most polar). Each of these
four-compound mixtures was then demixed on a semiprepar-
ative FluoroFlash PF-C8 HPLC column[11] to provide all
16 individual tagged stereoisomers 4. All pairs of peaks in the
fluorous demixings were separated by 6 minutes or more, so
quasi-isomer cross-contamination was not a problem. Even

Figure 2. Demixing of 16 fluorous/OEG-tagged vanillic acid esters M-1
and murisolin quasi-diastereomers 4. a) TLC plate of the demixing of
M-1 on silica gel based on the OEG tags (pentane/EtOAc, 1:1).
b) HPLC trace of the demixing of M-1 on a FluoroFlash PF-C8 column
based on the fluorous tags (CH3CN/H2O, 40:60 to 90:10). c) Photo-
graph of a developed TLC plate of the mixture of 16 murisolin quasi-
isomers 4 (silica gel; EtOAc/hexanes, 80:20); a small spot at the
origin lies below the four spots that elute as groups of four fluorous-
tagged compounds in order of increasing polarity for OEGn=1–4.

Scheme 1. Preparation of the doubly tagged 16-component mixture and subsequent demixing. PMB=para-methoxybenzyl (CH2C6H4OCH3);
HMDS=hexamethyldisilazide; DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone; chrom.= chromatography.
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though the tagged compounds 4 are now quasi-diastereom-
ers,[10,12] the double demixing in Scheme 1 proceeded analo-
gously to the model demixing of 1 in Figure 2.

Simultaneous removal of the PMB protecting group, the
fluorous tag, and the OEG tag was effected by DDQ
oxidation. The 16 stereoisomers of 5 were purified by semi-
preparative HPLC to provide the target isomers on a scale of
1–3 mg.

The stereoisomer library was designed with four control
compounds (the OEG1-tagged compounds with 4R,34S con-
figuration), and these compounds were shown to be identical
to authentic samples by spectroscopic and chiral HPLC
analysis.[4e] The resulting data proved that the double demix-
ing worked as expected and allowed the configurations of the
remaining 12 new compounds to be assigned solely on the
basis of their tag pairings and the associated demixing order.
This identification was crucial because the 1H and 13C NMR
spectra of many of the compounds in the library are identical
with other members of this or the prior library. In our
previous 16-compound library, we observed only six different
1H and 13C NMR spectra, and we predicted that six more sets
of spectra were possible.[13] This predication was confirmed by
observation of the other six spectra. Accordingly, none of the
32 possible diastereomers of murisolin is spectroscopically
unique under standard NMR spectroscopic conditions.

Through combination of the known fluorous synthesis[4e]

and the new double-tagging synthetic technique, we have
prepared 28 of the 64 possible stereoisomers of murisolin.
Although all the compounds were prepared from mixtures of
intermediates, each isomer has been isolated in pure form and
characterized by the usual spectroscopic and chromato-
graphic means, including optical-rotation studies.

The ability to prepare 16 stereoisomers of a natural
product as complex as murisolin in a single solution-phase
synthesis (without splits) demonstrates the potential of these
new mixture methods. Central to the potential of this
technique is the newly introduced method of double tagging.

Received: June 8, 2005
Published online: October 5, 2005

.Keywords: asymmetric synthesis · mixture synthesis ·
natural products · separation · tags

[1] a) A. Furka, L. K. Hamaker, M. L. Peterson in Combinatorial
Chemistry, Vol. 233 (Ed.: H. Fenniri), Oxford University Press,
New York, 2000, pp. 1 – 31; b) K. S. Lam, M. Lebl, V. Krchnak,
Chem. Rev. 1997, 97, 411 – 448.

[2] For solution-phase synthesis of mixture libraries without sepa-
ration tagging, see: a) R. A. Houghten, C. Pinilla, J. R. Appel,
S. E. Blondelle, C. T. Dooley, J. Eichler, A. Nefzi, J. M. Ostresh,
J. Med. Chem. 1999, 42, 3743 – 3778; b) H. Y. An, P. D. Cook,
Chem. Rev. 2000, 100, 3311 – 3340.

[3] a) First paper: Z. Y. Luo, Q. S. Zhang, Y. Oderaotoshi, D. P.
Curran, Science 2001, 291, 1766 – 1769; b) Short review: W.
Zhang, ARKIVOC 2004, 101 – 109.

[4] a) D. P. Curran in The Handbook of Fluorous Chemistry, J.
Gladysz, I. HorvLth, D. P. Curran, Wiley-VCH, Weinheim,
2004, pp. 128 – 155; b) S. Dandapani, M. Jeske, D. P. Curran,
Proc. Natl. Acad. Sci. USA 2004, 101, 12008 – 12012; c) W.
Zhang, Tetrahedron 2003, 59, 4475 – 4489; d) W. Zhang, Z. Y.
Luo, C. H.-T. Chen, D. P. Curran, J. Am. Chem. Soc. 2002, 124,
10443 – 10450; e) Q. S. Zhang, H. J. Lu, C. Richard, D. P.
Curran, J. Am. Chem. Soc. 2004, 126, 36 – 37.

[5] C. S. Wilcox, S. Turkyilmaz, Tetrahedron Lett. 2005, 46, 1827 –
1829.

[6] The prefix “M” denotes a tagged mixture of compounds.
[7] The columns and fluorous-tagging reagents were purchased from

Fluorous Technologies, Inc. (http://www.fluorous.com); D.P.C.
holds an equity interest in this company.

[8] a) P. C. Sadek, P. W. Carr, J. Chromat. 1984, 288, 25 – 41; b) D. P.
Curran in The Handbook of Fluorous Chemistry (Eds.: J. A.
Gladysz, D. P. Curran, I. T. HorvLth), Wiley-VCH, Weinheim,
2004, pp. 101 – 127.

[9] P. R. Blakemore, J. Chem. Soc. Perkin Trans. 1 2002, 2563 – 2585.
[10] On close inspection, each of the four main spots appears to be a

composite of two almost overlapping spots, which are presum-
ably the pairs of quasi-diastereomers with the same OEG tag.

[11] Conditions for preparative demixings: a) flash column chroma-
tography with a step gradient (25, 50, 65, and 80% EtOAc/
hexanes) to elute each successive OEG-tagged fraction; b) fluo-
rous HPLC separation of each of the four OEG-tagged demixed
fractions with a 20 6 250 mm2 PF-C8 column, linear gradient of
85% CH3CN/H2O to 100% CH3CN over 25 min (typical
retention times: C2F5 8 min; C4F9 14 min; C6F13 20 min; C8F17

28 min).
[12] Q. Zhang, D. P. Curran, Chem. Eur. J. 2005, 11, 4866 – 4880
[13] Syn and anti isomers at C4,34 have slightly different spectra; the

compounds are also differentiated by the ratio of syn/anti isom-
ers at C15,16 and C19,20 and the ratio of cis/trans isomers at
C16,19.

Communications

6940 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6938 –6940

http://www.angewandte.org


Gas-Phase Reactions

DOI: 10.1002/anie.200502040
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Nucleobases by Very-Low-Energy Electrons
(< 3 eV)**

Sylwia Ptasinska, Stephan Denifl, Paul Scheier,
Eugen Illenberger,* and Tilmann D. M�rk

Excess charge deposited on gas-phase thymine (T) and uracil
(U) by resonant attachment of low-energy (0–3 eV) electrons
induces the loss of hydrogen, which exclusively takes place
from the N positions. This bond selectivity can be made site
selective by properly adjusting the electron energy. While
electrons at 1 eV result in loss of hydrogen from N1, the
reaction can be switched to loss of hydrogen from N3 by
tuning the electron energy to 1.8 eV. We find that any energy
(and charge) transfer is completely blocked when the N�H
bond is replaced by N�CH3. The present results have
significant consequences for the exploration of the initial
molecular processes leading to DNA damage, specifically in
relation to recent observations of strand breaks in plasmid
DNA induced by very low energy (0–4 eV) electrons.[1]

Recent gas-phase experiments on the isolated nucleo-
bases (NBs) thymine (T), cytosine (C), adenine (A), guanine
(G), and uracil (U) have demonstrated that they all effec-
tively capture low-energy electrons in the range below 3 eV
.[2–6] The generated transient negative ion (TNI) subsequently
decomposes by the loss of a neutral hydrogen atom. The
overall dissociative electron attachment (DEA) reaction can
be expressed as Equation (1), in which NB�# is the TNI of the

e� ð< 3 eVÞ þNB! NB�# ! ðNB�HÞ� þH ð1Þ

corresponding nucleobase and (NB�H)� is the closed-shell
anion formed by the ejection of a neutral hydrogen radical
whereby the excess charge remains on the nucleobase. The
reaction is effective already at energies below the threshold
for electronic excitation (at subexcitation energies) and
driven by the appreciable electron affinity of the (NB�H)
radicals, which is in the range between 3 and 4 eV, dependent

on the site from which the hydrogen atom is ejected[2, 6] (see
below). Experiments with partly deuterated thymine[5] dem-
onstrated that hydrogen abstraction occurs exclusively from
the N sites, although H loss from the C sites is energetically
accessible within that energy range. In the present contribu-
tion we demonstrate by means of methylated thymine and
uracil that by properly adjusting the electron energy, the loss
of hydrogen can be made even site selective with respect to
the N1 and N3 positions. In light of strong efforts to induce
cleavage of particular bonds by coherent laser control using
tailored ultrafast pulses[7] the present result is very remark-
able.

In addition to these basic aspects, our findings have direct
implications for the molecular description of radiation
damage in biological systems, more specifically, for DNA in
living cells. It is well accepted that the main biological effect is
usually not produced by the primary interaction of the high-
energy quanta with the complex molecular network within a
living cell, but rather by the action of the secondary species
generated along the ionization track.[8] The interaction of
these secondary species (ions, electrons, radicals) with DNA
and its surrounding can cause mutagenic, genotoxic, and other
potentially lethal DNA lesions such as single-strand breaks
(SSBs) and double-strand breaks (DSBs).

Electrons are by far the most abundant of these secondary
species and have an initial energy distribution extending to
about 20 eV.[9, 10] For the understanding of the effects of
radiation in cells, it is therefore essential to investigate the
action induced by these electrons on the vital cellular
components such as water and DNA. In experiments directly
exposing plasmid DNA on a surface to an electron beam of
variable and well-defined energy, Boudaiffa et al.[11] showed
that electrons below the ionization threshold can produce
SSBs and DSBs. The same research group showed very
recently that in plasmid DNA SSBs are produced at energies
as low as the nominal zero-energy threshold of the electron
beam and that the yield as a function of the energy exhibits a
sharp peak at 0.8� 0.3 eV and a broader feature centered at
2.2 eV.[1]

On the other hand, the explicit molecular mechanism how
low energy electrons damage DNA is yet unknown. Here we
study in detail the processes that are initiated in isolated
thymine (T) and uracil (U) by additional experiments on the
compounds methylated at one of the N positions. These
results have direct implications for the initial steps towards
strand breaks in DNA.

The present investigations were performed in a crossed
electron/molecule beams device previously described in
detail.[12] The electron beam is formed in a hemispherical
electron monochromator, operated at an energy resolution
between 60 and 110 meV and an electron current of 5–8 nA.
The molecular beam emanates from a source consisting of a
temperature-regulated oven and a capillary. Evaporation at
385–400 K results in an effusive beam of intact molecules.
Negative ions formed in the collision zone are extracted by a
weak electric field toward the entrance of the quadrupole
mass spectrometer and are detected by a single-pulse count-
ing technique. The intensity of a particular mass-selected
negative ion is then recorded as a function of the electron
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energy. The electron energy scale is calibrated using the well-
known Cl�/CCl4 signal near 0 eV. Methylated thymine and
uracil were purchased from Sigma–Aldrich at a stated purity
of 98 %.

Figure 1 shows the loss of a neutral hydrogen atom from
thymine methylated at the N1 position (m1T) compared to

the yield from (non-methylated) thymine (T), in both cases by
measuring the yields of the corresponding anions (M�H)�

[Eq. (1)]. For a detailed interpretation of these results we
have to recall a previous study on thymine deuterated at the C
positions[5] which demonstrated that hydrogen loss at sub-
excitation energies occurs exclusively at the N positions.
Figure 1 directly shows that in m1T hydrogen loss is
completely suppressed below 1.4 eV, and we consequently
assign the smooth feature peaking at 1.8 eV to H loss from the
N3 position. H loss is hence not only exclusively restricted to
the N�H bonds, it can further be made site selective by tuning
the electron energy.

Accordingly, uracil methylated at the N3 position (m3U)
shows a nearly complementary behavior (Figure 2); in other
words, hydrogen loss primarily occurs within the sharp feature
at 1.0 eV, which we consequently assign to H loss from the N1
site. It should be noted that the relative shape of the ion yields
due to H loss in T and U are virtually identical (as is also
apparent from the spectra for T and U in Figure 1 and
Figure 2, respectively). While in m3U some intensity on the
(M�H)� signal (N1�H loss) remains above 1.4 eV, that in
m1T (N3�H loss) below 1.4 eV is completely suppressed.
This complete site selectivity for N1�H loss is a result of the
corresponding energy threshold, which we shall briefly
consider.

The threshold E0 for the DEA reaction [Eq. (1)] is given
by Equation (2), in which D is the corresponding bond

E0 ¼ D�EAðM�HÞ ð2Þ

dissociation energy ((N-H)/(C-H)) and EA(M�H) is the
electron affinity of the radical formed by the loss of H from
the particular site. E0 refers to the energy threshold of the
reaction at 0 K. The experimental threshold energy (the
appearance energy of (M�H)�) can be different from Eo as a
result of two main effects: 1) the transient negative ion is
formed by means of a Franck–Condon transition, which can
be viewed as the activation energy for the DEA reaction with
the tendency that the fragment ion is observed above E0; and
2) the internal energy of the target molecule tends to lower
the appearance energy.

Since there are no experimental numbers available for the
different C�H and N�H bond dissociation energies in the
nucleobases, we refer to recent high-level ab initio studies on
T and U. With the G2MP2 method the following data were
calculated for thymine:[6] D(N1-H)= 4.4 eV/EA(T-H)=
3.5 eV; D(N3-H)= 5.8 eV/EA(T-H)= 4.5 eV; D(CH2-H)=
4.5 eV/EA(T-H)= 2.9 eV; D(C6-H)= 4.9 eV/EA(T-H)=
2.7 eV. From that the following energetic thresholds are
obtained: E0(N1-H)= 0.9 eV, E0(N3-H)= 1.3 eV, E0(CH2-
H)= 1.6 eV, and E0(C6-H)= 2.2 eV.

In U the corresponding numbers are (also calculated with
the G2MP2 method[2]): D(N1-H)= 4.4 eV/EA(U-H)=
3.6 eV; D(N3-H)= 5.4 eV/EA(U-H)= 4.0 eV; D(C5-H)=
5.2 eV/EA(U-H)= 2.5 eV; D(C6-H)= 5.0 eV/EA(U-H)=
2.8 eV leading to the following energy thresholds: E0(N1-
H)= 0.8 eV, E0(N3-H)= 1.4 eV, E0(C5-H)= 2.7 eV, and E0-
(C6-H)= 2.2 eV.

On this basis, we arrive at the following conclusions:
a) Although H loss from the C sites is energetically

accessible above 1.6 eV it is not observed within the
entire resonant feature extending to more than 3 eV.

b) At energies below 1.4 eV the loss of H occurs exclusively
from the N1 position, since the competing channel (loss
from N3) is energetically only accessible above 1.4 eV.

c) At energies above 1.4 eV hydrogen loss takes place from
both the N1 and N3 positions.

Figure 1. Plot of the ion yield of the fragment ion (M�H)� (loss of a
hydrogen atom) from thymine methylated at the N1 position (m1T,
c) with that of thymine (T, a). E=electron energy.

Figure 2. Plot of the ion yield of the fragment ion (M�H)� (loss of a
hydrogen atom) from uracil methylated at the N3 position (m3U,
c) with that of uracil (U, a). E=electron energy.
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The fact that H loss from N1 occurs preferentially at low
energy (1 eV) with respect to the range above 1.4 eV may be
due to the different mechanisms contributing to reaction (1).
Owing to the large dipole moment of uracil (� 4.5 D), it was
recently proposed that a dipole-bound (DB) state could act as
a doorway state for DEA.[13] Supported by ab initio calcu-
lations, the sharp peak at 1 eV was assigned as a dipole-bound
vibrational Feshbach resonance (exciting three quanta of the
N1-H stretch mode), which couples to the repulsive s* (N1-
H) valence state. The underlying broader feature would then
be due to the p2* shape resonance,[14] which can lead to DEA
through vibronic mixing of the p states with the repulsive s*
anion states. The overall DEA reaction is then more effective
via the initial DB state in comparison to the initial p* shape
resonance leading to the dominant peak at 1 eV.

The fact that the loss of CH3 is not observed when N1�H is
replaced by N1�CH3 has significant consequences for the
molecular description of strand breaks by low-energy elec-
trons. In a recent theoretical study[15] (modeling a section of
DNA containing cytosine, the sugar ring, and the (neutral-
ized) phosphate group), a low-lying anionic curve was
predicted which 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, which
may lead to rupture of the C�O bond between the phosphate
and the sugar. In DNA the N1 position is coupled to the sugar
moiety, and according to the present findings transfer of
charge and energy via the N1�C bond will not take place. This
is also strongly supported by very recent gas-phase experi-
ments[16] on thymidine (representing thymine coupled to a
sugar moiety) which definitely exclude the transfer of
electrons initially localized on thymine to the sugar moiety.

We therefore conclude that the direct migration of the
excess charge from the p* anions of the nucleobases to the
DNA backbone can be excluded as a mechanism leading to
strand breaks. Instead electrons near 2 eV induce H loss at N3,
which, in a biological environment, may initiate further
reactions eventually leading to strand breaks. In addition,
experiments on isolated deoxyribose show effective low-
energy DEA processes.[17] If these DEA reactions are pre-
served for deoxyribose coupled within the DNA network, such
processes will be of considerable importance for strand breaks.
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Prominent examples in nature are the vision process, photo-
tropism, photomorphogenesis, and circadian rhythms where
the response to light is realized by a variety of enzymatic
photoreceptors, including rhodopsins, phototropins, phyto-
chromes, cryptochromes, and BLUF domains.[2] All of these
photoreceptors rely on a functional chromophore as the
photoactive element, which initiates a highly sophisticated
signaling cascade with, for example, an electron transfer or a
photochromic reaction as the primary step after light
absorption.

In studying these biological systems chemists have recog-
nized the superiority of signal processing by light in terms of
velocity and efficiency, and they have strived to use light-
driven and -controlled processes in artificial chromophoric
ensembles at the molecular level for technological purposes
such as molecular electronics and photonics, and artificial
photosynthesis. Especially photochromic compounds have
gained strong popularity here, for instance, in high-density
optical data storage and multimode photoswitching.[3] Using
light as a trigger medium and as a tool for readout, the latter
typically by fluorescence, offers the advantages of the non-
destructive control and processing of information. However,
up to now, only a few systems that show photochromically
modulated luminescence have been realized, and the effi-
ciency of the modulation and the overall brightness of the
systems is often rather poor.[4] Furthermore, to our knowl-
edge, a photochromic ensemble in which the switching states
are photocontrolled but the luminescence readout signal can
be sampled by either optical or electrochemical excitation,
i.e., by photo- or electrochemiluminescence (ECL), has not
yet been reported. The latter feature would be a key link
between OLEDs (organic light-emitting diodes) and conven-
tional optical-gate technologies.

We realized our aim of a bright photochromic luminescent
switch that can be either photo- or electrochemically excited
by combining the photochromic system dihydroazulene/vinyl-
heptafulvene (DHA/VHF; Scheme 1a) with the boron dipyr-
romethene (BDP) fluorophore in dyad 1 (Scheme 1b; for
synthetic details see the Supporting Information). The DHA/
VHF system shows UV/Vis photochromism that is partic-
ularly suitable for our present purposes and has been
employed successfully in various molecular switches.[5] The
photochromic conversion of the alternant p systemDHA into
the non-alternant VHF occurs by means of a 10-electron
rearrangement of the carbon framework, which strongly
influences the electronic properties of the substituents
attached to the photochromic system.[6] The BDP chromo-
phore provides favorable signaling features, as BDPs show
green emission of high brightness and are also fluorophores
that display photogenerated as well as electrochemically
generated luminescence.[7] Furthermore, the spectral and
redox properties of both subunits complement each other
well for the intended performance.

UV/Vis-spectrophotometric measurements of 1a in
chloroform clearly reveal the independence of both subchro-
mophores, with main bands centered at 376 nm for the DHA
and 527 nm for the BDP moiety (Table 1, Figure 1). The
substantial difference between the lowest energy absorptions
of DHA and BDP guarantees exclusive excitation of the

readout module, the BDP fluorophore, without initiating the
“write-in process”, the photoreaction of DHA. Cyclic vol-
tammetry supports these findings. The reversible reduction
(E1/2=�1615 mV vs. Fc+/Fc) and oxidation (E1/2=++ 615 mV
vs. Fc+/Fc) of BDP and the irreversible reduction (Ep=

�1920 mV vs. Fc+/Fc) and oxidation of DHA (Ep=

Scheme 1. The photochromic system dihydroazulene/vinylheptafulvene
DHA/VHF (a) is combined with the fluorophore boron dipyrromethene
(BDP) to give dyads 1a and 1b (b). The nonswitchable derivative 2
and the model fluorophore 3 (c) were used in control experiments.

Table 1: Absorption (in CHCl3) and redox data (in MeCN) of 1a and 1b
(E in mV vs. Fc+/Fc).

labs [nm]
([lg(e)]/[lg(m�1 cm�1)])

Ered
1=2

[mV]
Ecred

p

[mV]
Eox

1=2

[mV]
Eaox

p

[mV]

1a 527 (4.86), 376 (4.60) �1615 �1920 615 1025
1b 527 (4.90), 495 (4.69) �1610 �1325 630 760
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+ 1025 mV vs. Fc+/Fc) are centered in the expected potential
regions thus indicating electronically decoupled ground
states.[5d,7b] After excitation of 1a in dichloromethane at l>
500 nm, the typical BDP emission with a maximum at 540 nm,
a fluorescence quantum yield of 0.67, and a single exponential
decay time of 4.06 ns is observed (Figure 2). Changing the

polarity of the solvent does not alter the spectroscopic
properties significantly (Table 2). Furthermore, as the poten-
tial separation of BDP reduction and oxidation (DEox-red

� 2.30 mV) is also sufficient to populate the excited state of
the BDP in 1a electrochemically, the dyad shows electro-

chemiluminescence (ECL) (Figure 2, discrete signals).[8] The
strong fluorescence emission and electrochemically generated
luminescence let us thus define 1a as the ON state of the
system.

Irradiation of 1a at 366 nm induces the uniform photo-
conversion to 1b, which is apparent from the isosbestic points,
the decrease of the band at 376 nm, and the appearance of a
new band at 476 nm in the absorption spectrum (Figure 1).
The BDP absorption remains virtually unaffected, stressing
the fact that both modules of dyad 1b are also decoupled in
the ground state. Again, cyclic voltammetry provides support:
the BDP reduction (E1/2=�1610 mV vs. Fc+/Fc) and oxida-
tion (E1/2=++ 630 mV vs. Fc+/Fc) are negligibly shifted
relative to values for 1a. Moreover, the typical irreversible
reduction (Ep=�1325 mV vs. Fc+/Fc) and oxidation (Ep=

+ 760 mV vs. Fc+/Fc) of the VHF unit of 1b are found at far
lower potentials than those of DHA in 1a.[3c,5d] Photoconver-
sion of 1a to 1b occurs with a quantum yield of ca. 0.01. This is
quite low in comparison to other DHA/VHF systems and can
be attributed to an overlap of the oscillator-weak S2

!S0
transition localized on BDP[7e] and the intense S1

!S0
transition of DHA. Furthermore, analysis of the fluorescence
excitation spectra revealed that despite the very weak
fluorescence of DHA at room temperature (Ff� 10�4),[6a]
energy transfer from DHA to BDP might play an additional,
competitive role here. The OFF state 1b is thermally
reconverted to 1a with t1/2= 350 min at room temperature.

In contrast to 1a, 1b shows a strongly reduced, typical
green BDP emission upon excitation at l> 500 nm.[9]Ff drops
remarkably from 0.67 to 0.013 (Figure 3) and the fluorescence

lifetime is shorter (Table 2). The quenching mechanism can
be rationalized in terms of intramolecular fluorescence
resonance energy transfer (FRET). The broad absorption
spectrum of the VHF fragment, which stretches well beyond
550 nm,[6] and the narrow emission band of the BDP unit,
centered between 530 and 540 nm, show considerable over-
lap. Analysis of the FRET process and its features yields a
spectral overlap integral J= 2.6 C 1014m�1 cm�1 and an effec-
tive interaction radius R0= 39 D.[10] Assuming that no other
processes contribute significantly to the deactivation of the
excited state of the BDP, we calculate the donor–acceptor
distance of the FRET partners to be 15.1 D,[11] which

Figure 1. Absorption and emission spectra of 1a and absorption
spectrum of 1b in CH2Cl2 (c=5J10�6m).

Figure 2. Emission spectrum of 1a (c=1J10�6m) in CH2Cl2. Discrete
signals: ECL spectrum of 1a (c=1J10�3m) in acetonitrile/0.2m
Bu4NPF6. Applied potentials are marked in the cyclic voltammogram in
the inset.[8]

Table 2: Fluorescence properties of 1a, 1b, and 2.

Solvent Ff
[a] tf [ns]

[b]

1a MeCN[c] 0.62 3.96
CH2Cl2

[d] 0.67 4.06
Et2O

[e] 0.66 3.87
1b MeCN[c] 0.01 0.03

CH2Cl2
[d] 0.01 0.02

Et2O
[e] 0.01 0.03

2 MeCN[c] 0.16 0.88
CH2Cl2

[d] 0.27 1.72
Et2O

[e] 0.67 4.13

[a] Relative to fluorescein 27 in 0.1n NaOH (0.90�0.03),[14] �5% (1a,
2) �15% (1b). [b] At 298 K, �0.003 ns. [c] labs/lem=523/536 nm.
[d] labs/lem=526/540 nm. [e] labs/lem=524/536 nm.

Figure 3. Change of the emission intensity during the photoreaction of
1a (c=1J10�6m in CH2Cl2) to 1b with excitation of the BDP at
505 nm. Inset: Reversibility of the switch as shown by several cycles of
irradiation and back-reaction.
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corresponds within � 0.2 D to the distance between the BDP
core and the center of the VHF unit as obtained for the
ground-state geometry optimized by semiempirical AM1
calculations. Moreover, the absence of solvatokinetic behav-
ior of 1b, that is, that the quenching process is not significantly
accelerated upon increasing the polarity of the solvent, led us
to assume that photoinduced electron transfer (PET) plays a
negligible role here. Control experiments with 2, where the
DHA/VHF moiety has been replaced with a nonswitchable
dihydro-VHF group that isolates the p-dicyanovinylbiphenyl
from the cycloheptatrienyl fragment (Scheme 1c), support
these findings. The spectral characteristics of the BDP
fluorophore in 2 are very similar to those of 1a/1b
(Table 2). Furthermore, the fluorescence of 2 in nonpolar
solvents is as bright as that of 1a. Upon increasing solvent
polarity, a slight quenching of the BDP emission in 2 is
observed. The latter is apparently connected to the moderate
PETactivity of the para-cyanovinylbiphenyl group,[12] empha-
sizing the fact that the entire VHF unit is mandatory for the
performance of 1b. As expected, after the photoreaction to
1b, the latter remains ECL-silent, and 1b thus represents the
OFF state of the system.

In conclusion, we have presented a photochromic pair of
BDP-DHA/VHF dyads as a versatile all-optically control-
lable switch, for which irradiation with near-UV light serves
as the input and luminescence at 540 nm as the output.
Furthermore, the readout signal of the ON state 1a can be
generated by conventional photoexcitation as well as electro-
chemically; in other words, the system shows photogated
electrochemiluminescence. Light-induced conversion of 1a to
1b is accompanied by a 50-fold decrease of luminescence,
defining the system as a true ON/OFF photoswitch. We have
demonstrated here that the outstanding photo- and electro-
chemical properties of both modules, DHA/VHF and BDP,
can be combined synergistically for highly interesting all-
optical photochromic molecular switches. The ECL findings
also indicate potential applications in gated organic light-
emitting diodes (OLEDs).[13]
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Peroxo and hydroperoxo transition-metal complexes have
been suggested to play a key role as intermediates in several
oxygenation processes with molecular oxygen, including
reactions mediated by cytochrome P450, the catalytic oxida-
tion of olefins, and the generation of peroxides.[1,2] A hydro-
peroxo ligand can also be found in oxyhemerythrin which is
produced when dioxygen is bound at the nonheme oxygen
carrier hemerythrin.[3] The oxygen atoms of h2-bound peroxo
ligands at electron-rich transition metals are usually nucleo-
philic.[4] This is reflected in the formation of hydrogen
peroxide or trityl peroxide from h2-peroxo complexes and
the corresponding electrophilic sources (trityl= triphenyl-
methyl).[4–6] Hydroperoxo and alkylperoxo complexes are
thought to be intermediates in these reactions, but there is
extremely little precedent on their identification.[4,7] The
conversion of coordinated oxygen into an OOR ligand (R=

alkyl, H) can be considered to be one of the key steps in these
transformations, but even model reactions for the formation
of oxygen-derived hydroperoxo and alkylperoxo species are
very sparse.[2a,4, 7–9] Stahl et al. showed that protonation of
palladium h2-peroxo species, bearing N-heterocyclic carbene
ligands, with acetic acid leads to h1-hydroperoxo compounds,
which can be further protonated to give hydrogen peroxide.[7]

The presence of the h1-hydroperoxo complex and of its 18O-
labeled isotopologue has been confirmed by comparison of
the mass spectrometric data with simulated spectra. Otsuka
et al. reported that the reaction of [Pt(O2)(PR3)2] (R=Ph,
Cy) with BrCPh3 leads to the tritylperoxo complexes [PtBr-
(OOCPh3)(PR3)2].

[4] These complexes can be converted into
Ph3COOCPh3 and are presumably stabilized kinetically by
the steric bulk of the trityl group. Moro-oka et al. found that a
rhodium h2-peroxo complex can be protonated with pyra-
zole.[9] The hydroperoxo species obtained is stabilized by a
hydrogen bond between a pyrazole ligand and the b-oxygen in
the hydroperoxo ligand. No further reactivity of this com-
pound has been reported.

In this communication we report on the sequential
conversion of molecular oxygen into hydrogen peroxide as
well as into silyl and methyl peroxides via h1-hydroperoxo, h1-
silylperoxo, and h1-methylperoxo complexes. Not only the
isolation of the intermediate species bearing an OOSiMe3 or
OOMe ligand is unprecedented, but also h1-silylperoxo and
h1-methylperoxo complexes have for the first time been
unambiguously characterized by IR spectroscopy and X-ray
crystallography. The stabilizing effect of a tetrafluoropyridyl
ligand bound at rhodium[10] presumably allows the isolation of
the intermediates.

Exposure of a hexane solution of the tetrafluoropyridyl
complex 1[10] to air or oxygen slowly leads to the generation of
the dioxygen compound 2a within hours (Scheme 1). Sim-
ilarly, treatment of 1with 18O2 gives the peroxo complex trans-
[Rh(18O2)(4-C5F4N)(CNtBu)(PEt3)2] (2b). Note that Selke
et al. reported the formation of the complex trans-[Rh-
(SC6F5)(O2)(CO)(PPh3)2], which is unstable at room temper-
ature, using singlet oxygen.[11] In contrast, the formation of 2a
and 2b is spin-forbidden and requires a triplet–singlet surface
crossing on the reaction coordinate.[12] The 19F NMR spec-
trum of 2a displays four signals for the tetrafluoropyridyl
ligand indicating hindered rotation (Table 1).[10] The rho-
dium–phosphorus coupling constant of 87 Hz in the 31P NMR
spectrum suggests the formation of a rhodium(iii) complex. In
the IR spectrum of 2a an absorption band at 852 cm�1 can be
detected. The band shifts to 805 cm�1 for the 18O-labeled
isotopologue 2b and can be assigned unequivocally to the O–
O stretching vibration of the h2-peroxo ligand.[9, 13] The
difference Dñ= 47 cm�1 is fully consistent with a simple
model for a diatomic harmonic oscillator.[14]

Figure 1 shows the molecular structure of 2a determined
by X-ray crystallography.[15] The molecule exhibits a distorted
octahedral structure, if the oxygen is treated as a bidentate
ligand. Alternatively if the dioxygen is treated as occupying a
single coordination site, the structure is approximately
trigonal-bipyramidal with two phosphine ligands occupying
the axial sites. The O�O distance of 1.452(3) ; is similar to
the corresponding bond length found in cis-[Rh(CF3)(O2)-
(CNXy)2(PPh3)] (1.438(3) ;; Xy= 2,6-Me2C6H3) and is also
in the same range as these observed in other rhodium h2-
peroxo complexes.[16]Treatment of complex 2a with a solution
of HCl in Et2O affords the dichloro compound 4 and H2O2

(Scheme 1). Low-temperature NMR experiments at 213 K
reveal the formation of 3 as the initial product. A broad signal
in the 1H NMR spectrum at d= 7.35 ppm can be attributed to
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the hydroperoxo ligand. When 2a is treated with DCl instead
of HCl the resonance is not present. At 273 K complex 3
reacts with more HCl to give H2O2 and 4. However, even
when no further HCl is present, the slow generation of 2a and
4 is observed. This indicates that the formation of 3 from 2a
and HCl is reversible. The latter can react with more 3 to yield
4 and H2O2.

Compound 3 is unstable above 273 K, even in the solid
state. However, crystals of 3 suitable for X-ray crystallog-

raphy were obtained from a THF/hexane solution at 193 K.[15]

The molecular structure depicted in Figure 2 reveals that the
h1-bound hydroperoxo ligand is located in the trans position
to the isocyanide ligand. Intermolecular hydrogen bonding of
the hydroperoxo ligands also gives strong evidence for the
presence of the OOH group. These interactions result in the
formation of dimers with an intermolecular oxygen–oxygen
separation of 2.680 ; (Figure S1, Supporting Information).
The intramolecular oxygen–oxygen distance of 1.488(3) ; is
greater than that found in complex 2a but close to the value
found for H2O2 (1.461(3) ;).[17] So far, only very few
transition-metal complexes with an h1-OOH ligand have
been structurally characterized, for example, the rhodium
compounds [(h5-C5Me5)Ir(m-pz)3Rh(OOH)(dppe)][BF4] and
[TpiPrRh(OOH)(pz)(pzH)] (pzH=pyrazole, dppe= 1,2-bis-
(diphenylphosphanyl)ethane, TpiPr= hydrotris(3,5-diisopro-
pylpyrazolyl)borato).[9,18]

Scheme 1. The synthesis and reactivity of rhodium peroxo compounds. 2b, 5b, and 6b are 18O isotopologues of 2a, 5a, and 6a, respectively.

Table 1: Selected NMR spectroscopic data.[a]

2a : 19F NMR (C6D6): d=�98.1 (m, 1F), �98.6 (m, 1F), �107.6 (m, 1F),
�117.3 ppm (m, 1F); 31P NMR (C6D6): d=24.6 ppm (d, 1JP,Rh=87 Hz).

3 :[b] 1H NMR ([D8]toluene): d=7.35 ppm (br. s, OOH); 19F NMR
([D8]toluene): d=�96.1 (m, 1F), �97.8 (m, 1F), �115.3 (m, 1F),
�120.4 ppm (m, 1F); 31P NMR ([D8]toluene): d=17.8 ppm (d,
1JP,Rh=87 Hz).

4 : 19F NMR ([D8]toluene): d=�95.3 (m, 1F),�97.6 (m, 1F),�110.3 (m,
1F), �112.3 ppm (m, 1F); 31P NMR ([D8]toluene): d=15.3 ppm (dd,
1JP,Rh=80, 4JP,F=4 Hz).

5a : 19F NMR ([D8]toluene): d=�97.8 (m, 1F), �99.3 (m, 1F), �114.2
(m, 1F), �118.1 ppm (m, 1F); 31P NMR ([D8]toluene): d=18.7 ppm (d,
1JP,Rh=87 Hz); 29Si NMR (119.2 MHz, [D8]toluene): d=26.5 ppm (s).

6a : 1H NMR ([D8]toluene): d=3.64 ppm (s, 3H, OOCH3);
19F NMR

([D8]toluene): d=�77.5 (s, 3F, CF3), �95.9 (m, 1F, CF), �97.9 (m, 1F,
CF), �115.2 (m, 1F, CF), �120.0 ppm (m, 1F, CF); 31P NMR ([D8]tol-
uene): d=20.4 ppm (dd, 1JP,Rh=86, 4JP,F=4 Hz).

7: 1H NMR ([D8]THF): d=3.69 ppm (s, 3H, OOCH3);
19F NMR

([D8]THF): d=�75.7 (s, 3F, CF3),�94.7 (m, 1F, CF),�96.0 (m, 1F, CF),
�110.1 (m, 1F, CF), �116.0 ppm (m, 1F, CF); 31P NMR ([D8]THF):
d=12.8 ppm (d, 1JP,Rh=85 Hz).

[a] Recorded at 300 K; Measurement frequencies: 1H NMR 500 MHz,
19F NMR 470.4 MHz, 31P NMR 202.4 MHz. [b] Recorded at 213 K.

Figure 1. Molecular structure of 2a in the crystal (ORTEP plot,
ellipsoids at the 50% probability level). Selected distances [I] and
angles [8]: Rh1–O1 2.0332(16), Rh1–O2 2.0147(16), O1–O2 1.452(3);
O1-Rh1-O2 42.05(7), C13-Rh1-O2 144.08(8), C18-Rh1-O2 110.63(8).
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The reactions of 2a and 2b with Me3SiCl at 213 K
furnished the silylperoxo complexes 5a and 5b, respectively
(Scheme 1). After warming up to 273 K the slow generation
of 4 and bis(trimethylsilyl) peroxide was observed. The latter
was identified by comparison of the NMR data with those of
an authentic sample. Compound 5a was characterized by
NMR and IR (Table 1). Convincing evidence for the presence
of a OOSiMe3 unit is given by an absorption band at 901 cm�1

(Figure 3).[19] The signal shifts to 884 cm�1 for the isotopo-

logue 5b. For the configuration at rhodium in 5a and 5b, we
assign a trans arrangement of the isocyanide and the
silylperoxo ligand, as it was found for 3. To our knowledge,
complexes 5a and 5b are the first transition-metal silylperoxo
compounds that have been characterized.[20]

Treatment of a toluene solution of 2a and 2b with MeOTf
yields the methylperoxo compounds 6a and 6b, respectively.
A weak absorption band at 1004 cm�1 in the IR spectrum of
6b can be assigned tentatively to the 18O18OMe unit. The high
frequency might be attributed to a mixing of the O–O stretch
and a bending vibration. The corresponding absorption band

in 6a seems to be covered by a very strong broad band, which
can be attributed to the triflate ligand at 1025 cm�1.

The proposed structure of 6a is further supported by its
reactivity. Thus 6a reacts smoothly with pyridine to give the
cationic methylperoxo complex 7. The structure of 7 was
determined by X-ray crystallography.[15] A view of the
geometry of the cation is depicted in Figure 4. As was found

for the hydroperoxo group in 3, the methylperoxo ligand is
located in the trans position to the isocyanide. We assume a
comparable configuration at rhodium for 6a. The oxygen–
oxygen distance of 1.479(2) ; is similar to the O�O bond
length in 3. We note that Moro-oka et al. recently reported
the crystal structure of a palladium complex with a
{PdOOtBu} unit.[18e] The structural data of two platinum
compounds with OOiPr and OOtBu ligands were published
earlier.[21] Although there are indications for the existence of
transition-metal methylperoxo complexes mainly based on
UV and NMR data, to our knowledge in none of these
compounds has the OOMe moiety been identified by IR data
or X-ray crystallography.[22]

Complex 6a can also act as a source for organic peroxides.
Thus, treatment of a solution of the triflato compound 6 with
an excess HCl leads to complex 4 and the peroxide MeOOH,
which was identified by comparison of its 1H and 13C NMR
data with those of an authentic sample. The conversion is
quantitative according to the NMR data. We assume that the
reaction proceeds via the triflato complex trans-[Rh(Cl)-
(OTf)(4-C5F4N)(CNtBu)(PEt3)2], which is readily converted
into the dichloro compound 4.

In conclusion, a h1-hydroperoxo complex and for the first
time h1-silylperoxo and h1-methylperoxo species have been
characterized unambiguously by IR spectroscopy or X-ray
crystallography. The compounds are generated quantitatively
according to the NMR data and have been isolated as
intermediates in the rhodium-mediated formation of perox-
ides from molecular oxygen. The selective synthesis of 3, 5a,

Figure 2. Molecular structure of 3 in the crystal (ORTEP plot, ellipsoids
at the 50% probability level). Selected distances [I] and angles [8]:
Rh1–O1 2.025(2), O1–O2 1.488(3); Rh1-O1-O2 110.31(17).

Figure 3. Part of the IR spectra of 5a (c) and 5b (a).

Figure 4. Structure of the cation in 7 in the crystal (ORTEP plot,
ellipsoids at the 50% probability level). Selected distances [I] and
angles [8]: Rh1–O1 2.0196(14), O1–O2 1.479(2), O2–C18 1.412(3);
Rh1-O1-O2 111.55(10), O1-O2-C18 104.32(16).
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and 6a discloses a route for the controlled preparation of
alkyl hydroperoxides and possibly dialkyl peroxides or
alkylsilyl peroxides. We believe that the stabilizing effect of
the tetrafluoropyridyl ligand with its p-acceptor properties
might be the main reason for the stability of the rhodium
complexes bearing an h1-bound peroxo unit.[10] This stability
also makes it possible to control the reactivity of the peroxo
species and accounts for the selectivity of the reactions. It is
intriguing that despite the presence of the phosphines and the
anionic carbon ligand the reactions proceed smoothly.
Neither the phosphines nor the metal-bound tetrafluoropyr-
idyl ligand are oxygenated.
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Pyrimidines constitute an important class of heterocycles,[1]

and many of the 2,4-substituted pyrimidines have been
recognized to be pharmaceutically highly active.[2] Particular
attention has focused on meridianins A–G (indole alkaloids
with a 2-aminopyrimidyl substituent which were recently
isolated from theAplidium meridianum, an ascidian collected
in the South Atlantic; Scheme 1),[3] since they inhibit numer-
ous protein kinases in a low micromolar range.[4] They are

Scheme 1. Meridianins and selected variolin alkaloids.
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related structurally to the variolins, alkaloids isolated from
the Antarctic sponge Kirkpatricka varialosa[5] which display
antitumor and antiviral activity. Among these alkaloids,
variolin B is the most biologically active compound. It
shows the inhibition of the growth of the P388 tumor cell
line and is also active against Herpes simplex and the polio
virus. In contrast, variolin D is completely inactive, emphasiz-
ing the importance of the 2-aminopyrimidine substituent for
the biological activity.

Three approaches to meridianins and variolins are cur-
rently known. While the first two routes apply Stille[6, 7] or
Suzuki couplings[8] of suitable indole stannanes or boronates
and halopyrimidine derivatives, the third more classical
approach is based upon a Bredereck synthesis of the 2-
aminopyrimidine moiety via b-enaminones.[9,10] Just recently,
we have developed a straightforward consecutive one-pot
three-component access to pyrimidines by means of a
modified Sonogashira coupling of acid chlorides with terminal
alkynes and the subsequent transformation of alkynone
intermediates with amidinium salts.[11] Therefore, our diver-
sity-oriented methodological approach to meridianin and
variolin alkaloids suggests the use of trimethylsilylynones
(TMS-ynones) as versatile synthetic equivalents of b-ketoal-
dehydes for the construction of the 2-aminopyrimidine ring
(Scheme 2). Here, we report on the development of carbon-

ylative alkynylation to give TMS-alkynones, its application to
concise two-step syntheses of meridianins starting from 3-
iodoindole derivatives, first kinase inhibition tests of mer-
idianins, and a new one-pot four-component syntheses of
pyrimidines.

Our initial route was based upon our established approach
to TMS-alkynones[11] starting from acid chlorides. But we
soon found that all attempts to prepare the required N-
protected indolyl acid chlorides by standard Friedel–Crafts
acylation[12] were less promising. Only the phenylsulfonyl
group could withstand these drastic, extremely acidic con-
ditions; however, it was not really compatible for the

subsequent coupling-cyclocondensation sequence. We there-
fore readjusted our retrosynthetic analysis and decided to
conceptually switch to a highly convergent carbonylative
coupling-cyclocondensation approach. A literature survey on
carbonylative alkynylation revealed that either high pressures
of carbon monoxide[13] are necessary, or for reactions under
normal pressure a twofold excess of relatively precious aryl
iodides is required.[14] Recently, Mori reported a practical
approach to ynones by carbonylative coupling using 2 equiv
of aqueous ammonia as a base.[15] However, our experience in
the preparation of TMS-ynones by Sonogashira coupling
suggested that we switch the base from ammonia to triethyl-
amine in slight excess for the carbonylative Sonogashira
coupling.

Upon reaction of para-anisyl iodide (1a) and 1-hexyne
(2a) in THF at room temperature under 1 atm of carbon
monoxide (a CO-filled balloon attached to the reaction
vessel) and in the presence of 2 equiv of triethylamine and
catalytic amounts of [Pd(PPh3)2Cl2] and CuI the alkynone 3a
was obtained in 82% yield [Eq. (1)].

For carbonylative alkynylations with indoles tert-
butoxycarbonyl(Boc)-protected 3-iodoindole derivatives 4
were identified to be the substrates of choice. Four represen-
tative indoles were prepared in a two-step sequence of
iodination (79–99% yield) and subsequent Boc protection of
the indole nitrogen (72–86% yield).[16, 17] However, the Pd
catalyst system had to be optimized for sufficient conversion
of the iodoindoles 4 into the desired TMS-alkynones 5
[Eq. (2), Table 1].

The structures of the TMS-alkynones 5 were unambigu-
ously supported by spectroscopic (1H, 13C and DEPT, COSY,
HETCOR, and HMBC NMR experiments, IR, UV/Vis, mass
spectrometry) and combustion analyses, and in addition by an
X-ray structure analysis compound of 5d (Figure 1).[18,19]

The standard catalyst system (5% [Pd(PPh3)2Cl2])
appeared to be most efficient only for the pyrrolopyridine
4d (entry 7), whereas in all other cases a mixture of 0.05 equiv
of [Pd(PPh3)2Cl2] and 0.01 equiv of [Pd(dppf)Cl2] accelerated
the catalysis. However, when [Pd(dppf)Cl2] alone was applied
the catalyst, the desired alkynone became the minor product
and the formation of the TMS-ethynylindole dominated
(entry 4). To date, the mechanistic influence of this peculiar
catalyst cocktail on the selectivity of the carbonylative
alkynylation is not clear. Apparently the electronic nature
of the iodo substrates in conjunction with the Pd catalyst
precursor plays a key role and will be the subject of thorough
investigations. As a consequence of different rates in oxida-
tive addition and from a methodological point of view, the
presence of bromo substituents (entries 3 and 5) does not
interfere with the regioselective carbonylative alkynylation at
the carbon–iodine bond. Most critical, however, was the

Scheme 2. Retrosynthetic analysis of meridianins and variolins.
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application of only one equivalent of triethylamine as an HI-
scavenging base.

With this three-component carbonylative alkynylation in
hand, we set out to conclude the meridianin syntheses. First
attempts to conduct the meridianin syntheses in a consecutive
one-pot fashion failed, in particular, since the choice of the
ideal solvent system for the concluding cyclocondensation
step interferes with the carbonylative coupling step. There-

fore, a separation of carbonylative
coupling and cyclocondensation
seemed to be reasonable. The
TMS-alkynones 5 were treated
with a 5m aqueous solution of
guanidine (2.5 equiv) and Na2CO3

(1 equiv) at 80 8C in a 1:1 mixture of
tBuOH/CH3CN, and the desired
natural products 6 were isolated in
59–78% yield (Scheme 3). Most
surprisingly, the pyrimidine forma-
tion occurs with the concomitant
cleavage of both TMS and Boc
groups. Interestingly, the use of
CH3CN/MeOH as a solvent mixture
led to the predominant formation of
a double Michael addition product
of methanol.

This new two-step synthesis of
meridianins and related variolins is
not only apparently very general
but also extremely concise. If one
considers that the iodoindole deriv-
atives can be prepared in another
two steps from indole derivatives,
the overall yield of the four steps

Figure 1. X-ray crystal structure of 5d ; thermal ellipsoids at 50%
probability. Selected bond lengths [I]: C10–N1 1.421, N1–C2 1.379,
C2–C3 1.353, C3–C15 1.462, C15–C16 1.460, C16–C17 1.203, C17–Si1
1.849.

Scheme 3. Cyclocondensation of TMS-alkynones 5 to give meridianins
and meridianin derivatives 6.

Table 1: Optimization of catalyst combinations for the carbonylative alkynylation of iodoindole
derivatives.[a]

Entry 4 Catalyst system 5 Yield [%][b]

1
R1=R2=H,
X=CH (4a)

5% [Pd(PPh3)2Cl2] 50

2 4a 5% [Pd(PPh3)2Cl2] ,
1% [Pd(dppf)Cl2]

5a 68

3
R1=Br, R2=H,
X=CH (4b)

5% [Pd(PPh3)2Cl2] ,
1% [Pd(dppf)Cl2]

68

4 4b 5% [Pd(dppf)Cl2] 5b 25[c]

5
R1=H, R2=Br,
X=CH (4c)

5% [Pd(PPh3)2Cl2] ,
1% [Pd(dppf)Cl2]

64

6
R1=R2=H,
X=N (4d)

5% [Pd(PPh3)2Cl2] ,
1% [Pd(dppf)Cl2]

39

7 4d 5% [Pd(PPh3)2Cl2] 5d 63

[a] Reaction conditions: 3-iodoindole 4 (1.0 equiv), TMS-acetylene (1.5 equiv; 0.1m in THF),
triethylamine (1 equiv), CuI (0.02 equiv), and the Pd catalyst were stirred at room temperature
for 48 h. [b] Yields refer to yields of compounds 5 isolated after flash chromatography on silica
gel to be �95% pure as determined by NMR spectroscopy and elemental analysis and/or
HRMS. [c] 56% of the alkynylation product.
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starting from the indoles lies between 25 and 41%. A striking
advantage over the b-enaminone pathway[9,10] is that sub-
stituents other than H can be introduced readily at position 6
of the pyrimidine ring by choosing substituted alkynes.
Furthermore, the extremely mild conditions of TMS-alkyn-
one formation are highly compatible with polar functional
groups. Polar substituents represent a significant drawback if
stannane and boronate intermediates are required.[6–8]

The structures of the meridia-
nins 6a–c and variolin analogue 6d
were unambiguously supported by
their 1H and 13C NMR spectra,
which are in full agreement with
published data.[8,10]

Since we were aware of the
biological activity of the natural-
meridianines, we subjected the syn-
thetic samples of compounds 6 to a
screening assay with protein kin-
ases,[20] which play a key role in the
“metabolic syndrome” (hSGK1)
and in oncogenesis. All four com-
pounds inhibit these tested kinases
at low micromolar and even nano-
molar levels (Table 2).

Encouraged by the successful
total syntheses of meridianines, we
attempted the methodological
advance to the one-pot four-com-
ponent syntheses of pyrimidines by
a carbonylative coupling–cyclocon-
densation sequence. Reaction of
(hetero)aryl iodides 1 and terminal
alkynes 2 in THF at room temper-
ature under 1 atm of carbon mon-
oxide (a CO-filled balloon
attached to the reaction vessel)
and in the presence of 2 equiv of
triethylamine and catalytic
amounts of [Pd(PPh3)2Cl2] and
CuI for 48 h followed by addition
of the amidinium salts 7 in the
presence of 2.5 equiv of sodium
carbonate in acetonitrile/water
gave the 2,4,6-trisubstituted pyri-
midines 8 moderate to good yield
[Eq. (3), Table 3].

The structures of the pyrimi-
dines 8 were unambiguously sup-

ported by spectroscopic (1H, 13C and DEPT NMR experi-
ments, IR, UV/Vis, mass spectrometry) and combustion
analyses. It is noteworthy that this sequence proceeds
efficiently only for neutral or electron-rich aryl iodides 1
(entries 1 and 2). When electron-deficient aryl iodides were
examined, a 1:2 mixture of carbonylative and non-carbon-
ylative products was isolated. On the other hand, attempts to
replace the aryl iodides with aryl bromides to increase the
selectivity led to the complete loss of reactivity, and only

Table 2: IC50 values [mm] of meridianins 6a–c and the variolin analogue
6d.

Protein kinase 6a 6b 6c 6d

hSGK1 >10 2.0 4.5 2.4
Tie-2 >1 0.75 1.6 1.0
VEGFR2/KDR >1 >1 >1 >1
PDGF-receptor b-kinase >10 >10 >10 >10
Meck-EE kinase >10 2.3 8.7 >10
IGF1-receptor tyrosine kinase >10 >10 >10 >10

Table 3: One-pot four-component carbonylative coupling–cyclocondensation synthesis of 2,4,6-trisub-
stituted pyrimidines 8 from aryl iodides ArI 1, alkynes HC�CR3 2, and amidinium salts 7[a] (see
Equations (1) and (3)).

Entry 1 2 7 8 Yield [%][b]

1
1a : Ar=p-
MeOC6H4

2a :
R3=nBu

7a :[c] R4=2-thienyl 51

2 1b : Ar=2-thienyl
2b :
R3=Ph

7b :[c] R4=Me 56

3
1c : Ar=p-
MeC6H4

2a
7c :[d] R4=HN-2-CH3-5-
O2NC6H3

29

4
1d : Ar=p-
MeO2CC6H4

2b 7b[c] 43

5
1e : Ar=p-
NCC6H4

2a 7a[c] 28[e]

[a] Reaction conditions: A mixture of 1 (1.0 mmol), 2 (1.2 mmol), [Pd(PPh3)2Cl2] (0.05 mmol), CuI
(0.02 mmol), and NEt3 (2.0 mmol) (in THF (5 mL)) was stirred at room temperature for 48 h. Then 7
(1.2 equiv), Na2CO3 (2.5 equiv), water (0.5 mL), and CH3CN (5 mL) were added, and the reaction
mixture was heated at reflux for 12–24 h. [b] Yields refer to yields of compounds 8 isolated after flash
chromatography on silica gel and crystallization to be �95% pure as determined by NMR spectroscopy
and elemental analysis. [c] Used as a hydrochloride. [d] Used as a nitrate. [e] Only 0.01 mmol of
[Pd(PPh3)2Cl2] without CuI was used as a catalyst; the reaction mixture was stirred for five days on the
first step.
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starting material was recovered. Finally, after considerable
experimentation, we found that stirring the electron-deficient
aryl iodide 1e for 5 days with only 1 mol% of [Pd(PPh3)2Cl2]
and in the absence of CuI predominantly led to the formation
of carbonylative alkynylation product, which was subjected to
the cyclocondensation, providing the desired pyrimidine in
28% yield (entry 5).

Although this pyrimidine synthesis based upon consec-
utive carbonylative alkynylation and cyclocondensation is
lower yielding than the synthesis starting from acid chlor-
ides,[11] it still can be considered as a complementary approach
when acid-sensitive functionality cannot be tolerated.

In conclusion, we have developed concise syntheses of
naturally occuring meridianins and derivatives based upon
carbonylative alkynylation and subsequent cyclocondensa-
tion. Meridianins were found to inhibit “metabolic syn-
drome” and oncologically relevant protein kinases at low
micromolar and even nanomolar levels. Furthermore, we
have developed a novel one-pot four-component synthesis of
2,4,6-trisubstituted pyrimidines based upon a consecutive
carbonylative coupling–cyclocondensation sequence. Studies
addressing the methodological scope of this synthesis and
syntheses of other unknown analogs of meridianins and
variolins as well as thorough studies of the structure–activity
relationship are currently underway.

Experimental Section
5b : In a Schlenk flask [Pd(PPh3)2Cl2] (35 mg, 0.05 mmol), [Pd-
(dppf)Cl2·CH2Cl2] (8 mg, 0.01 mmol), CuI (4 mg, 0.02 mmol), Boc-
protected iodo indole 4b (422 mg, 1.00 mmol), and THF (5 mL) were
placed under nitrogen. Carbon monoxide was bubbled through the
solution for 5 min, and then TMS-acetylene (0.21 mL, 1.50 mmol) and
triethylamine (0.14 mL, 1.00 mmol) were added successively. The
reaction mixture became dark red and was stirred at room temper-
ature for 48 h under 1 atm of carbon monoxide (balloon filled with
CO). The reaction mixture was then diluted with brine (20 mL) and
extracted with dichloromethane (5 L 20 mL). The combined organic
layers were dried with sodium sulfate, concentrated to dryness, and
subjected to column chromatography on silica gel (hexane/ethyl
acetate, 12:1) to give 5b (287 mg; 68%) as colorless crystals. M.p.
157–1598C. 1H NMR (300 MHz, CDCl3): d= 0.32 (s, 9H), 1.70 (s,
9H), 7.47 (dd, J= 8.8 Hz, 1.8 Hz, 1H), 8.00 (d, J= 8.8 Hz, 1H), 8.36 (s,
1H), 8.48 ppm (d, J= 1.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=
�0.7 (CH3), 28.0 (CH3), 86.1 (Cquat.), 97.0 (Cquat.), 101.3 (Cquat.), 116.5
(CH), 118.4 (Cquat.), 120.8 (Cquat.), 125.0 (CH), 128.1 (Cquat.), 128.9
(CH), 134.6 (Cquat.), 136.4 (CH), 148.4 (Cquat.), 171.5 ppm (Cquat.); EI-
MS (70 eV): m/z (%): 421 [M]+, 81Br, (7); 419 [M]+, 79Br, (5); 365
[M�C4H9]

+, 81Br, (58); 363 [M�C4H9]
+, 79Br, (49); 321

[M�C4H9�CO2�H]+, 81Br, (100); 319 [M�C4H9�CO2�H]+, 79Br,
(84); 306 (23); 304 (19); 57 [C4H9]

+ (99); elemental analysis calcd (%)
for C19H22BrNO3Si (420.4): C 54.29, H 5.28, N 3.33, Br 19.01; found: C
54.00, H 5.33, N 3.37, Br 19.27.

6b : To a solution of 5b (185 mg, 0.44 mmol) in acetonitrile
(1.5 mL) was added in succession sodium carbonate (47 mg,
0.44 mmol), tert-butyl alcohol (1.5 mL), and a 5m aqueous solution
of guanidine (0.22 mL, 1.1 mmol; prepared by dissolving guanidine
hydrochloride (9.55 g, 0.10 mol) in water (20 mL) and neutralizing
with sodium hydroxide (4.10 g, 0.10 mol). The reaction mixture was
stirred at 80 8C for 38 h. After conversion to the meridianin was
complete (TLC), brine was added and the mixture was extracted with
dichloromethane (3 L 20 mL). The combined organic layers were
dried with sodium sulfate, and after evaporation of the solvents in

vacuo the residue was chromatographed on deactivated silica gel
(ethanol/ammonia 9:1) with ethyl acetate/ethanol (9:1) to give 6b
(93 mg; 73%) as a light yellow solid (recrystallized from pentane).
M.p. 238–2408C (103–106 8C).[10] 1H NMR ([D6]DMSO, 300 MHz):
d= 6.52 (br, 2H, NH2), 7.00 (d, J= 5.1 Hz, 1H, H-5’), 7.29 (dd, J= 1.8,
8.5 Hz, 1H, H-6), 7.41 (d, J= 8.8 Hz, 1H, H-7), 8.10 (d, J= 5.1 Hz,
1H, H-6’), 8.26 (br, 1H, H-2), 8.76 (d, J= 1.8 Hz, 1H, H-4), 11.87 ppm
(brs, 1H, NH); 13C NMR ([D6]DMSO, 75 MHz): d= 105.3 (CH),
113.3 (Cquat.), 113.4 (Cquat.), 113.8 (CH), 124.5 (CH), 124.6 (CH), 127.1
(Cquat.), 129.6 (CH), 135.8 (Cquat.), 157.2 (CH), 162.3 (Cquat.), 163.6 ppm
(Cquat.); elemental analysis calcd (%) for C12H9BrN4 (289.1): C 49.85,
H 3.14, N 19.38; found: C 50.10, H 3.24, N 18.87.

8a : In a Schlenk flask [Pd(PPh3)2Cl2] (35 mg, 0.05 mmol), CuI
(4 mg, 0.02 mmol), para-iodoanisole (1a; 234 mg, 1.00 mmol), and
THF (5 mL) were placed under nitrogen. Carbon monoxide was
bubbled through the solution for 5 min, and then hexyne 2a (0.14 mL,
1.20 mmol) and triethylamine (0.28 mL, 2.00 mmol) were added
successively. The reaction mixture became dark red and was stirred at
room temperature for 48 h under 1 atm of carbon monoxide (balloon
filled with CO). Then the suspension was treated with Na2CO3

(265 mg, 2.50 mmol), amidinium salt 7a (195 mg, 1.20 mmol), water
(0.5 mL), and CH3CN (5 mL), and the reaction mixture was heated at
reflux for 24 h. After cooling to room temperature, the reaction
mixture was diluted with brine (20 mL) and extracted with dichloro-
methane (5 L 20 mL). The combined organic layers were dried with
sodium sulfate, concentrated to dryness, and subjected to column
chromatography on silica gel (hexane/ethyl acetate, 6:1) to give 8a
(166 mg; 51%) as a light yellow solid. M.p. 84–868C. 1H NMR
(CDCl3, 300 MHz): d= 0.97 (t, J= 7.4 Hz, 3H), 1.38–1.56 (m, 2H),
1.74–1.85 (m, 2H), 2.80 (t, J= 7.9 Hz, 2H), 3.87 (s, 3H), 7.01 (d, J=
8.9 Hz, 2H), 7.14 (dd, J= 5.0 Hz, 3.7 Hz, 1H), 7.29 (s, 1H), 7.45 (dd,
J= 5.0 Hz, 1.1 Hz, 1H), 8.08 (dd, J= 3.7 Hz, 1.1 Hz, 1H), 8.14 ppm (d,
J= 8.9 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d= 13.9 (CH3), 22.5
(CH2), 30.9 (CH2), 37.8 (CH2), 55.4 (CH3), 111.6 (CH), 114.1 (CH),
128.0 (CH), 128.5 (CH), 128.7 (CH), 129.2 (CH), 129.5 (Cquat.), 144.4
(Cquat.), 161.0 (Cquat.), 161.8 (Cquat.), 163.1 (Cquat.), 171.4 ppm (Cquat.);
EI-MS (70 eV): m/z (%): 324 [M]+ (2); 309 [M�CH3]

+ (4); 295
[M�C2H5]

+ (7); 282 [M�C3H6]
+ (100); elemental analysis calcd (%)

for C19H20N2OS (324.3): C 70.34, H 6.21, N 8.63, S 9.88; found: C
69.95, H 6.17, N 8.59, S 9.86.
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by column chromatography on neutral aluminium oxide (column
chromatography on silica gel leads to red color and accelerates
the decomposition).

[18] Colorless crystal (polyhedron), dimensions 0.40 L 0.30 L
0.24 mm3, triclinic, P1̄, Z= 2, a= 9.8618(5), b= 10.0262(5), c=
11.1585(6) V, a= 107.5620(10), b= 103.5130(10), g=

103.2620(10)8, V= 967.76(9) V3, 1= 1.175 gcm�3, T= 200(2) K,
qmax= 26.398, MoKa radiation, l= 0.71073 V, 0.38 q scans with
CCD area detector, covering a whole sphere in reciprocal space,
9354 reflections measured, 3954 unique (Rint= 0.0282), 2889
observed (I> 2s(I)), intensities were corrected for Lorentz and
polarization effects, an empirical absorption correction was
applied using SADABS (program SADABS V2.03 for absorp-
tion correction, G. M. Sheldrick, Bruker Analytical X-ray-
Division, Madison, Wisconsin, 2001) based on the Laue sym-
metry of the reciprocal space, m= 0.14 mm�1, Tmin= 0.95, Tmax=

0.97, structure solved by direct methods and refined against F2

with a full-matrix least-squares algorithm using the SHELXTL-
PLUS (5.10) software package (software package SHELXTL
V5.10 for structure solution and refinement, G. M. Sheldrick,
Bruker Analytical X-ray-Division, Madison, Wisconsin, 1997),
223 parameters refined, hydrogen atoms were treated using
appropriate riding models, goodness of fit 1.05 for observed

reflections, final residual values R1(F)= 0.045, wR(F 2)= 0.110
for observed reflections, residual electron density �0.30 to
0.27 eV�3.

[19] CCDC-278205 (5d) 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.

[20] The kinase inhibition assays were carried out in collaboration
with Merck KGaA as described in S. P. Davies, H. Reddy, M.
Caivano, P. Cohen, Biochem. J. 2000, 351, 95.
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Two subgroups of Al-metal clusters with a predominant
number of metal–metal bonds are known:[1] “naked” metal-
atom clusters, which are produced from solid metal by laser
ablation techniques, and metalloid clusters, which are formed
in solution starting with AlI species and, for example,
subsequent reduction.[2, 3] Here we present Al20Cp*8 Br10 (1)
and Al20Cp*8 Cl10 (2) (Cp*=pentamethylcyclopentadienyl),
two compounds of molecular, partially substituted subhalides
belonging to the second group, which at first glance seem
related to the species Al13Ix

� [4] and Al14Ix
� [5] (x= 1–12), which

were generated in mass-spectrometric experiments. In both
sets of compounds the halogen atoms form direct bonds to the
Al atoms of the icosahedral Al12 cluster core. However,
quantum-chemical calculations for “naked” anionic clusters,
for example, the Al13Ix

� anion mentioned above, indicate that
an additional Al atom is located in the center.

The structures of 1 and 2 are furthermore closely related
to those of the recently characterized Al22X20 compounds
(X=Cl, Br), for example, Al22Br20 (3)

[6] because their cluster
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centers contain icosahedral Al12 moieties without an addi-
tional Al atom. On the basis of the structural characterization
of 1 and 2 the attempt will be made in the following a) to
understand the formation of the Al22X20 species, as such
intermediates are potential building blocks for a conceivable
metastable non-metallic b-modification of aluminium;[7] and
b) to identify similarities and differences of theAl20 clusters (1
and 2) and the Aln clusters and their reaction products (e.g.
with I2), which were studied spectroscopically by Castleman
et al.[5]

When freshly sublimed [{AlCp*}4]
[8] and freshly isolated

[{AlBr·NEt3}4] (4)
[9] were heated in heptane, the pale yellow

suspension slowly turned orange, an initially beige precipitate
turned brown, and finally Al metal precipitated. From this
reaction mixture an orange heptane extract was obtained,
from which orange crystals of 1 precipitated. Yellow crystals
of [{AlBr2·NEt3}2] (5) and colorless crystals of [AlBr3·NEt3]
(6) were also obtained (see the Supporting Information).[10]

The chloride analogue 2 of 1 is formed by adding MgCp*2
to a solution of “AlCl·Et2O”, in which the proportion of ether
has been reduced by several evacuation steps (see the
Experimental Section). By means of evacuation, we thought
that an ether-stabilized chloride analogous to 4 should be
generated in situ, but this has not yet been isolated.

Crystal structure analysis for 1 and 2 proves[10] that both
compounds have an almost regular icosahedron in the center
with an average Al�Al distance of 268.5 pm (Figure 1).
Structurally the central Al12 icosahedron consists of four AlI

atoms, which are coordinated terminally by a halogen atom,
and eight Al0 atoms, which are coordinated exclusively to an
exohedral Al atom. Each of the eight exohedral Al atoms
bears a Cp* ligand. While two ligand-bearing Al atoms are
additionally terminally coordinated by halogen atoms, two
pairs of the remaining six exohedral Al atoms are singly
bridged and one pair is doubly bridged by halogen atoms. In
summary, the Al12 icosahedron is sur-
rounded by four halogen atoms, six
AlIIBrCp* units, and two AlICp* moities.
So in principle 26 skeletal electrons are
available for the central Al12 icosahedron
(4 C 2 e� for bromine-bearing Al atoms +

6 C 2 e� for AlIIBrCp*-bearing Al atoms +

and 2C 3 e� for AlICp*-coordinated Al
atoms). In accordance with WadeDs
Rules[11] this results in the bonding situation
of a closo cluster. All relevant structural
information for 1 and 2 is contained in
Table 1 and in the Tables in the Supporting
Information. The distances and bonding
relationships in the Al12 icosahedron are in
accordance with those of the Al12R12

2�

anion (268.6 pm, R= iBu)[12] and the Al22X20 species
(270.1 pm).[6, 7] Furthermore the experimentally determined
distances listed in Table 1 agree well with those calculated.[13]

The observed 27Al NMR spectra of 1 and 2 in solution
each show only two signals, although in theory at least six
different signals are expected (see the Supporting Informa-
tion). The observed signals for 1 are in good agreement with
calculated values,[13] and those for 2 show the expected shift to

lower frequencies (compared to 1; see the Supporting
Information).

The recently reported formation of Al22X20 species
[6, 7] (e.g.

3) has been described generally as the phenomenon of
internal diproportionation: starting from metastable AlX
solutions, 22 AlX molecules provide the twelve Al0 atoms of
the icosahedral center and the ten peripheral AlX2 units of
this cluster species (Figure 2). In the compounds 1 and 2 the

Figure 1. Side and top view of 1. Cp* groups are represented in
simplified form for clarity.

Table 1: Average distances (min./max.) [pm] in 1 and 2.

Distances[a] 1 (X=Br) 2 (X=Cl) Calcd 2[b]

Alico�Alico 268.43 (264.1/272.9) 268.47 (264.1/272.9) 270.43 (265.5/276.4)
Alico�AlCp* 253.89 (250.1/256.8) 253.29 (250.0/255.7) 256.34 (253.5/258.2)
Alico�Xterm. 231.13 (230.6/231.4) 218.63 (218.1/219.9) 220.20 (219.8/220.6)
AlCp*�Xbridg. 265.53 (256.1/275.9) 244.55 (237.4/252.3) 250.48 (246.7/253.2)
AlCp*�Xterm. 242.05 (240.7/243.4) 223.05 (221.7/224.4) 227.40 (227.4/227.4)
AlCp*�Cpcen 191.28 (188.8/197.1) 191.28 (188.2/195.1) 194.98 (192.9/200.4)
AlCp*�CC5 226.10 (213.4/243.8) 225.74 (213.1/241.7) 230.24 (217.0/248.2)

[a] Alico : Al atom of the icosahedral moiety; AlCp*: exohedral Al atom; Xterm. : terminally coordinated
halogen atom; Xbridg. : m-bridging halogen atom; Cpcen: Cp-disk centroid; CC5: Cp-ring carbon atom.
[b] Calculated with DFTmethods, see ref. [13].
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first halogen atoms coordinated directly to an Al12 icosahe-
dron are observed. The synthesis of 1 furthermore succeeds
only[14] if one starts with the distinct halide [{AlBr·NEt3}4]
(4).[9] Therefore we propose the mechanism of formation for
the compounds 3 and 1 (and 2) represented in Figure 1, in
which the dehalogenation of 4 to give 1 could occur also as a
result of an excess of AlCp*.[15] The isolation of 1 and 2makes
the intermediacy of an Al12Br12 species (in the disproportio-
nation of AlX) seem feasible;[16] the Al12Br12 species could
react to give Al22Br20, 3, or compound 1, depending on the
reaction conditions (Figure 2).

Apart from the relevance of 1 and 2 to the understanding
of the formation of an Al22X20 species, our results are of
broader significance: They again indicate that the assumption
that there are at least two different ways to reach the bulk
phase of aluminium, which we presented earlier,[6,7, 17] is
correct. The first pathway (a) leads via Al-centered clusters to
metallic Al. A second reaction channel (b) leads via Aln
clusters with an icosahedral Al12 center (without a central
Al atom as in, for example, 3) towards a hypothetical novel,
non-metallic modification of Al (b-Al).

With regards to pathway (a): All metalloid Al clusters
with stabilizing N(SiMe3)2 ligands which are formed even-
tually in the disproportionation of AlX (3AlX!2Al +

AlX3) on the way to the metal[2, 3,18] are part of this class.[2]

Moreover the “naked” Aln clusters observed in mass-spec-
trometric studies[4,5] should be mentioned here, of which the
icosahedral Al13

� cluster with a central Al atom is especially
frequent. The formation of the latter clusters,[19] which
basically can be considered as evaporation products of the
bulk phase, happens in the opposite direction of the formation
of metalloid clusters. Nevertheless, along both directions Al-
centered species are obviously preferred.[20]

With regards to pathway (b): The possibility of the
formation of a metastable, non-metallic b-Al modification
(equivalent to the a-boron structure) based on a Al22X20

species (e.g. 3) with a noncentered icosahedral Al12 core has
been discussed and made plausible by quantum-chemical
calculations.[21] If we partly insert sterically demanding groups
such as AlCp* into the Al�Br bonds of the hypothetical
halide intermediate “Al12Br12” presented in Figure 2, com-
pound 1 is formed. Very similar conditions result in the
formation of the Al50Cp*12 cluster with its noncentered Al8
core and its shell of twelve Cp* units, which inhibits further
reaction towards elemental aluminum.[22] This metalloid Al50
cluster with its singular structure as well as the compounds 1
and 2 discussed here can be regarded as “molecular dead-
ends”, that is, snapshots of the complex reaction events of
metastable AlX species on their way towards elemental
aluminium via a hypothetical b-modification which is made
possible only by ligand stabilization.

For the first time the degree of complexity of such
reaction pathways becomes rudimentally evident through the
isolation of the intermediates 1 and 2 as well as mass-
spectrometric investigations. These initial results hint at the
challenges to be overcome in synthesis, spectroscopy, and
theory to thoroughly understand these reaction mechanisms.

Experimental Section
1: Freshly sublimed [{AlCp*}4] (0.7 g, 1.1 mmol) was mixed with
[{AlBr·NEt3}4] (1.34 g, 1.6 mmol) in 50 mL of n-heptane. The initially
pale yellow suspension was stirred for 12 h, and then a beige
precipitate formed. After heating for 3 h at 60 8C the precipitate
turned brown, and an Al mirror formed on the inner surface of the
reaction vessel. The reaction suspension was cooled and filtered, and
an orange heptane extract was obtained. At �30 8C rod-shaped
orange crystals of 1 (150 mg, 0.057 mmol) grew overnight. Addition-
ally yellow needle-shaped crystals of [{AlBr2·NEt3}2] 3 and colorless
crystals of 4 could be isolated. 1H NMR (250 MHz, C6D6): d=

1.72 ppm (s, 120H); 13C NMR (63 MHz, C6D6): d= 11.7 (Me5C5)
and 115.1 ppm (Me5C5);

27Al NMR (78 MHz, C7D8): d=�14 and
�55 ppm.

2 : A solution of “AlCl·Et2O” in toluene (43 mL, 0.38m, 25 vol%
Et2O, w(AlCl)= 92%, 15 mmol) was concentrated continuously in
vacuo between �50 and �40 8C for 8 h. MgCp*2 (4.42 g, 15 mmol) was
dissolved in toluene and cooled to �78 8C. The “AlCl·Et2O” solution
in toluene with a reduced ether component was added dropwise to the
second solution at �78 8C with stirring. The crimson reaction mixture
was warmed to �30 8C and stirred for 3 h. Afterwards all volatile
components were removed, and the residue was washed with a small
amount of n-pentane to give the crude [{AlCp*}4] product (1.8 g).

Figure 2. Mechanism of the formation of 1 and the subhalide 3 starting with
compound 4 based on experimental findings and quantum-chemical calculations.
These three compounds (colored background) were structurally characterized; all
other species were calculated.
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Tiny red crystals grew from the red pentane extract, and by careful,
continuous concentration of the pentane solution crystals of 2 suitable
for structural analysis could be isolated (90 mg, 0.044 mmol).
1H NMR (300 MHz, C6D6): d= 1.90 ppm (s, 120H, calc. 1.90 ppm);
13C NMR (63 MHz, C6D6): d= 15.1 (Me5C5, calc. 14.6), 117.5 ppm
(Me5C5, calcd 118.0); 27Al NMR (78 MHz, C6D6): d= 88, 37, and
�27 ppm.
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