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High-performance imprint lithographic applications are ideally suited for
perfluoropolyether-based elastomers. The cover picture shows sub-100-nm sized
features replicated by these materials whose successful application comes from their
remarkably low surface energy and their high flexibility. The performance of the
materials suggests that replication at even smaller sizes may be possible. For more
information, see the Communication by J. M. De Simone, K. R. Carter, and co-
workers on page 5796 ff.

Enzyme Chemistry
The enzymatic cleavage of sulfate esters is the crucial process in the regulation of
sulfation patterns. The current state of research is summarized by C.-H. Wong and co-
workers in their Review on page 5736 ff.

Reaction Mechanisms
The mechanism of the Hajos–Parrish–Eder–Sauer–Wiechert reaction, the prototype
for asymmetric organocatalytic reactions, is discussed by K. N. Houk and F. R.
Clemente in their Communication on page 5766 ff.

Peptide Mimetics
In their Communication on page 5789 ff., A. Geyer and P. Tremmel describe how
highly functionalized bicyclic dipeptide analogues in oligopeptide mimetics form an
ordered network of hydrogen bonds.
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Beyond classical immobilized catalysts,
metal–ligand polymers self-assembled
through coordination are easily prepared,
have a robust chiral structure, and display
a high density of catalytically active units.
These heterogeneous catalysts give excel-
lent results for enantioselective reactions
and can be recovered and recycled without
significant loss of selectivity.
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Beyond the shadow of a doubt : Detecting
antigens, antibodies, pathogens, tumor
markers, and potential therapeutics on
the femto- to attomolar concentration
level is still challenging. Nanostructured

materials and the innovative combination
of immunoassays with (real-time) PCR
and magnetic separation techniques hold
promise for the field of ultrasensitive
protein analytics.

Through the cleavage of sulfate esters
sulfatases modulate the activity of a broad
range of small molecules and proteogly-
cans (see picture). These enzymes play
critical roles in a number of biological
events, including lysosomal degradation,

hormone regulation, and signaling pro-
cesses. The structures of sulfatases, their
mechanisms of action, their potential as
targets for small-molecule intervention,
and applications in synthesis are dis-
cussed.

A comparison of previously proposed
models of the C�C bond-forming step of
the title reaction with density functional
methods indicate that the most favored
one involves an enamine intermediate
undergoing a concerted aldol cyclization
with proton transfer from the proline
carboxylic acid group (see structure). This
step is equal in energy to the intramole-
cular deprotonation leading to the enam-
ine, and both are partially rate-determin-
ing steps.
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A stream of water molecules, held to-
gether by hydrogen bonding, forms a left-
handed helix within the helical channels of
a left-handed staircaselike metal coordi-
nation polymer. The result is a novel helix-
in-a-helix structure. The water-filled chan-
nel can be seen on viewing the coordina-
tion polymer along the b axis (see picture;
C gray, N blue, Ni green, O red).

Mimicking magnetic minerals : Controlled
hydrolysis of iron(iii) salts leads to all-
ferric molecular fragments with the iron
and oxygen topology of magnetite and
large spin ground states (see structure;
yellow Fe, red O, blue N, gray C).

Tetrathiometalates [WS4]2� are the nodal
building blocks in a new kind of hetero-
metallic interpenetrating three-dimen-
sional cluster coordination polymer (see
picture) that has interesting nonlinear
optical properties. The polymer exhibits
optical self-focusing behavior and reverse
saturable absorption effects.

The non-native states of the model protein
hen lysozyme (native state shown in
picture) were investigated by using site-
directed mutagenesis in combination with
high-resolution NMR spectroscopy. The
disruptions of the interactions between
hydrophobic clusters by single point
mutations dramatically alter the overall
compactness of the unfolded state: single
point mutations can turn a compact
unfolded state into an extended state.
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Made to order : The synthesis of well-
defined porous carbon films involves four
steps: 1) monomer–block copolymer film
casting, 2) structure refining through sol-
vent annealing, 3) polymerization of the
carbon precursor, and 4) carbonization.
The resulting films, such as that depicted,
have potential as separation membranes,
chemical sensors, and catalysts.

Information transfer : Crystal structures of
bicyclic dipeptide analogues within oligo-
peptides are described for the first time.
The bicyclic dipeptides occupy the i to
i+1 positions of either bI or bII turns. The
rigidified dipeptides form hydrogen-
bonding networks which transfer struc-
tural information along chains of ambi-
dent proton donors and acceptors over
several O (see structures; arrows: hydro-
gen bonds, red O, blue N, yellow S).

Bridging alcohols, tunneling protons : The
intrinsic proton-transfer dynamics of
cyclic H-bonded 1:1 7-azaindole/alcohol
complexes in n-alkanes has been investi-
gated at the lowest-lying excited singlet
state with variation of alcohol, solvent,

isotope, and temperature by using static
and time-resolved spectroscopy. The
proton transfer occurs asymmetrically,
and the rate is governed by tunneling
although it is assisted by heavy-atom
motions.

Making a good impression : Photocurable,
liquid perfluoropolyethers (PFPEs) are
ideal materials for high-resolution
(<100 nm) pattern transfer and imprint
lithographic processes (see pictures).
PFPEs possess attributes of both elasto-
mers and rigid materials, exhibit a
remarkably low surface energy, mold
extremely small features with high fidelity,
resist swelling by organic solvents, and
endure repetitive molding procedures.
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Expressed-protein ligation has been used
for the semisynthetic preparation of a
Smad2 protein with caged activating
phosphoserine residues. Biochemical and
cell biological experiments show that the
caged protein is activated upon irradiation
with UV light (see scheme). This sets the
stage for the detailed kinetic analysis of
Smad2 function in living cells.

A discrete cyclic nanostructure was
obtained through the self-assembly of
oligonucleotide-branched metal com-
plexes. The picture shows the metal–DNA
nanostructure, which contains two DNA
double-helical arms and two relatively
rigid redox- and photoactive [Ru(bpy)3]2+

vertices.

The 3D starshaped Ru–bpy–DNA complex
pictured comprises a ruthenium(ii)
tris(bipyridyl) center with six DNA 20-mer
sequences tethered through linkers at its
4- and 4’-positions. The complexes 1 and 2
hybridize with six complementary 20-mer
strands to form duplex arms. Alternatively,
the complementary DNA strands in 1 and
2 hybridize with each other to form larger
nanoscale assemblies.

Reducing size helps to oxidize : Unsup-
ported gold particles behave as an effi-
cient catalyst for the aerobic oxidation of
glucose, showing a similar activity to
enzymatic systems. The catalytic activity
is inversely proportional to the particle
diameter (d, see graph). With carbon-
supported gold, no gold–support interac-
tion is found; however, the use of a
support avoids particle aggregation thus
preserving the original activity for longer.
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A particularly challenging task is the
design of anion receptors, because anions
are larger than cations and are pH- and
solvent-sensitive. The first host for anionic
guests is a dendritic octadentate N ligand,
which upon reaction with CuCl2, encap-
sulates chloride ions (Cl6, see picture) as
guests by means of anion–p interactions
in an electron-deficient cavity formed by
four pyridine rings.

Stirring stuff : The morphological evolu-
tion of polyaniline from nanofibers to
agglomerates during its chemical poly-
merization shows that the key to produ-
cing pure nanofibers is to suppress sec-
ondary growth after formation of the
nanofibers. A simple and effective method
for the synthesis of nanofibers was thus
developed in which the polymerization is
carried out in a rapidly mixed single-phase
reaction (see scheme).

A macrocyclization–transannulation
strategy is the crux of an efficient total
synthesis of the benzolactone enamide
apicularen A (see scheme; Bn=benzyl).
Key steps include a four-component cou-
pling, a Stille cross-coupling to introduce

the aromatic moiety, and the formation of
the enamide from a hemiaminal. The size-
selective macrolactonization of the
ethoxyvinyl ester shown was followed by
transannular etherification in excellent
yield.

Reaction lubrication? The reaction
between [Ni(1,5-cod)2] (cod= cycloocta-
diene) and 1,3-bis-tert-butylimidazol-2-yli-
dene in the presence of silicone grease
affords the siloxane bridged dimer
[{Ni[C(NtBuCH)2][O(Me2SiOSiMe2)-m-
O]}2] . In a greaseless apparatus, the same
reaction yields the dimer 1 (see structure),
via two structurally characterized inter-
mediates.
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The modular assembly of metallopor-
phyrin oligomers through the stepwise
addition of Ru–porphyrin units and a
bidentate linking ligand (L, see graphic)
onto a surface-confined isonicotinate

ligand is reported. Electrochemical mea-
surements of the resulting oligomer show
that electrons are transported along the
length of its backbone.

An As2L3 metallocryptand is the result of a
new predictive design strategy for forming
self-assembled supramolecular arsenic
complexes. The assembly is remarkably
stable to a variety of competing metal
ions, harsh acid, and excess ligand. X-ray
crystallographic studies and density func-
tional calculations suggest that a strong
arsenic–p interaction adds stability to the
structure.

Room for expansion : Insertion of a ben-
zene ring into the natural adenine het-
erocycle to generate the analogue yA
results in the formation of base pairs that
are 2.4 O wider than natural ones (see
structure). Melting temperature and free
energy data show that yA·T and T·yA pairs
can self-assemble into cooperative helices
that are considerably more stable than
natural DNA. Thus, yDNA may be a
candidate for a new genetic system.

Rhenium reactions : A reaction under mild
conditions between oxo(dithiolato)rhe-
nium(v) complex 1 and triphenylpho-
sphine gives 2. In the reaction a Re�O
bond is cleaved, P=O and Re�S bonds are

formed at the expense of a CH2S�Re
bond, and a new Re�C bond is formed
converting a six-membered chelate ring
into a five-membered one.
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Blockers, anchors, and reporters : A solid-
phase method for the synthesis of lipi-
dated peptides (see scheme) relies on the
base-labile Fmoc group to block the N-
terminus, an oxidation-labile hydrazide

linker for anchoring to the solid support,
and lipidated amino acid building blocks
incorporating labels or photoactivatable
groups.

Band substances : The polymerization of
C3O2 (see picture left, at �10 8C) into a
red-brown, solid polymer (right) having
identical composition has been known for
almost 100 years. However, the constitu-
tion of the polymer remained unknown.
Small-angle X-ray scattering studies of the
dissolved polymer show that it forms a
stiff bandlike molecule with approximately
40 monomeric units, thus confirming the
predicted bandlike structure with con-
densed a-pyrone rings.

Cobalt studs the beltenes shown (R=H,
CO2Me, SiMe3, 5Me), which consist of
annelated, conjugated four- and eight-
membered rings. These strained mole-
cules were synthesized in a one-pot reac-
tion by a template supported trimeriza-
tion of 5,6,11,12-tetradehydrodibenzo[a,e]-
cyclooctene.

The chiral complexing reagent 1 used in
the reductive cyclization of 3-(w-iodo-
alkylidene)piperidin-2-ones in the pre-
sence of Bu3SnH and with BEt3 as the
initiator (see scheme) leads to good
enantioselectivities thanks to its hydrogen

bond mediated association with the radi-
cal intermediate. As this example shows,
high stereoselectivities are possible for
radical reactions proceeding through
H-bonded intermediates.
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Maintaining neutrality : A perchlorinated
triarylmethyl radical and a triarylamine
redox center were combined in the design
of a neutral organic mixed-valence com-
pound (see picture). The neutral character
of this compound facilitated a detailed
study of its solvatochromic behavior and
the direct determination of the electronic
coupling and the dipole moments in the
ground and excited state by electroptical
absorption measurements.

*Apology
Nanofibers from Functionalized Dendritic
Molecules**

M. Ornatska, K. N. Bergman, B. Rybak,
S. Peleshanko, V. V. Tsukruk* 5246–5249

Angew. Chem. Int. Ed. 2004, 43

DOI 10.1002/anie.200460315

This Communication contains content that overlaps significantly with a Full Paper by
the same group “Assembling of Amphiphilic Highly Branched Molecules in Supra-
molecular Nanofibers” J. Am. Chem. Soc. 2004, 126, 9675–9684. Although submitted at
the same time the authors did not provide the Editors of Angewandte Chemie with a copy
of the Full Paper. This oversight resulted in the simultaneous appearance of the same
information in two publications. The authors apologize for this mistake.
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Nobel Prize in Chemistry 2004

The Nobel Prize in Chemistry is
awarded to Aaron J. Ciechanover
(Technion, Haifa, Israel), Avram
Hershko (Technion, Haifa, Israel), and
Irwin A. Rose (University of California,
Irvine, USA) for the discovery of ubiq-
uitin-mediated protein degradation.
Ciechanover, Hershkom, and Rose

have demonstrated that the cell func-
tions as a highly efficient checking sta-

tion where proteins are
built up and broken down
at a very high rate. Far
less research has been
done on protein degrada-
tion than on protein syn-
thesis. The degradation is
not indiscriminate but
takes place through a proc-
ess that is controlled in
detail so that the proteins
to be broken down at any
given moment are given a

molecular label: ubiquitin, a protein
which consists of 76 amino acid residues.
This unit fastens to the protein to be
destroyed, accompanies it to the protea-
some where it is recognized as the key in
a lock, and signals that a protein is on
the way for disassembly. Shortly before
the protein enters the proteasome, its
ubiquitin label is disconnected for re-
use. Thanks to the work of the three lau-
reates it is now possible to understand at
the molecular level how the cell controls
a number of central processes by break-
ing down certain proteins and not
others. When the degradation does not
work correctly, diseases result, such as
certain forms of cancer.[1]

Ciechanover (b. 1947) obtained an
M.Sc. degree (1971) and a doctorate in
medicine (M.D., 1974) from Hadassah
Medical School in Jerusalem. He
obtained a D.Sc. from Technion in

Haifa in 1982 and was appointed
professor of biochemistry at its
Rappaport Institute for
Research in the Medical Scien-
ces, as was Hershko (b. 1937).
Hershko obtained M.D. (1965)
and Ph.D. (1969) degrees from
Hadassah Medical School. Rose
(b. 1926) has been an emeritus
professor at the Department of
Physiology and Biophysics of
the University of California in
Irvine since 1997, and is a
member of the US National
Academy of Sciences. A major
part of the research was done
during a series of sabbatical
leaves in the late 1970s and

early 1980s that Hershko and Ciechan-
over spent as visiting scientists in
Rose<s laboratory at Fox Chase Cancer
Center in Philadelphia, where he was
employed from 1963 to 1995. Rose
earned a Ph.D. in biochemistry in 1949
from the University of Chicago. Subse-
quently, he worked as a Post-Doc at
Case Western Reserve University in
Cleveland and New York University
and served on the faculty of the Depart-
ment of Biochemistry of Yale Medical
School from 1954 to 1963. This is the
first time a Nobel Prize in science has
been awarded to Israelis.

Physiology or Medicine

Richard Axel (Columbia University,
New York, USA) and Linda B. Buck
(Fred Hutchinson Cancer Research
Center, Seattle, WA, USA) were
awarded the Nobel Prize in Physiology
or Medicine 2004 for their discoveries
of odorant receptors and the organiza-
tion of the olfactory system. They dis-
covered a large gene family, which con-
sists of some 1000 different genes
(three per cent of our genes) that give
rise to an equivalent number of olfac-
tory receptor types. These receptors
are located on the olfactory receptor
cells, which occupy a small area in the
upper part of the nasal epithelium and
detect the inhaled odorant molecules.

Physics

Their research on the very fundaments
of physics has brought this year<s
Nobel Prize in Physics to David J.
Gross (University of California, Santa
Barbara, USA), H. David Politzer (Cal-
ifornia Insitute of Technology, USA),
and FrankWilczek (Massachusetts Insti-
tute of Technology, USA): The particle
physicists are recognized for the discov-
ery of asymptotic freedom in the theory
of the strong interaction, which keeps
the quarks in neutrons and protons
together. In a way that resembles releas-
ing a rubber band, this force weakens
when the particles move closer together.
Eventually, they behave almost like free
particles. This discovery was formulated
in an elegant mathematical way in 1973
and led to a completely new theory:
quantum chromodynamics.

This year, the Prizes are worth 1.1
million Euros each. They are given tra-
ditionally on December 10, the anniver-
sary of Alfred Nobel<s death.

Photos: Technion / P. R. Kennedy
(UCI)

[1] a) A. Ciechanover, A. L. Schwartz,Hepa-
tology 2004, 35, 3, b) A. Ciechanover, A.
Orian, A. L. Schwartz, BioEssays 2000,
22, 442.

A. Hershko and A. J. Ciechanover (right)

I. A. Rose
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Immobilized Catalysts

Chiral Metal–Organic Assemblies—A New Approach to
Immobilizing Homogeneous Asymmetric Catalysts
Li-Xin Dai*

Keywords:
asymmetric catalysis · bridging ligands · hetero-
geneous catalysis · immobilization · self-assembly

Homogeneous asymmetric catalysis
has the advantages of high enantiose-
lectivity and catalytic activity for a
variety of asymmetric transformations
conducted under relatively mild reac-
tion conditions.[1] However, since the
catalyst loadings employed in most cases
have ranged from 1 to 10 mol%, homo-
geneous methods remain impractical
due to the high cost of the chiral noble
metal catalysts and the difficulty of their
recovery and reuse.[2] The other problem
with homogeneous catalysis stems from
the trace contaminants leached from the
catalysts in the products, which is par-
ticularly unacceptable for pharmaceut-
ical production. The immobilization of
homogeneous catalysts should resolve
the problems of recovering and recy-
cling.[3, 4] Many approaches have been
employed with this aim, including using
inorganic materials, organic polymers,
dendrimers, and membranes as sup-
ports, as well as conducting the reactions
in ionic liquid and biphasic systems.[3,4]

In the classical immobilization with
organic polymers,[3, 4] the chiral ligands
or the catalytically active units are
anchored randomly onto irregular poly-
mers (Type 1, Scheme 1). The resulting
immobilized catalysts often display re-
duced enantioselectivity and less effi-
ciency than their homogeneous counter-
parts. The incorporation of chiral li-
gands on the main chain of the polymers

is another approach (Type 2, Scheme 1).
Here, the chiral ligand unit is copoly-
merized with a specific linker.[5] Al-
though the use of chiral polymers for
asymmetric catalysis has a long history,[3]

successful examples were realized at the
end of last century by incorporating the
rigid binaphthyl skeleton in the main
chain. For example, Chan and Fan et al.
incorporated the binap skeleton (bi-
nap= 2,2’-bis(diphenylphosphanyl)-
1,1’-binapthyl) into a polyester chain,[6]

and Lemaire et al. used a polyamide to
copolymerize with the binap skeleton.[7]

On the other hand, the backbone of the
catalyst developed by Pu and co-work-
ers was a wholly rigid aromatic system,
comprising a large portion of the bi-
naphthyl skeleton.[5] All of these cata-
lysts showed excellent enantioselectivi-
ty. Moreover, Chan and Fan et al. also
showed that the leaching of metal from
the polymer-supported catalyst is almost
negligible (< 16 ppb).[6] This strategy is
indeed successful,[8] but it is necessary to

synthesize the poly-
meric ligands before-
hand.

Very recently, the
third type of poly-
mer-immobilized chi-
ral catalyst (Type 3,
Scheme 1) was de-
scribed.[9] Several ex-
amples showed very
high enantioselectivi-
ty and efficiency.[10–12]

This type of catalyst is
called a metal–ligand
polymer[13] for the
sake of simplicity
and in the context of
asymmetric catalysis.
The concept is to

transform a ligand from a homogeneous
catalysts which has one coordination site
into a ligand with two or more coordi-
nation sites and then react it with metal
species to ensure the self-assembly of
the metal–ligand polymer (or oligomer).

Recent extensive research on the
design and synthesis of metal–organic
frameworks has led to the increasing
numbers of such metal–organic assem-
blies. Accordingly, many novel metal–
organic assemblies with high stability,
organic functionality, and porosity have
been reported in the last decade. The
research groups led by Lehn,[14] Yaghi,[15]

Stang,[16] and Fujita,[17] among others[18]

have significantly forwarded the devel-
opment of this challenging area and
have demonstrated that these metal–
organic assemblies based on discrete or
infinite networks with well-defined co-
ordination geometries and functions can
be rationally designed and synthesized
by the combination of organic bridging
ligands and metal ions. Aoyama and co-

Scheme 1. Three types of polymer-immobilized chiral catalysts.
Type 1: Pendant ligands anchored on a polymer; prepared by poly-
mer reaction. Type 2: Ligands on the backbone; prepared by copoly-
merization. Type 3: Ligand and metal on the backbone; prepared
by coordination.
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workers have demonstrated the catalytic
properties of nonchiral metal–organic
materials for Diels–Alder reactions.[19]

With a few exceptions,[20] homochiral
metal–ligand polymers have not been
tested for applications in asymmetric
catalysis up to the beginning of this
century. In any case, the design and
synthesis of chiral metal–organic frame-
works or polymers might provide a new
strategy for asymmetric heterogeneous
catalysis, because the chiral bridging
ligand can spontaneously form a chiral
environment inside the cavities of the
materials or on the surface of the solids
for enantioselective control of the reac-
tion, and the metal ion acts as the
catalytically active center. These solid-
state metal–organic materials usually
have extremely low solubility in the
reaction medium even when other sup-
ports are not used and thus fulfill one of
the basic prerequisites of heterogeneous
catalysis. Accordingly, the use of chiral
metal–ligand assemblies can be consid-
ered as a “self-supported” strategy[21] for
the heterogenization of homogeneous
catalysts in enantioselective reactions.
This type of chiral metal–organic assem-
bly would not only have the advantages
of heterogeneous catalysts, such as easy
recovery and convenient recycling, but
also of facile preparation and robust
chiral frameworks, as well as high den-
sity of the catalytically active units.

Kim and co-workers first demon-
strated the application of a homochiral
metal–organic porous material to enan-
tioselective separation and catalysis in
2000.[9] The homochiral open-frame-
work solid having the formula of
[Zn3(m3-O)(1-H)6]·12H2O (2) was pre-
pared by the reaction of Zn2+ with the
enantiopure chiral building block 1
derived from d-tartaric acid (Scheme 2).
Although the enantiomeric excess in the
product of transesterification was rather
low (� 8% ee), the enantioselectivity
was unprecedented because this asym-
metric induction was observed for a
reaction promoted by a modular porous
material. This creative work triggered
interest in using self-supported metal–
organic systems to immobilize homoge-
neous catalysts.[22]

The success of asymmetric catalysis
with this kind of metal–ligand polymer
was realized only very recently. Lin and
co-workers reported that the heteroge-

nization of NoyoriDs catalysts could be
achieved by in situ formation of chiral
porous hybrid solids such as 8 and 9
through the reaction of zirconium tert-
butoxide with chiral bisphosphine/Ru
complexes functionalized with phos-
phonic acid groups (7) (Scheme 3).[10a]

Nitrogen adsorption measurements
demonstrated that these hybrid solids
are highly porous with rather wide pore-
size distributions. The total BET surface
areas of the solids range from 328 to
475 m2g�1 with microporous surface
areas of 60–161 m2g�1 and pore volumes

Scheme 2. Chiral metal–organic porous materials for the enantioselective transesterification of 3
with racemic 4.

Scheme 3. Chiral metal–ligand polymer in the catalysis of enantioselective hydrogenation of ke-
tones.
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of 0.53–1.02 cm3g�1. The heterogenized
catalysts 8a and 8b exhibited exception-
ally high activity and enantioselectivity
in the hydrogenation of aromatic ke-
tones. With 0.1 mol% of catalyst 8a, the
conversion of the substrates was quanti-
tative and the enantioselectivity ap-
proached 99% ee. Particularly, the cata-
lyst loading can be reduced to
0.005 mol% without significant loss of
the enantioselectivity. Remarkably,
these binap-derived porous Zr phospho-
nates provide enantioselectivity superi-
or to that of the parent homogeneous
counterpart, the binap/RuCl2/dpen
(dpen= 1,2-diphenylethylenediamine)
system developed by Noyori et al.[23]

The other two catalyst systems, 9a and
9b, were also used for the asymmetric
hydrogenation of a series of b-keto
esters. Under optimized conditions, the
hydrogenation with 1 mol% of 9b af-
forded the corresponding b-hydroxy
esters in quantitative yield and good to
excellent enantioselectivities.[10b] For the
asymmetric hydrogenation of methyl
acetoacetate the catalyst 9b could be
recycled five times without significant
loss of enantioselectivity. Catalysts 8a
and 9b showed better catalytic activity
and enantioselectivity than catalysts 8b
and 9a, respectively, which demon-
strates the importance of the position
of the linker on the backbone of binap in
the formation of the microporous cata-
lyst.

Almost at the same time, the re-
search groups led by Sasai[11] andDing[12]

independently reported an alternative
approach to generating chiral metal–
organic coordination polymers for enan-
tioselective catalysis. As shown in
Scheme 4, the rigid chiral ligands having
two 1,1’-2,2’-binaphthol (binol) units
react with metal ions, resulting in the
spontaneous formation of assembled
metal–organic polymers in which the
metal ions not only play the role of the
bridging linker, but also act as the
catalytically active sites. Moreover, the
chirality of the binol units in the ligands
can provide the asymmetric environ-
ment around the catalytically active
centers in the polymers. These assem-
bled metal–organic coordination poly-
mers are insoluble in common organic
solvents. This offers an excellent oppor-
tunity for running heterogeneous catal-
ysis with these “self-supported” cata-

lysts. The metal–ligand polymer of the
Sasai and Ding groups is somewhat
different from that of Lin et al. In the
latter, the catalytic metal center, Ru, is
situated as a pendant group on the Zr-
linked backbone,[10] while the catalyti-
cally active metal of Sasai, Ding, et al. is
located on the backbone of the poly-
mer.[11,12]

The success of this strategy was
demonstrated in asymmetric Michael
additions[11] and carbonyl-ene reac-
tions.[11, 12] The heterogeneous Al-bridg-
ed polymers 15 prepared by the reaction
of LiAlH4 with bis(binol) ligands 14 was
employed in the enantioselective Mi-
chael addition of dibenzyl malonate (19)
to 2-cyclohexenone (18) in THF. Adduct
20 was obtained with results comparable
to those obtained with a homogeneous

Al-Li-bis(binaphthoxide) (ALB) cata-
lyst (100% yield, 97% ee). After the
reaction was complete, catalyst 15a
could be recovered conveniently and
reused at least three times with a slight
decrease of enantioselectivity (from
96% ee for the first run to 85% ee for
the third run). Similarly, the heteroge-
neous Ti-bridged catalysts (16 and 17)
prepared by the reaction of ligands 14
with Ti(OiPr)4 (14 :Ti= 1:2 or 1:1) gave
excellent enantioselectivity (up to
96.5% ee) in the carbonyl-ene reaction
of 21 with 22.[11,12] The reusability of this
type of catalyst (16a) in the carbonyl-
ene reaction was also demonstrated by
Sasai et al. After being reused five times
the Ti-bridged polymer exhibited con-
sistent catalytic selectivity, affording 23
with an ee value of 88% at a catalyst

Scheme 4. Self-supported chiral metal–ligand polymer as catalyst in Michael addition and car-
bonyl-ene reactions. Bn=benzyl. Y= single bond (a); 1,4-phenylene (b); 1,3-phenylene (c); 1,2-
phenylene (d).
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loading of 20 mol%. It seems that
catalyst 17a prepared with 14 :Ti= 1:1
(1 mol%, up to 99% yield and 96% ee)
possesses higher activity and enantiose-
lectivity than 16a prepared with 14 :Ti=
1:2 in the presence of 1 equiv of H2O
(20 mol%, up to 72% yield and
92% ee). This phenomenon probably
arises from the activating effect of addi-
tional binol unit in 17a.[24] In both the
Michael addition and carbonyl-ene re-
action, the linkers between two binol
units in the ligands have significant
impact on the enantioselectivity of the
assembled catalysts prepared from
them. The heterogeneous catalysts de-
rived from 15a,b and 17a,b, in the pairs
of the phenolic hydroxy groups are
situated at opposite sites in the symmet-
ric, multidentate ligands, gave the Mi-
chael adduct or carbonyl-ene adduct
with higher enantioselectivity than that
attained with the catalysts from ligands
15c,d and 17c, respectively. The dra-
matic influence of the linking spacer on
the enantioselectivities of the reactions
reflects that the linkers between two
binol units of the ligands probably sig-
nificantly alter the supramolecular
structure of the assemblies in the cata-
lysts. Therefore, the frameworks of as-
sembled catalysts can be optimized by
the rational design of chiral ligands to
improve the catalytic activity and enan-
tioselectivity of the “self-supported”
catalyst.

Obviously, the “metal–ligand poly-
mer” strategy for the immobilization of
homogeneous catalysts developed by
the Lin,[10] Sasai,[11] and Ding groups[12]

represents a significant breakthrough in
the heterogeneous asymmetric catalysis,
since it satisfies many requirements for
the immobilized catalysts. Their per-
formance is comparable to or better
than that of the parent catalysts, they are
easy to separate and reuse, and there is
minimum leaching of the catalyst. Fur-
thermore, the metal–ligand polymer was
prepared by an in situ self-assembling
process, a really simple manipulation.
This strategy might provide a new
direction in asymmetric catalysis, partic-
ularly for the development of practical
syntheses of optically active compounds.
Meanwhile, the use of chiral “metal–
ligand” assemblies for chiral recognition

and separation may be another exciting
area in chiral chemistry.[25]
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Immunoassays are techniques that em-
ploy labeled or nonlabeled antibodies
for the quantitative assessment of ana-
lytes. These techniques have become
most popular in clinical and medical
research laboratories because they are
precise, sensitive, and relatively inex-
pensive. Increasingly important, how-
ever, is the detection of proteins at
extremely low concentrations, especial-
ly in biofluids containing very low titers
of disease markers and in food or
environmental samples containing tox-
ic or ineligible proteins. Although clas-
sical tests such as ELISA (enzyme-
linked immunosorbent assay; Fig-
ure 1a) and RIA (radioimmunoassay)
are capable of providing relatively high
sensitivity and very low limits of detec-
tion (1 fmol), they may not be appli-
cable to all possible samples, for exam-
ple, antigenic species present at very
low concentrations. Currently, this is
the problem with prion diseases. A
major improvement in the sensitivity
of immunoassays was achieved by Can-
tor and his colleagues about ten years
ago: Rather than coupling the detec-
tion antibody to an enzyme, these
researchers linked the antibody to one
or more DNA fragments, which can
then be amplified specifically by poly-
merase chain reaction (PCR) before
detection, for example, by gel electro-
phoresis (Figure 1b). Instead of the

Figure 1. a) Principle of the ELISA assay. b,c) Principle of immuno-PCR with conventional detec-
tion of the PCR product (b) and with quantitative detection using a FRET probe (c, real-time
IPCR).
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linear signal amplification achieved by
the ELISA test, the PCR process yields
an exponential amplification, thus low-
ering the detection limit by three to four
orders of magnitude.[1]

Since then, this technique, called
immuno-PCR (IPCR), has proved to
be suitable for the highly sensitive
detection of antigens, antibodies, patho-
gens, tumor markers, and potential ther-
apeutics in the femto- to attomolar
concentration range and therefore, is
of interest predominantly for clinical
diagnostics. A number of different IPCR
protocols have been developed showing
that this technique can be adapted for a
broad range of analytes and immuno-
assay techniques (a recent review is
found in ref. [2]). Due to the tremen-
dous amplification power of PCR, IPCR
is extremely sensitive not only in detect-
ing specific proteins but also in detecting
cross-contaminations of extrinsic nucle-
ic acids or false-positive signals resulting
from unspecific binding of the antibody.
Application of IPCR as a routine meth-
od thus requires the elimination or
inactivation of impurities to the greatest
possible extent and the use of highly
standardized protocols.

In combination with “real-time”
PCR techniques[3] that have become
highly popular during the past years,
IPCR has been extended to a robust
technique for the quantitative detection
of antigens and is suited for routine
diagnostics as well as for the parallel
analysis of large numbers of samples.
For these applications PCRmixtures are
supplied with DNA intercalators like
SYBR-Green or FRET probes like Taq-
man that bind to the nascent DNA chain
and consequently, fluoresce. Since ma-
chines exist that can monitor fluores-
cence directly during amplification and
evaluate the data relative to a calibra-
tion curve, real-time IPCR (rtIPCR) can
be used for the reproducible and quan-
titative detection of analytes in micro-
plate formats (96 wells, or 384 wells) and
also, for the recording of melting curves
that support the characterization of
amplicons.

An important example that illus-
trates the sensitivity and impact of the
rtIPCR technique was recently present-
ed with the detection of only 30000
molecules of the potent cytostatic anti-
cancer drug rViscumin (concentration

ca. 100 fgmL�1) in standardized human
serum samples.[4] Supramolecular IPCR
reagents—oligomeric conjugates made
from streptavidine, bisbiotinylated
dsDNA, and biotinylated antibodies
that were recently developed by Nie-
meyer and colleagues[5]—made the im-
pressive sensitivity possible because
they enabled the binding to multiple
analytes, which resulted in an entropic
advantage. Additionally, the authors
improved their rtIPCR assay by adding
a competitively replicating DNA frag-
ment that serves as an internal standard
and also, increases the signal-to-noise
ratio (Figure 1c).[6]

Unfortunately, rtIPCR has not as yet
found its way into routine diagnostics
despite impressive sensitivity and suc-
cessful demonstration of its efficiency in
highly reproducible analyses. This could
be due to the still-complex preparation
of IPCR probes. These conjugates of
DNA and antibodies are typically
strongly bound either through covalent
interactions or streptavidine–biotin
binding. While DNA–antibody conju-
gates are synthesized by means of the
sulfhydryl and amino functions of DNA
or the antibody,[7,8] streptavidine–biotin
conjugates are usually made starting
from biotinylated antibody and biotinyl-
ated DNA.[5,9] Both approaches require
complex modifications to link DNA and
antibody proteins that are only occa-
sionally commercialized.

Nanoparticle-Based Barcodes for
the Identification of Proteins

Further improvements in IPCR sen-
sitivity could be limited by the low ratio
of detection antibody to DNA identifi-
cation sequence (usually 1:1) as well as
slow target-binding kinetics that are due
to the heterogeneous nature of the
target-capture procedure.[10] For this
reason many new concepts concerning
amplified biosensing combine the im-
munoassay with techniques for the im-
mobilization of biopolymers at the sur-
faces of micro- and nanoparticles. The
combination is advantageous not only
for the formation of recognition com-
plexes in suspension; commercially
available and meanwhile widespread
magnetic microparticles can also be

used for the physical isolation of the
immunocomplexes using an external
magnet. Therefore these techniques are
ideally suited for the separation and
enrichment of antigen–antibody conju-
gates from complex mixtures (see
ref. [11] and references therein).

In a recently published approach,
Mirkin and colleagues demonstrated the
detection of a tumor marker (PSA,
prostate-specific antigen) with a system
of antibody-linked microparticles and
gold nanoparticles functionalized with
anti-PSA antibodies and double-strand-
ed DNA.[14] In the presence of PSA a
specific complex forms connecting the
magnetic microparticles and gold nano-
particles (Figure 2). The functionaliza-
tion of gold nanoparticles with a combi-
nation of both DNA and antibody had
already been described.[12] Mirkin et al.
were able to show that 180 molecules
(concentration 30 am) of free PSA, usu-
ally present at (sub-)femtomolar con-
centration in the sera of breast cancer
patients,[13] can be detected without
PCR amplification, while ten times less,
that is, a minimum of 18 molecules
(concentration 3 am) were detectable
with amplification.[10]

MirkinEs astonishingly sensitive ap-
proach is characterized not only by an
enrichment of the immunocomplex by
means of magnetic separation techni-
ques but also by a high ratio of recog-
nition antibody to marker DNA (ap-
prox. 1:100). The signaling immunocom-
plex is a “sandwich” of magnetic micro-
particles functionalized with PSA mon-
oclonal antibodies (mABs), antigenic
PSA, and gold nanoparticles functional-
ized with one or a few copies of a
polyclonal antibody directed against
PSA as well as multiple copies of
double-stranded marker DNA. After
formation of the sandwich complex, all
magnetic particles or particle complexes
are separated by application of an
external magnet, leaving unreacted
nanoparticles and antigens in solution.
Marker DNA that is attached to the
enriched complexes serves as a template
in PCR amplifications and can be de-
tected easily by standard techniques
(such as gel electrophoresis and staining
with ethidium bromide). However, Mir-
kin achieved greater sensitivity in de-
tecting DNA by melting the double-
stranded marker DNA, optional PCR
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amplification, and chip-based detection,
which comprises the hybridization of
marker DNAwith immobilized comple-
mentary strands, silver staining of the

resulting double-stranded DNA, and
scanometric detection. The assay is also
suited for the parallel analysis of multi-
ple analytes if every antigen is coded by

a distinct marker DNA sequence.
Therefore, these DNA sequences were
called “bio-barcodes” by Mirkin.[14]

Similar to rtIPCR, the bio-barcode
approach requires the synthesis of anti-
body conjugates such as the noncova-
lent, equimolar coupling of gold nano-
particles to polyclonal antibody prior to
the covalent coupling with a 10- to 100-
fold excess of barcode DNA. Both
compliance with the desired stoichiom-
etry as well as stabilization and handling
of the resulting conjugates are exceed-
ingly difficult. The immobilization of
monoclonal antibody on the surface of
magnetic microparticles can be achieved
in a straightforward fashion using well-
established glutaraldehyde–amine cou-
pling chemistry (efficiency 90%).

Another difficulty associated with
MirkinEs procedure may arise from the
utilization of polyclonal antibodies for
the recognition of the antigen. This type
of antibody can also bind to other
proteins. The resulting reduction in the
signal-to-noise ratio would lead to a loss
of sensitivity and, in particular, would
compromise the parallel detection of
analytes. However, it will be tantalizing
to see whether the ultrasensitive bio-
barcode technique will be suitable for
“real life”.

Bioelectronic Coding and
Detection of Proteins

Promising alternatives to optical
detection techniques are possible with
electronic approaches, which in addition
can be triggered and controlled using
magnetic microparticles.[11] These tech-
niques are based on the electroactivity
of nucleic acids, which adsorb strongly
to electrodes where they undergo
charge-transfer reactions.[15] Thereby,
predominantly the nucleobases are re-
duced at mercury electrodes and oxi-
dized at graphite electrodes. Because
nucleobases that accumulate at the elec-
trode surface come off during oxidation,
they can be detected using potentiomet-
ric stripping analysis (PSA) at very low
concentrations (nm).[15]

Wang and colleagues utilized this
DNA property for the development of a
highly sensitive immunoassay-based
method to detect proteins that is closely
related to the technique presented by

Figure 2. Essential steps in a bio-barcode immunoassay. The first (monoclonal) antibody is
linked to the surface of magnetic microparticles, which are employed for separating and enrich-
ing the protein from the sample solution. The second (polyclonal) antibody is bound to gold
nanoparticles, which also are functionalized with multiple double-stranded DNA fragments. Fol-
lowing formation and magnetic separation of the sandwich complex, these DNA strands are de-
tached and can be detected either after PCR amplification or by using DNA chips.
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Mirkin et al.[16] The “bioelectronic” pro-
tocol also is based on the formation of a
sandwich immunocomplex starting from
antibody-linked magnetic microparti-
cles and DNA-functionalized polysty-
rene particles which also are coupled to
the detection antibody. Following mag-
netic separation and enrichment of par-
ticle-bound immunocomplexes, marker
(barcode) DNA is detached by alkaline
denaturation of the double-stranded
DNA and subsequently submitted to
acid-catalyzed depurination. Free pu-
rines (adenine, guanine) can then be
detected quantitatively using chronopo-
tentiometric stripping analysis at a py-
rolytic graphite electrode (Figure 3).

The authors demonstrated that they
were able to detect as few as 40000
molecules of an analyte (concentration
13 fm) by their bioelectronic approach
without amplification, for example, by
PCR. By including an amplification
step, the already high sensitivity could
be increased additionally by two orders
of magnitude. Due to high sensitivity,
selectivity (that is, no background signal
in the absence of analyte or in the
presence of a 1000-fold excess of bovine
serum albumine) as well as high repro-
ducibility (standard deviation of ca. 5%
in six analogous experiments), the elec-
tronic detection of barcode DNA ap-
pears promising. However, it remains to
be seen whether the probes will become
commercially available so that this ap-
proach could become a routine method
for diagnostics or proteome analysis.
Ultimately, the market for new technol-
ogies, which almost always responds
slowly to innovations, will be decisive
for the distribution of all three methods,
rtIPCR, bio-barcodes, and bioelectronic
barcodes.

[1] T. Sano, C. Smith, C. Cantor, Science
1992, 258, 120 – 122.

[2] S. Schiavo, A. El-Shafey, N. Jordan, C.
Orazine, X. Zhou, N. H. L. Chiu, I. S.
Krull, PharmaGenomics 2004, 36 – 45.

[3] A. Guilietti, L. Overbergh, D. Valckx, B.
Decallonne, R. Bouillon, C. Mathieu,
Methods 2001, 25, 386 – 401.

[4] M. Adler, M. Langer, K. Witthohn, J.
Eck, D. Blohm, C. M. Niemeyer, Bio-
chem. Biophys. Res. Commun. 2003, 300,
757 – 763.

[5] C. M. Niemeyer, M. Adler, B. Pignataro,
S. Lenhert, S. Gao, L. Chi, H. Fuchs, D.

Blohm, Nucleic Acids Res. 1999, 27,
4553 – 4561.

[6] M. Adler, R. Wacker, C. M. Niemeyer,
Biochem. Biophys. Res. Commun. 2003,
308, 240 – 250.

[7] H. C. Wu, Y. L. Huang, S. C. Lai, Y. Y.
Huang, M. F. Shaio, Lett. Appl. Micro-
biol. 2001, 32, 321 – 325.

[8] R. D. Joerger, T. M. Truby, E. R. Hen-
drickson, R. M. Young, R. C. Ebersole,
Clin. Chem. 1995, 41, 1371 – 1377.

Figure 3. In the case of the bioelectronic barcode assay, the second antibody is coupled to plas-
tic beads which, again, are functionalized with many short DNA fragments. After detachment of
the DNA, the purines adenine and guanine are released and can be detected by electrochemical
analysis, by which adenine is clearly distinguishable from guanine.

Angewandte
Chemie

5733Angew. Chem. Int. Ed. 2004, 43, 5730 –5734 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[9] P. P. Sanna, F. Weiss, M. E. Samson, F. E.
Bloom, E. M. Pich, Proc. Natl. Acad.
Sci. USA 1995, 92, 272 – 275.

[10] J. M. Nam, C. S. Thaxton, C. A. Mirkin,
Science 2003, 301, 1884 – 1886.

[11] I. Willner, E. Katz, Angew. Chem. 2003,
115, 4724 – 4737; Angew. Chem. Int. Ed.
2003, 42, 4576 – 4588.

[12] C. M. Niemeyer, B. Ceyhan, Angew.
Chem. 2001, 113, 3798 – 3801; Angew.
Chem. Int. Ed. 2001, 40, 3685 – 3688.

[13] M. H. Black, M. Giai, R. Ponzone, P.
Sismondi, H. Yu, E. P. Diamandis, Clin.
Cancer Res. 2000, 6, 467 – 473.

[14] J. M. Nam, S. J. Park, C. A. Mirkin, J.
Am. Chem. Soc. 2002, 124, 3820 – 3821.

[15] E. Palecek, M. Fojta, Anal. Chem. 2001,
73, 75A-83A.

[16] J. Wang, G. Liu, B. Munge, L. Lin, Q.
Zhu, Angew. Chem. 2004, 116, 2210 –
2213; Angew. Chem. Int. Ed. 2004, 116,
2158 – 2161.

Highlights

5734 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5730 –5734

http://www.angewandte.org


Enzyme Chemistry

Sulfatases: Structure, Mechanism, Biological Activity,
Inhibition, and Synthetic Utility
Sarah R. Hanson, Michael D. Best, and Chi-Huey Wong*

Angewandte
Chemie

Keywords:
chemoenzymatic synthesis ·
glycosaminoglycans · heparan
sulfate · inhibitors · sulfatases

C.-H. Wong et al.Reviews

5736 
 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200300632 Angew. Chem. Int. Ed. 2004, 43, 5736 – 5763



1. Introduction

Whereas sulfotransferases have been the subject of
intense investigation for the past several years, sulfatases
have received considerably less attention. Sulfatases were
discovered sporadically in eukaryotes and prokaryotes
throughout the 20th century, but for a long time this class of
enzymes was undervalued, as their biological function was
thought to be limited mainly to the degradation of organic
sulfates in soil. An abundance of new information regarding
human sulfatases became available in the 1960s after it was
discovered that sulfatase deficiencies led to a number of
inherited lysosomal disorders. Since then, sulfatases have
emerged as important components in processes such as
hormone regulation (and deregulation in hormone-respon-
sive cancers), gamete interactions, and proper bone and
cartilage development.

Most recently, sulfatases have been implicated in the
modification of sulfate moieties on glycosaminoglycans
(GAGs),[+] which dictate developmental cell signaling and
patterning phenomena in the extracellular matrix (ECM).
Furthermore, new functions of invertebrate and prokaryotic
sulfatases have been discovered, including potential roles in
bacterial pathogenesis. This Review takes a comprehensive
look at the sulfatase family, examining structure, mechanism,
and inhibition. Information on the substrates and biological
roles of sulfatases, focusing on emerging topics and potential
therapeutic targets, is also provided. Finally, the synthetic
utility of these enzymes for probing the biological interactions
of sulfated carbohydrates and GAGs within the extracellular
matrix is discussed.

2. The Sulfatase Family

Sulfatases (EC 3.1.5.6) catalyze the hydrolytic desulfona-
tion of sulfate esters (CO�S) and sulfamates (CN�S) [Eq. (1)

ROSO3
�þH2O! ROHþHSO4

� ð1Þ

and (2), respectively].

RNðHÞSO3
�þH2O! RNH2þHSO4

� ð2Þ

They comprise a class of enzymes that is highly conserved
sequentially, structurally, and mechanistically across eukary-
otic and prokaryotic species. The remarkable similarities
shared by sulfatases include: 1) 20–60% sequence homology
over the entire protein length, 2) a highly conserved N-
terminal region containing the consensus sulfatase motifs, and
3) a unique active-site aldehyde residue, a-formylglycine
(FGly), which is installed post-translationally.

The high degree of sequence and structural likeness
observed thus far amongst sulfatases has led to the proposal
that they emerged long ago from a common ancestral gene.[1,2]

The human enzymes (15 are known, 13 genes have been
cloned, Table 1) and the invertebrate, lower eukaryotic, and
prokaryotic enzymes (many are known, 13 genes have been
cloned, Table 2) are typically between 500 and 600 amino
acids in length; the newly discovered human Sulf enzymes

Sulfatases, which cleave sulfate esters in biological systems, play a key
role in regulating the sulfation states that determine the function of
many physiological molecules. Sulfatase substrates range from small
cytosolic steroids, such as estrogen sulfate, to complex cell-surface
carbohydrates, such as the glycosaminoglycans. The transformation of
these molecules has been linked with important cellular functions,
including hormone regulation, cellular degradation, and modulation
of signaling pathways. Sulfatases have also been implicated in the
onset of various pathophysiological conditions, including hormone-
dependent cancers, lysosomal storage disorders, developmental
abnormalities, and bacterial pathogenesis. These findings have
increased interest in sulfatases and in targeting them for therapeutic
endeavors. Although numerous sulfatases have been identified, the
wide scope of their biological activity is only beginning to emerge.
Herein, accounts of the diversity and growing biological relevance of
sulfatases are provided along with an overview of the current under-
standing of sulfatase structure, mechanism, and inhibition.
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have a slightly longer sequence of around 800 residues
(Figure 1). In eukaryotes, sulfatases are targeted for the
secretory pathway and are extensively glycosylated before
being transported to the extracellular matrix (ECM) or to
subcellular locations, such as the endoplasmatic reticulum

(ER), Golgi complex, and lysosome
(Table 1). The lysosomal and extracellular
sulfatases are soluble, whereas the residents
of the ER and Golgi network are membrane
bound. All known invertebrate, lower
eukaryotic, and bacterial sulfatases are
soluble and have been found to reside in
cytoplasmic, periplasmic, and extracellular
regions (Table 2).[3]

Sulfatases catalyze the hydrolysis of a
diverse range of sulfate ester substrates,
including hydrophobic glucosinolate, ste-
roid, and thyronine sulfates; amphiphilic
sulfated carbohydrates found in GAGs,
proteoglycans, and glycolipids; and water-
soluble mono- and disaccharide sulfates.
The identification of physiological sub-
strates of sulfatases has often trailed
behind the initial discovery of these
enzymes by using small aryl substrates;
hence, many of them carry the generic
name aryl sulfatase (ARS).[3–5] Eight disor-

ders in humans are known that result from a deficiency in a
single sulfatase (Table 3).[1,6, 7] Furthermore, a rare autosomal
recessive disorder known as multiple sulfatase deficiency
(MSD) results from severely decreased activity in all sulfa-
tases.[8]
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Table 1: Substrates and subcellular location of human sulfatases.

Sulfatase[a] Abbr. Physiological
substrate

Subcellular
location[b]

Ref.[c]

aryl sulfatase A ARSA sulfatide lysosome [67]
aryl sulfatase B ARSB dermatan sulfate, chondroitin sulfate lysosome [2,68]
aryl sulfatase C ARSC steroid sulfates ER [121]
aryl sulfatase D ARSD unknown ER [129]
aryl sulfatase E ARSE unknown Golgi network [129]
aryl sulfatase F ARSF unknown ER [130]
aryl sulfatase G ARSG unknown ER [133]
galactosamine-6-sulfatase GalN6S chondroitin sulfate, keratan sulfate lysosome [69]
glucosamine-3-sulfatase* GlcN3S heparan sulfate lysosome [92,93]
glucosamine-6-sulfatase GlcN6S heparan sulfate, keratan sulfate lysosome [70]
glucouronate-2-sulfatase* GlcA2S heparan sulfate lysosome [91]
heparan-N-sulfatase GlcNS heparan sulfate lysosome [71]
iduronate-2-sulfatase IdoA2S heparan sulfate, dermatan sulfate lysosome [72]
endo sulfatase 1 Sulf1 heparan sulfate ECM [22]
endo sulfatase 2 Sulf2 heparan sulfate ECM [22]

[a] The genes for human sulfatases marked with asterisk have not yet been cloned. In addition to human
genes, orthologues with equivalent roles have been cloned from many other vertebrates (mice, rats,
cats, pigs, quails, and goats). [b] ER=endoplasmic reticulum, ECM=extra cellular matrix. [c] Refer-
ences for gene cloning or discovery (*).

Table 2: Sulfatases from genes cloned from invertebrates, lower eukaryotes, and prokaryotes.

Organism Sulfatase Substrate Subcellular location Physiological role Ref.

Invertebrates and lower eukaryotes
Helicocideris erythogramma HeARS unknown extracellular developmental [115]
Hemicentrotus pulcherrimus HpARS unknown extracellular developmental [116]
Stronglyocentrotus purpuratus SARS unknown extracellular developmental [118]
Helix pomatia HeSulf1 unknown unknown unknown [155]
Plutella xylostella PGSS unknown gut lumen detoxification [152]
Chlamydomonas reinhardtii CARS glucosinolates periplasm sulfur scavenging [160]
Neurospora crassa NARS tyrosine O-sulfate extra-/intracellular sulfur scavenging [158]
Volvox cateri VARS unknown periplasm sulfur scavenging [161]
Prokaryotes
Flavobacterium FHS2S heparan sulfate periplasm HS degradation [58]
Klebsiella pneumoniae KARS unknown periplasm sulfur scavenging [63]
Prevotella sp. RS2 PMdS unknown periplasm mucin degradation [60]
Pseudomonas aeruginosa PARS unknown cytoplasm sulfur scavenging [173]
Sinorhizobium meliloti SChoS Choline O-sulfate cytoplasm sulfur scavenging, osmoprotection [181]
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Two highly homologous amino acid motifs, recognized as
the sulfatase signature sequences I and II, are found within
the first third of the N-terminal sequence of all known
hydrolytic sulfatases.[9] The signature sequence I, comprising
the 12 amino acids C/S-X-P-S/X-R-X-X-X-L/X-T/X-G/X-R/
X, is critical for directing the post-translational modification
of the initial cysteine or serine residue into the catalytically
active residue FGly.[10,11] The specialized role of these residues
is underscored by their highly conserved nature from
eukaryotic to prokaryotic organisms, as shown by the partial
alignment of sequences Figure 1. The core motif C/S-X-P-X-
R is conserved throughout the entire enzyme class. The
arginine residue in this pentapeptide sequence has been
shown to act as: 1) an important director in FGly modifica-

tion,[10] 2) an integral member of the active site that stabilizes
the FGly residue,[12] and 3) a critical structural element.[11] The
conserved proline residue also plays a key role in directing
FGly modification[10] and is believed to be part of an a helix
that precisely situates FGly within the active site.[11] Interest-
ingly, two enzymes that are not sulfatases, a phosphate
monoester hydrolase (U44852) and an alkaline phosphatase
(AF047381), have also been found to contain the core
directing sequence C/S-X-P-X-R. Given the potential evolu-
tionary link between sulfatases and the alkaline phospha-
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synthesis of fullerene derivatives. He com-
pleted his PhD in 2002 at the University of
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research with Prof. Chi-Huey Wong at The
Scripps Research Institute on the develop-
ment of small organic molecules which per-
turb biological systems.

Figure 1. Signature sequences of sulfatases. Partial alignment of sulfatases from all sulfatase genes cloned shows a homology of the sulfatase sig-
nature sequences (PS00523). This consensus sequence is important for directing the first amino acid residue to the catalytically active FGly for
oxidation. Highly conserved residues are shown in white letters on a black background; other significantly conserved residues are shown in gray.
The accession codes for ExPASy are given, or the reference to the literature for those proteins not deposited with ExPASy.

Table 3: Inherited disorders resulting from deficiency in a single
sulfatase.[a]

Subcellular location Sulfatase Genetic disorder[b]

lysosome ARSA metachromatic
leukodystrophy (MLD)

IdoAS Hunter’s disease (MPS II)
GlcNS Sanfilippo A (MPS IIIA)
GlcN6S Sanfilippo B (MPS IIIB)
GalN6S Morquio A (MPS IVA)
ARSB Maroteaux-Lamy (MPS VI)

ER, Golgi ARSC X-linked ichthyosis (XLI)
ARSE chondrodysplasia

punctata (CDPX)

[a] In addition to the diseases resulting from a deficiency in a single
sulfatase, a rare genetic disorder known as multiple sulfatase deficency
(MSD) shows markedly diminished activity in all sulfatases. [b] MPS=
mucopolysaccharidoses.
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tases,[13] these enzymes could be the
most likely candidates outside the
sulfatase class to harbor an FGly
residue. The second sulfatase sig-
nature sequence contains the 12-
mer consensus sequence G-Y/V-X-
S/T-X-X-X-G-K-X-X-H. The con-
served lysine and histidine residues
within this motif are active-site
residues that are important for
sulfate ester catalysis.[14]

3. Structure

The structures of four sulfa-
tases have been solved to date by
X-ray crystal-structure analysis:
HARSA (2.1 H),[15] HARSB
(2.5 H),[16] and HARSC (2.6 H)[17]

from humans, as well as PARS
(1.3 H) from the gram-negative
bacterium Pseudomonas aerugi-
nosa.[12] The structures are strik-
ingly similar, revealing a nearly
spherical globular monomer with
mixed a/b topology, which is div-
ided into two domains (Figure 2).
ARSC additionally contains a
unique transmembrane domain
from which the soluble domain
“sprouts”, giving the enzyme a
“mushroomlike” morphology. The
larger, N-terminal domain consists
of a helices surrounding a large
mixed b sheet, which consists of 10
strands in the HARSA, HARSB,
and PARS structures and 11
strands in HARSC. The smaller,
C-terminal domain contains a four-
stranded antiparallel b sheet
tightly packed against a long, sol-
vent-exposed C-terminal a helix. As is typical for the a/b
family of enzymes,[18] the active-site cavity is nestled at the C-
terminal end of the large b sheet, with the FGly residue
located at the bottom of a narrow cleft lined with charged
amino acids. The catalytic N-terminal domain of sulfatases
shows a high degree of structural similarity to that of the
alkaline phosphatases (APs) but differs dramatically in
sequence.[19] When the structures of ARSA and AP are
superimposed, 169 contiguous Ca atoms overlap, including
the large b sheets and several key active-site residues, with a
root-mean-squared deviation (rmsd) of 1.9 H. Similar values
are obtained when comparing HARSB and PARS.[15]

Crystallographic and mutagenesis studies have provided
valuable information about the active site of sulfatases
(Figure 3). In each of the structures solved thus far the
catalytic residues and geometry are conserved to a remark-
able extent (rmsd< 0.45 H), which supports the notion of a

conserved mechanism for sulfate ester hydrolysis. The active
site is comprised of 10 highly interconnected polar residues
and a divalent metal cation; the positions and proposed
functions of these components are summarized in Table 4. In
the case of HARSA, the importance of each of these residues
was further established in a mutational scanning experi-
ment.[14] A metal-binding region is formed by the generic
residues AspA, AspB, AspC, and AsnA, which is conserva-
tively replaced by a glutamine residue in ARSC. In HARSB,
HARSC, and PARS these metal-binding residues, along with
FGly and an oxygen atom of the sulfate (or water in its
absence), coordinate a Ca2+ cation heptavalently; in HARSA
an Mg2+ ion is coordinated octahedrally. However, in the
latter case it can not be excluded that the magnesium ions,
which were present in high concentrations during the
purification of the enzyme, replaced the native cation,[15] as
was observed in a more recent refinement of the ARSA

Figure 2. Crystal structures of sulfatases (red cylinders: a helices, yellow arrows: b sheets). A) Struc-
ture of PARS, characterized by two subdomains with mixed a/b topology. B) Same structure of PARS,
rotated 908 ; the strands of the large b sheet within the N-terminal domain (numbered 1–10) and the
small b sheet in the C-terminal domain (labeled a–d) are visible. C) Structure of HARSC, which
shares high structural homology with PARS within the globular domains. This ER-resident protein
also contains a transmembrane domain comprising two highly hydrophobic helices of 40 J in length.
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structure by another research group.[20] Severe decreases in
binding and catalytic activity were observed upon mutation of
any of the metal-binding residues in HARSA, underscoring
the central role the metal plays in cleaving sulfate esters,
presumably by both binding the substrate and activating it for
nucleophilic attack.[14]

The catalytic pocket is lined with several positively
charged residues, including LysA and LysB, which are
involved in binding the anionic sulfate. Along with the
divalent metal ion and HisB, these residues probably neu-
tralize the sulfate anion and withdraw electron density to
create an electrophilic sulfur center. They also position the
tetrahedral sulfate for an in-line nucleophilic attack by
FGly.[21] Furthermore, HisB and LysB are implicated in the
protonation of the exocyclic oxygen atom on the alcoholate
leaving group released in the transesterification. The catalytic

FGly residue rests at the bottom of the pocket as an FGly
hydrate (FGH). The geminal diol performs two distinctive
functions: FGH-Og1, which interacts with the metal center
and AspA, is orientated ideally for nucleophilic attack on the
sulfur atom of the substrate; FGH-Og2, which is anchored by
HisA, ArgA, and LysA, points toward the center of the
pocket and is involved in the elimination of the enzyme–
sulfate ester intermediate. The critical functions of the
geminal hydroxy groups are thought to be mediated by
protons, shuffling between AspA and FGly-Og1, in addition
to HisA and FGly-Og2 (Section 4).

To date, no crystal structures of sulfatases bound to their
natural substrates have been solved, leaving the residues that
play a role in substrate specificity largely unknown. Presum-
ably, the recognition of natural substrates must occur outside
the narrow cleft containing the conserved active-site residues.
The cocrystal structure of Cys69Ala-HARSA (a mutant with
the catalytic FGly residue replaced by alanine) with p-
nitrocatechol sulfate (pNCS, a general substrate for sulfa-
tases) exhibited a tightly bound sulfate group (coordinated by
the metal center, LysA, LysB, and HisA; Figure 3) and a
highly disordered phenyl ring outside the sulfate-binding
pocket.[21] Indeed, the fact that many sulfatases accept small
aryl substrates could mean that extensive binding sites on
their surfaces discriminate between and properly align large
substrates, but do not necessarily hinder access to the active
site.

Typically, the C-terminal region of sulfatases bears the
highest structural diversity and is a likely candidate for a
substrate-discerning region. Interestingly, the HSulf sulfatases
and HGlcN6S, which catalyze the hydrolysis of glucosamine-
6S (GlcNAc6S) residues, contain C-terminal stretches of
amino acids that exhibit high homology with a region of the
GlcNAc transferase from Arabidopsis thaliana, suggesting
that this region may play a role in the recognition of the
GlcNAc substrate.[22] The C-terminal region of the mem-
brane-bound sulfatases may also serve an additional purpose.
According to the crystal structure of ARSC, the small
subdomain is involved in several key interactions between
hydrophobic loop structures and the lipid bilayer. These
polypeptide segments could potentially act as “swinging
doors” to recognize substrates and lead them to the active-
site gorge, which is buried near the membrane surface. The
active-site gorge of ARSC contains a host of nonpolar

Figure 3. A generic rendition of the sulfatase active site depicting the
highly conserved residues found in the crystal structures. Key hydro-
gen-bonding interactions are shown with dotted lines. For the sake of
clarity some details are not shown in the diagram, including localized
charges, some double bonds, and several interactions, such as a salt
bridge between LysA and the noncoordinated oxygen atom of AspC, a
hydrogen bond between sulfate and the nitrogen atom in the main
chain of FGly, and several sulfate–FGly interactions. Table 4 lists the
positions and proposed functions of the residues in each solved struc-
ture.

Table 4: Positions and proposed functions of amino acids and metal cations in the active site.

Residue[a] PARS HARSA HARSB HARSC Proposed function

FGly 51 69 91 75 catalytic nucleophile as FGH
M Ca2+ Mg2+ Ca2+ Ca2+ substrate binding and activation, stabilization of FGH
AsnA Asn318 Asn282 Asn301 Gln343 metal coordination, activation of FGH
AspA Asp317 Asp281 Asp300 Asp342 metal coordination
AspB Asp14 Asp30 Asp54 Asp36 metal coordination
AspC Asp13 Asp29 Asp63 Asp35 metal coordination
ArgA Arg55 Arg73 Arg95 Arg79 stabilization of FGH
HisA His115 His125 His147 His136 stabilization of FGH, elimination of FGS
HisB His211 His229 His242 His290 substrate binding and activation, alcohol protonation
LysA Lys113 Lys123 Lys145 Lys134 substrate binding and activation, stabilization of FGH
LysB Lys375 Lys302 Lys318 Lys368 substrate binding and activation, alcohol protonation

[a] Generic residues are depicted schematically in Figure 3.
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residues that are capable of forming
hydrophobic interactions with the steroid
backbone when the sulfate is properly
aligned in the sulfate-binding cleft.[17]

4.Mechanism

4.1. Sulfate Ester Hydrolysis

The most salient feature of the sulfa-
tase family of enzymes is the presence of
the FGly residue (2-amino-3-oxypro-
panic acid, a-formylglycine) in the
active site. FGly is present in the active
site of all prokaryotic and eukaryotic
sulfatases characterized to date and is
essential for catalytic activity.[23] Its
importance was initially identified by
von Figura and co-workers during their
extensive studies on multiple sulfatase
deficiency (MSD).[8] The researchers cor-
rectly speculated that a common struc-
tural feature in the sulfatase active site, generated by a post-
translational modification, was deficient in MSD patients,
thus resulting in the global inactivation of sulfatases.[24] In a
landmark study, the novel aldehyde modification was
detected in the position in which a cysteine residue was
encoded in the cDNA for HARSA and HARSB enzymes.[25]

Later, it was determined that the residue destined for
modification can be either cysteine in eukaryotes[25,26] and
prokaryotes,[27] or serine[28] in prokaryotes. Prokaryotic sulfa-
tases are therefore further categorized as Cys-type or Ser-
type.[29–32]

The mechanism of sulfate ester hydrolysis remained a
mystery for years, as nothing was known about the underlying
post-translational modification required to generate the key
active-site aldehyde. The elucidation of the mechanism was
greatly facilitated by the discovery of this modification and by
the crystal structures of the sulfatases.[12, 15–17] Although it was
immediately clear that the novel FGly residue was crucial for
catalysis,[25,33] its mode of action was the subject of debate for
some time.[23] Structural similarity with the alkaline phospha-
tases (APs) provided initial insight into the mechanism of the
sulfatases, and after the first sulfatase structure was solved in
1995 (HARSB) an addition–hydrolysis (AH) mechanism was
proposed.[16] As depicted in Scheme 1a, the mechanism
begins with a nucleophilic attack by a sulfate group oxygen
atom at the electrophilic aldehyde group of FGly to form a
sulfate diester. The alcohol conjugate is then released through
the action of a nucleophile, such as an activated water
molecule (akin to the AP mechanism). The FGly–sulfate
adduct (FGS), which was observed in the HARSB crystal
structure, was proposed to be the resting state of the catalytic
cycle, although equilibrium with the aldehyde was assumed.

The HARSA resting-state structure was interpreted
differently: Its structure showed a twofold-disordered elec-
tron-density pattern at the FGly residue, leading to the
postulation that the FGly functions catalytically as an

aldehyde hydrate.[15] Based on these data, a transesterifica-
tion–elimination (TE) mechanism was presented, in the first
step of which one of the geminal hydroxy groups of the FGly
hydrate (FGH) acts as a nucleophile. As shown schematically
in Scheme 1b, an SN2 attack at the sulfur atom of the sulfate
hydrolyzes the conjugate alcohol and creates a transient FGS.
The second geminal hydroxy group then reacts to eliminate
sulfate and re-form the aldehyde. Finally, the catalytic cycle is
completed by hydration of the aldehyde to reform the FGH.
Unfortunately, poor resolution within the vicinity of the
crucial FGly residue in both structures left the general model
for sulfate ester hydrolysis open for debate.

Support for the TE mechanism was provided by studies of
HARSA and HARSB mutants containing a serine residue in
place of FGly. When exposed to [35S]-p-nitrocatechol sulfate,
the serine mutants released p-nitrocatechol, but the labeled
sulfur atom remained bound, whereas wild-type enzymes
showed no residual radioactivity.[34] These results suggested
that the first step of the TE enzymatic process, namely
transesterification of the substrate by serine to form a
sulfoenzyme intermediate, was possible. However, the
second step was not. Serine mutants were unable to eliminate
sulfate, underscoring the importance of the second FGH
hydroxy group for sulfate ester catalysis. The experiment also
provided strong evidence against the AH mechanism, as
nucleophilic attack at serine by an oxygen atom of the sulfate
group is highly unlikely. Further evidence for the TE
mechanism was provided when a cocrystal structure of an
FGly-alanine HARSA mutant with pNCS was superimposed
with wild-type HARSA: The comparison showed that the the
sulfate group was optimally orientated for an in-line nucle-
ophilic attack by the Og1 hydroxy group, which was
positioned 2.85 H from the sulfur center.[21]

Another key discriminating feature between the two
mechanisms is the configuration of the chiral sulfate released
from the substrate after catalysis. The TE mechanism would

Scheme 1. Proposed mechanistic schemes for the hydrolysis of sulfate esters by the active-site
aldehyde FGly. a) An addition–hydrolysis (AH) mechanism was proposed based on the inter-
pretation of a sulfate hemiacetal (FGS) in the crystal structure of HARSB as the resting state
of the catalytic cycle. b) A transesterification–elimination (TE) mechanism was presented for
hydrated aldehyde group (FGH) present in the crystal structure of HARSA. See text and
Scheme 2 for details.
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cause an inversion of configuration at the sulfur
atom, as it proceeds through a pentagonal
intermediate in the SN2 transition state. In
contrast, the AH mechanism, which proceeds
without chemical modification at the sulfur
center, would produce a sulfate group with
retention of configuration. In a study of chiral
sulfates as the substrates for an aryl sulfatase
fromAspergillus, inversion of configuration was
observed, thus providing further evidence for a
TE mechanism.[35] To date, the experiment has
not been reproduced with other better charac-
terized sulfatases.

Particularly strong support for the TE
mechanism was derived from the elucidation
of the X-ray crystallographic structure of PARS
at atomic resolution (1.3 H).[12] The structure
clearly showed that the FGly hydrate was near
to, but independent of, a coordinated inorganic
sulfate. The sulfate moiety is probably present
as a result of the high concentrations of
exogenous sulfate used to procure the PARS
crystals. Not surprisingly, high sulfate concen-
trations are well known to inhibit hydrolytic
sulfatases.[3,5] Again, the orientation of the
sulfate was found to be optimal for nucleophilic
attack, with one face of the tetrahedron situated
at a distance of 2.96 H from FGH-Og1, similarly
to the pNCS-Cys69Ala-HARSA cocrystal.[21]

Presently, it is believed that the sulfate hydrol-
ysis proceeds by the TE mechanism depicted in
Scheme 2.

The question of whether the transition state
of sulfate ester hydrolysis is primarily associa-
tive (SN2-like) or dissociative (SN1-like) has not
been addressed directly. However, several stud-
ies have shown that the nature of the alcohol
leaving group is important. In studies with bacterial sulfatases,
linear free-energy relationships were established that showed
a strong correlation between substrates with better phenolic
leaving groups and improved binding and catalysis (see the
review by Dodgson et al.).[3] These results were mirrored in
more recent studies on the inhibition of ARSC with aryl and
alkyl sulfamates.[36] Irreversible inhibition by these com-
pounds occurs after the rate-limiting hydrolytic step, although
the exact course of events leading to the dead-end adduct is
unknown. The results showed that the presence of electron-
withdrawing groups (EWGs) at the a position of alkyl groups
or on the phenolic chain resulted in much better inhibition,
indicating that a better stabilized leaving group is important
for the initial hydrolysis and subsequent inhibition. This
behavior closely mirrors the trends observed for the disso-
ciative mechanisms of APS, which have benefited from over
25 years of biochemical probing.[37]

Recently, the uncatalyzed hydrolysis of sulfate esters has
also been found to be more dissociative than associative in
nature.[38] In a dissociative transition state for sulfate ester
hydrolysis, the bond forming between the incoming nucleo-
phile and the sulfur atom would be expected to be weak,

whereas a more pronounced bond dissociation between the
sulfuryl group and the leaving group would result in the
accumulation of negative charge on the phenolate oxygen
atom. Electron-withdrawing groups would help delocalize
this charge, thereby stabilizing the dissociative transition
state. The results accumulated to date seem to support the
model of a dissociative transition state for sulfate ester
hydrolysis, implying that the mechanism proceeds with some
SN1 character, probably with the assistance of the nucleophilic
FGly hydrate. However, this interpretation should be treated
with caution, as only limited studies have been carried out.

4.2. Other Sulfatase Mechanisms

At least two other mechanisms for sulfate ester cleavage
have been identified in prokaryotes. Several bacterial alkyl
sulfatases have been found that cleave the C�OS bond of
sulfate esters, as opposed to the CO�S bond cleaved by
hydrolytic enzymes.[39, 40] Interestingly, some of these secon-
dary alkyl sulfatases have been reported to produce an
inversion of configuration at the stereogenic carbon center.

Scheme 2. The TE mechanism involving FGly and key active-site residues based on the crystal
structure of PARS and mutagenesis studies on HARS. a) In its resting state the FGly residue
forms an FGly hydrate (FGH) stabilized by hydrogen bonds. a!b: Positively charged residues
and the metal center bind, orientate, and activate the substrate sulfate for in-line nucleophilic
attack by one of the FGH geminal hydroxy groups, HOg1, which is positioned 2.96 J from the
sulfur center. The transesterification is promoted by proton transfer between Og1 and AspC. b!
c: An SN2 substitution (shown by arrows in (b)) proceeds through a pentacoordinated intermedi-
ate with inversion of configuration at the sulfur center and release of the conjugate alcoholate,
which accepts a proton from HisB and diffuses from the pocket (LysB, Og2, and H2O could also
serve as proton sources, depending on the pH). Elimination of the sulfate hemiacetal (FGS) is
favored by the electron-withdrawing groups coordinated to the sulfate. c!d: Abstraction of the
H�Og2 proton by HisA induces the elimination of sulfate and regeneration of the aldehyde,
which is subsequently rehydrated to complete the catalytic cycle (d!a). See Table 4 for the num-
bering of the residues and Figure 2 for a schematic of the residues in the active site.
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suggesting a nucleophilic attack takes place at this position
(see the review by Dodgson et al.[3]). Making use of this
stereoinversion, one research group has recently developed a
method for deracemizing secondary alkyl sulfates.[41–43] The
oxidative cleavage of alkyl sulfate groups to aldehydes and
inorganic sulfate has also been reported.[44–46]

Genes for C�O cleaving[47,48] and oxidative sulfatases have
been cloned.[46] Not surprisingly, these enzymes do not share
significant sequence homology with the hydrolytic S�O
cleaving sulfatases and do not contain the characteristic
consensus sequences for FGly modification. Several other S�
O cleaving alkyl sulfatases are known,[49, 50] but information on
their sequences is not yet available, and it is unclear if they
operate by a FGly-mediated hydrolytic process or by other
mechanisms of sulfate ester cleavage. Another potential
mechanism for sulfate cleavage may be at work in the aryl
sulfatases isolated from A. Carrageenovora and Campylo-
bacter jejuni.[51,52] These enzymes do not contain the sulfatase
consensus sequence required for FGly generation and bear
little overall sequence similarity to the hydrolytic aryl
sulfatases. At this point, the mechanistic details pertaining
to these enzymes have not been elucidated.

5. The Post-Translational FGly Modification

5.1. The Cys–FGly Modification in Human ARSA

The catalytic integrity of sulfatase enzymes rests in the
FGly residue. Normally, this unique residue is generated
through the oxidation of a cysteine precursor found in the
encoded peptide sequence of all human sulfatases. However,
in multiple sulfatase deficiency (MSD) this critical modifica-
tion is absent, resulting in categorically inactive sulfatases and
severe clinical manifestations.[25] The MSD factor (MSDF)
was postulated to be a defect in the post-translational
modification machinery or in the FGly-generating enzyme
(FGE).[7] Recently, a major breakthrough occurred when the
FGE gene was identified and characterized as the causative
agent of MSD.[31,32]

As components of the secretory pathway, sulfatases are
directed to the ER during protein synthesis where the key
catalytic residue, FGly, is generated from a cysteine resi-
due.[53, 54] All the information necessary to initiate modifica-
tion is contained in the autonomous linear sequence C-T-P-S-
R-A-A-L-L-T-G-R, which begins with the cysteine residue
destined for modification.[10, 53] Mutation and truncation of
this targeting sequence revealed that a core motif, C(X/
T)P(X/S)R, is the minimum sequence required to direct
modest amounts of oxidation. Mutations of P and R within
this motif greatly reduced efficiency, whereas mutations of T
and S were tolerated individually, but not simultaneously. Of
the seven auxiliary residues, the LTGR sequence was found to
be the most important, and it is hypothesized that this
sequence plays a role in molecular recognition. Apart from
mutations of the cysteine residue, no single mutation was
capable of abolishing modification activity altogether.[10, 11]

Several experiments have demonstrated that the oxida-
tion event occurs during late co- or post-translation, after

translocation to the ER, and before protein folding.[10, 11,53–55]

The modification of ribosome-bound nascent polypeptide
chains (RNCs) in vitro occurred after translocation to micro-
somes or after they had been exposed to soluble extracts from
the ER. These results show that translocation and exposure to
the luminal components of the ER are required to initiate the
transformation. In translocation-arrested RNCs containing
engineered N-glycosylation sites, the FGly residue was
created after glycosylation and chemical release from the
ribosome, and even after the cleavage of the signal peptide.
These observations indicate that the oxidation step takes
place during a late cotranslational phase. Finally, the finding
that FGly is also expressed in truncated and heterologous
protein constructs implies that the conversion is not influ-
enced greatly by other portions of the peptide or by protein
folding. That modification occurs in a largely unfolded state
was also supported by the fact that small exogenous peptides
comprised of the targeting sequence effectively inhibit FGly
expression in RNCs.[55] In vitro oxidation of these small
peptides (ARSA65-80) has even been observed recently as
well, which provides further evidence for an autonomous
interaction of the linear directing sequence with the FGE.[31]

Recently, the long-sought-after FGE was discovered by
two research groups independently.[31,32] The FGE gene,
sumF1 (sulfatase-modifying factor 1), encodes for an ER-
localized protein with 374 amino acids belonging to a class of
proteins of previously unknown function. Preliminary bio-
chemical characterization suggests that SUMF1 acts as a
mixed-function oxygenase that is both essential and limiting
for the expression of active sulfatases (Scheme 3a).[31] Highly
conserved SUMF1 homologues were found in many eukary-
otic and prokaryotic species, which is not surprising given the
importance of the FGly modification.[31,32] Catalytic and
functional conservation among FGE homologues was dem-
onstrated by the production of active human sulfatases
coexpressed with SUMF1 cDNAs from mice and Droso-
phila.[32] Paralogues of SUMF1, known as SUMF2, were also
identified by sequence homology. These proteins also showed
FGE activity, albeit much less efficient than that of SUMF1,
and it is postulated that they are responsible for the weak,
residual sulfatase activity observed in MSD.[32]

5.2. The FGly Modification in Prokaryotes

Several sulfatase genes from prokaryotes have been
cloned and characterized (Table 2). The sequences show a
high degree of similarity with those of eukaryotic sulfatases,
especially within the FGly-targeting signature sequence.
However, unlike in the case of eukaryotic enzymes, which
exclusively encode cystein as their FGly progenitor, prokary-
otic sulfatases derive FGly residues from serine as well as
cysteine precursors. The modification of the Ser-type and Cys-
type enzymes occurs by different routes, and several studies
have been designed to identify and characterize the under-
lying FGE.

The bacterial Cys-type FGE (C-FGE) is likely to be a
homologue of the conserved family of SUMF1 proteins, which
were recently discovered in eukaryotes (Scheme 3a).[31,32]
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Putative SUMF1 genes were detected in some bacteria by
sequence analysis; however, the cloning and characterization
of a bacterial C-FGE has not yet been achieved. Most of the
information available about the bacterial Cys-modification
system has been garnered from the recombinant expression of
sulfatases in Escherichia coli, which does not produce an
endogenous aryl sulfatase.[56] Although an active sulfatase has
not been isolated from E. coli, both Cys- and Ser-type genes
and putative activity have been described.[29,57] It is clar that
the bacteria have an active C-FGE, which installs FGly
residues exclusively from cysteine precursors. The recombi-
nant expression of Cys-type PARS and FHS2S (FHS2S=

heparan-2-sulfatase from Flavobacterium heparinum) in
E. coli results in active enzymes,[27,58] whereas Ser-type
sulfatases are inactive.[59,60] Likewise, the mutation of PARS
and FHS2S to Ser-type enzymes also renders inactive
proteins.[27, 61]

The efficiency of the C-FGE in prokaryotes appears to
differ dramatically from that in eukaryotes. The modification
of PARS proceeds to completion in native and E. coli hosts.[27]

In contrast, the human FGE has been found to be a limiting
factor[62] where efficient modification requires the co-over-
expression of SUMF1, and even then, oxidation is incom-
plete.[31, 32] Such a discrepancy indicates some fundamental
differences in the C-FGEs of bacteria and eukaryotes.

It is even possible that another FGE, distinct from
SUMF1, is harbored in some bacteria. One bioinformatics
study located a gene cluster, yidHGF, in E. coli near a
putative Cys-type sulfatase, yidJ. Based on the sequence
homology and mechanistic similarity, the cluster has been
proposed to catalyze the oxidative desulfurization of the
sulfanyl group of cysteine to an aldehyde, in analogy with the

oxidative deamination of aspartate to oxaloacetate (Sche-
me 3b).[29]

Relatively more is known about the Ser-type FGE (S-
FGE) in bacteria. Early experiments on the expression of the
aryl sulfatase from Klebsiella pneumoniae (KARS) showed
that the production of an active enzyme inE. coli required the
coexpression of an adjacent gene, astB, which forms a
bicistronic operon with the KARS gene.[63] Initially, AstB
was speculated to be a positive regulator of KARS or a
transcriptional factor.[64] Later, it was recognized to have high
homology with oxidoreductases and was found to be critical
for the expression of FGly residues, indicating that it might be
the S-FGE.[27,59] The possible role of AstB homologues as S-
FGEs was further substantiated by the fact that the Ser-type
sulfatase PMdS (PMdS=mucin sulfatase from Prevotella
sp. RS2) was inactive when expressed in E. coli, but active
during heterologous production in Bacteriosides thetaiotao-
micron.[60] B. thetaiotaomicron harbors the gene chuR, which
encodes for a protein that is highly homologous with AstB.
Indeed, endogenous sulfatase activity is inhibited when chuR
is knocked out.[65] Sequence analysis of the regions flanking
the PMdS gene showed that it has an adjacent gene which
encodes for an AstB homologue. It is tempting to speculate
that the coexpression of this gene in E. coli might produce
active PMdS. In fact, similar operons were identified when the
sequences of several putative Ser-type sulfatases were ana-
lyzed, suggesting that the S-FGE is commonly bicistronic with
the sulfatase that it modifies.[29] In each case, the second gene
encodes for an iron–sulfur protein that contains conserved
cysteine clusters. These proteins have recently been linked
with oxidoreductase activity and are capable of oxidizing a
serine residue to an aldehyde (Scheme 3c).[29, 30]

Scheme 3. Mechanisms for FGly generation by eukaryotic and prokaryotic FGEs. The SUMF genes have been preliminarily characterized as mixed-
function oxygenases that are essential for the generation of FGly residues from cysteine progenitors in eukaryotes (route A). FGly residues in pro-
karyotes can be generated from cysteine and serine precursors by C-FGE and S-FGE, respectively. The C-FGE might be of the same type as the
eukaryotic FGE; however, other pathways have also been suggested (route b; see text for details). The S-FGE (route c) has been identified as the
iron–sulfur protein AtsB, which catalyzes the transformation by the proposed redox process outlined in steps 1–3.
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The role of AstB in modulating the transformation of
serine residues into FGly was firmly established when KARS
was expressed independently and with AstB in E. coli.[59]

FGly was only formed in the presence of AstB. The observed
modification efficiency of 60% corresponds to the yield with
natively expressed KARS.[28] More recently, AstB was shown
to be a cytoplasmic enzyme that directly interacts with the
FGly-targeting sulfatase signature sequence in a serine-
dependent manner, and was proposed to catalyze the trans-
formation through oxidoreductase activity (Scheme 3c).[30]

The transformation process is facilitated by the presence of
a signal peptide that targets protein translocation to the
periplasm. Removal of this sequence dramatically decreased
the efficiency of the FGly modification of the periplasmic
KARS enzyme. Also the FGly transformation was introduced
into a mutant Ser-PARS when the enzyme was also recombi-
nantly adorned with the KARS signal sequence.[28] All known
and several putative Ser-type sulfatases contain N-terminal
signal peptides which direct the enzyme to the periplasm;
most Cys-type sulfatases, however, are localized in the
cytoplasm.[29]

The fact that bacteria are capable of the post-translational
generation of FGly from both cysteine and serine residues by
separate mechanisms is intriguing, as the sequences surround-
ing the FGly progenitors are essentially identical.[29] Accord-
ing to an early theory the enzymes do not differentiate
between the nearly identical targeting sequences on the basis
of binding processes, but instead implement specific catalytic
domains that oxidize the cysteine and serine residues to
FGly.[59] Indeed, in the purification of the mammalian (Cys-
type) FGE a binding matrix containing the Ser-targeting
sequence was exploited.[31] It appears that subcellular distri-
bution might also have an influence on which FGE is
operative in bacteria. The periplasmic targeting sequence
helps to facilitate a fruitful connection between Ser-type
sulfatases and the S-FGE, and it is possible that other
translocational components are also involved in this proc-
ess.[30]

6. Substrates and Biological Functions of Eukaryotic
Sulfatases

Many eukaryotic sulfatases were initially identified based
on their enzymatic activity with small aromatic sulfates, such
as p-nitrophenol sulfate (pNPS), p-nitrocatechol sulfate
(pNCS), and 4-methylumbelliferone sulfate (4MUS). This
activity led to a long-running misunderstanding about the
physiological roles of sulfatase enzymes, but is now used for
the general classification of sulfatases into ARS and non-ARS
types.[4,5] Both classes of enzymes are active with aryl
substrates, but the ARS type effect hydrolysis at much
higher rates. Steroid sulfates and a variety of sulfonated
carbohydrates, including monosaccharides, oligosaccharides,
proteoglycans, and glycolipids, count among the natural
substrates of the human sulfatases (Table 1). As shown in
Table 5, the enzymes show a strong specificity for their
biological substrates despite their promiscuity with aryl
substrates.

Human sulfatases have been found in several subcellular
locations, where they play key roles in important biological
processes, including the synthesis of hormones in the ER, the
degradation of glycosaminoglycans and glycolipids in the
lysosome, and the modulation of developmental-cell signaling
in the ECM. Several other human sulfatases have been
identified, but their biological functions are unknown.
Potentially these enzymes might be involved in the desulfo-
nation of other important biomolecules, such as sialyl LewisX-
6S (sLeX-6S) and tyrosine O-sulfate. The sulfatases of
invertebrates and lower eukaryotes are largely unexplored.
Several genes have been cloned (Table 2), and in some cases
exhibit activities, including a role in the development of sea-
urchin embryos, the inactivation of endogenous plant toxins,
and involvement in the sulfur metabolism in algae and fungi.

6.1. Lysosomal Sulfatases

The lysosomal sulfatases were the first to be associated
with physiological functions and are by far the best charac-
terized of human sulfatases. They are ubiquitous housekeep-
ing enzymes that are synthesized in the secretory pathway and
are targeted to the lysosome through the mannose 6-
phosphate receptor pathway.[66] Characteristic of their sub-
cellular location, the enzymes exhibit pH optima in the acidic
region (Table 5). They also demonstrate exquisite substrate
specificity and little functional redundancy. Catalytic desulfo-
nation is critical to the catabolism of several sulfate-bearing
metabolites. Indeed, six physiological disorders in humans are
known to arise from the accumulation of toxic levels of
nondegradable sulfated compounds, owing to deficiencies in
single lysosomal sulfatases (Table 3).[24] Because of their role
in certain diseases, a number of lysosomal genes from
humans[2,67–72] and other mammals have been cloned and
characterized extensively.[1,7, 8]

As shown in Table 5, ARSA hydrolyzes a number of
sulfated substrates.[73,74] The major physiological substrates
are sulfatides, specifically sphingolipids with galactose-3S
(Gal-3S) head groups.[75, 76] It has been suggested that ascorbic
acid 2S is another natural substrate.[77] ARSA has been
associated with the inherited genetic disorder metochromatic
leukodystrophy (MLD), which is characterized by extensive
demylination in the nervous system.[7] This disorder results
from improper catabolism of the sulfatide cerebroside-3S (1,
Figure 4), which is one of the major structural components of
the myelin sheath. The cleavage of the cerebroside-3S ester in
vivo requires the presence of the solubilizing agent, sphingo-
lipid activator protein B (sapB), which forms a 1:1 complex
with the substrate prior to hydrolysis.[78] More recent studies
indicate that ARSA may also play a role in non-lysosomal
environments as well: It has been detected on sperm surfaces,
where it is thought to adhere to sulfated egg glycoproteins and
modulate steps in the fertilization process.[79–82]

The human lysosomal sulfatases ARSB, GalN6S, GalN3S,
GlcN6S, GlcA2S, GlcNS, and IdoA2S have been studied
extensively. They play a role in mucopolysaccharidosis
(MPS), a group of lysosomal storage disorders resulting
from deficiencies in GAG catabolism (Table 3).[1] GAGs are
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comprised of long chains of repeating disaccharide units
consisting of uronic acid (U) and hexosamine (H) sugars.
These chains are highly polydispersed owing to their varying
length, glycosidic connections, epimerization, N-acetylation,
and the degree of O- and N-sulfation (Figure 5).[83,84] Table 1
lists the substrates of the various lysosomal sulfatases, most of
which are named based on their residue specificity within the
GAG chain. The exceptions are ARSB, heparan N-sulfatase,

and galactosamine-6-sulfatase.
ARSB, originally regarded as a
generic aryl sulfatase,[85] is now
known to specifically cleave sulfate
esters at the 4-position of N-acetyl
galactosamine (GalNAc) residues
found in dermatan sulfate (DS)
and chondroitin sulfate (CS).[86,87]

Heparan N-sulfatase (GlcNS) cat-
alyzes the hydrolysis of N-linked
sulfamates of glucosamine residues
in heparin and heparan sulfate
(HS).[62] GalN6S, initially named
for its ability to hydrolyze the
GalNAc6S residues of DS and CS,
is also responsible for the hydrol-
ysis of galactose-6S (Gal6S) resi-
dues of keratan sulfate (KS).[88,89]

Within the lysosome, degrada-
tion pathways involve sulfatases
and glycosidases that act sequen-
tially to break down GAG struc-
tures from the nonreducing ends.[90]

Figure 6 depicts some generic
GAGs; the sites of sulfate ester
cleavage by lysosomal sulfatases
are marked with arrows. Although
several sites are indicated on the
GAG structures for the sake of
brevity, it must be emphasized that
each lysosomal sulfatase acts on
the GAG in an exoenzymatic fash-
ion, only as specific residues are
exposed at the nonreducing termi-
nus by a glycosidase. The glycosi-
dases, in turn, require desulfona-
tion of the nonreducing residue
before the next processing step
can occur. Table 5 lists some
kinetic parameters known for spe-
cific substrates of these sulfa-
tases.[91–96]

6.2. Extracellular Sulfatases and
Developmental Signaling

Recently, a new class of ECM
sulfatases, known as the Sulfs, have
been attributed a pivotal role in
signaling and embryonic develop-

ment based on the modulation of interactions between GAGs
and signaling molecules. Initially, QSulf1 was discovered in
the search for sonic hedgehog (shh) responsive genes in quail
embryos.[97] Shh is an extracellular signaling molecule that
influences the development of stem cells into specific tissues
and organs.[98] QSulf1 is induced by Shh, but does not
participate directly in Hedgehog (Hh) signaling. However, it
was shown to induce Wingless/Int (Wnt) signaling and is

Table 5: Catalytic properties of human sulfatases.

Enzyme Substrate[a] Rate[b] Km
[c] pH optimum Ref.

ARSA 4MUS 40000 12500 5.7 [73,74]
pNCS 160000 400 5.5
ascorbic acid 2S 85000 2800 4.8
cerebroside-3S 6600 105 4.5
seminolipid-3S 5000 180 4.5
psychosine-3S 3000 200 4.5
tyrosine-S 6700 3500 5.5

ARSB 4MUS 48500 1180 5.6 [74,89,94]
GalN4S-(CS/DS)* 2000 60 5.6
tyrosine-S 871 <300000 5.5

ARSC 4MUS 7000 800 7.0 [122]
pNPS 4000 400 7.0
estrone-S 2900 0.8 7.0
pregnolone-S 1600 0.6 7.0
cholesterol-S 1400 2 7.0
DHEA-S 1000 1.7 7.0
testosterone-S 1 40 7.0
vitamin D3 S <1 N/A 7.0

ARSD 4MUS n.d. 7.0 [129]

ARSE 4MUS 663 7.0 [129,130]
ARSF 4MUS 1356 7.0 [129]

ARSG 4MUS n.d. 7.0 [133]

GalN6S 4MUS 120 4400 4.7 [88,89]
GalNAc6S-(CS)* 1990 15 4.0
Gal6S-(KS)* 100 50 4.0

GlcNS 4MUS 114 4800 5.4 [95]
GalNS-(HS)* 930 10.3 5.6
GalNS-IdoA2S 60 4.1 3.8
GalNS 0.04 0.7 5.6

GlcN6S 4MUS 10 5800 5.2 [70,95]
GlcNAc6S-(HS)* 218 0.25 4.1
GlcNAc6S-(KS)* 4.5 1 3.9
GlcNAc6S 1.6 7.1 5.7

IdoA2S 4MUS 300 12400 5.6 [89,96]
IdoA2S-(HS)* 3400 3 4.5

Sulf-1 4MUS 1000–2000 7.5 [22]
GlcN6S (endo) 0.088 7.5

Sulf-2 4MUS 1000–2000 7.5 [22]
GlcN6S (endo) 0.097 7.5

[a] Physiological substrates are in bold face. Asterisks denote activity at the nonreducing end of the
glycosaminoglycan in parenthesis. [b] Rate expressed as nmol substrate per min per mg enzyme. n.d.=
no detectable activity. [c] Values reported in mm.
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suspected to participate in the signaling of fibroblast growth
factor (FGF) and epidermal growth factor (EGF).[97,99,100]

The extracellular Wnt and FGF signaling molecules,
which are intimately linked with proper cell differentiation
and embryo patterning, are known to bind heparan sulfate

proteogycans (HSPGs) in the ECM.[101, 102] Specifically, their
interactions with HS have been associated in part with the 6-
O-sulfate groups on GlcNAc residues.[103–106] As enzymes
targeted for the cell surface, Sulfs are poised to play a role in
remodeling these critical sulfates in the ECM.[97,100] Indeed,
overexpression of QSulf1 has been directly correlated with an
increase in Wnt signaling, and this activity was shown to
depend on catalytic sulfatase activity. Based on these results,
Dhoot et al. speculated that HSPG-bound Wnt was released
for signaling after 6-O-sulfate cleavage by QSulf1
(Figure 7).[97] Recently, this hypothesis was substantiated
and further characterized in biochemical and cell-expression
studies wherein a two-state “catch and present” model was
suggested for the regulation of Wnt signaling by QSulf1.[99] In
this model, desulfonation byQSulf1 is proposed to stimulate a
shift from a high-affinity HS–Wnt complex (the catch phase)
to a low-affinity HS–Wnt complex, which interacts with
Frizzled receptors (the present phase) to initiate the Wnt
signaling cascade. Desulfonation of HSPGs by HSulf1 also
influences other signaling pathways, including EGF and
FGF.[100] In the past, HS-based signaling was thought to be
primarily controlled by sulfonation of HS during biosynthesis
in the Golgi.[107] The Sulfs represent a new pathway for
dynamically regulating these sulfonated ligands.

Figure 4. Representative sulfatase substrates. Cerebroside-3S (1) is a
physiological substrate for ARSA; DHEA-3S (2) is one natural sub-
strate for ARSC; iodothyronine sulfate (3) is a possible substrate for
one of the ER sulfatases; glucosinolates (4) are substrates for PGSS.

Figure 5. GAG disaccharide units with modification sites indicated.
The GAGs are sophisticated polydisperse macromolecules that consist
of unbranched repeating disaccharide units of uronic acid (U) and hex-
osamine (H). The GAG sulfate esters are separated into three major
classes distinguished primarily by the identity and linkage of the sugar
residues; examples are heparan sulfate (HS) and heparin sulfate
(HSGAG, which generally contains more sulfates on average than HS),
keratan sulfate (KS), and chondroitin and dermatan sulfate (CS and
DS). Several modifications can be introduced into the disaccharide
units, including the C5 epimerization of GlcA residues to IdoA, N-ace-
tylation, and O- and N- sulfonation. Subscripted symbols are used to
denote positions that are sulfated or unsubstituted (X); or sulfated,
acetylated, or unsubstituted (Y).

Figure 6. Generic glycosaminoglycans with sites for sulfate ester cleav-
age indicated by arrows. Note that in the lysosome cleavage only
occurs exoenzymatically from the nonreducing end.
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Extracellular Sulf1 orthologues from rats, mice, and
humans have been identified and cloned.[22, 108] An analogous
gene, Sulf2, was also isolated from mice and humans.[22]

Studies showed that HSulf1 and HSulf2 hydrolyze the
substrate 4MUS more slowly than typical ARSs, but at least
an order of magnitude faster than non-ARSs (Table 5). The
high sequence similarity with lysosomal GlcN6S and the key
signal modulation by GlcN6S residues in HS strongly sug-
gested that the Sulfs would be active with these substrates.
Indeed, such activity was observed. The Sulfs display endo
activity at neutral pH values (Table 5). Functional selectivity
for a subset of 6-O-sulfates in HS, including the trisulfated
motif IdoA2S-GlcNS6S and the doubly sulfated GlcA-GlcNS6S

disaccharide unit, was identified in biochemical studies of
both human and quail enzymes.[97,99] Interestingly, the IdoA2S-
GlcNS6S sequence is known to be important in both the
binding of FGF and the dimerization of the FGF-dependent
receptor.[109,110] Thus, desulfonation by a Sulf enzyme would
be expected to negatively regulate this process, although the
exact nature of this relationship remains to be established.

In addition to their roles in proper growth and develop-
ment, growth factors, such as FGF, and morphogens, such as
Wnt, have been implicated in pathophysiological conditions
including tumor onset and progression.[111] The involvement
of these molecules in both normal and disease processes is
highly regulated by the HSPGs, which bind these agents and
modulate their activity.[112] As the Sulfs are key players in
regulating these binding events, they might also be involved
with deregulation during disease states, such as cancer. As
such, they might serve as novel candidates for therapeutic
intervention in the future.

Sulfatases have been implicated in the development of
sea-urchin embryos, although their direct involvement in cell

signaling events has not yet been demonstrated. Three highly
similar ARS genes cloned from the distinct sea-urchin species
Hemicentrotus pulcherrimus, Strongylocentrotus purpuratus,
and Heliocidaris erythrogramma (Table 2), were shown to
localize on cell surfaces in a cell-lineage-specific and cell-
stage-specific manner during embryosis.[113–115] Their expres-
sion was found to coincide with important cell-differentiation
events.[116,117] It has been suggested that sulfonated proteo-
glycans are the substrates of these extracellular ARSs, but this
activity has not been verified.[118] The sea urchin has long been
a model system for the study of embryonic patterning,[119] and
it might prove useful to investigate a possible role of the sea-
urchin aryl sulfatases in HS-related signaling pathways.

6.3. Steroid Sulfatase

The levels of steroid hormones are modulated in part by
the microsomal sulfatase ARSC, also commonly known as
steroid sulfatase (STS).[120] ARSC is a ubiquitously expressed,
membrane-bound, lumen-oriented protein, which is primarily
localized in the rough ER.[121] It has a neutral pH optimum
and processes several aryl and steroidal substrates efficiently
(Table 5).[122] The broad range of substrates hydrolyzed by
ARSC has raised the question of whether multiple ARSC
isoforms, or even distinct enzymes, are involved in processing
the different sulfate conjugates. However, convincing evi-
dence from several studies points to a single housekeeping
ARSC protein that is fully capable of hydrolyzing disparate
steroid sulfates.[6] ARSC releases systemic steroid precursors
from inactive 3-O-sulfate conjugates, such as estrone and
dehydroepiandrosterone sulfate (2, Figure 4), that feed into
pathways for hormone-based signaling.[123] Upregulation of
ARSC activity has been implicated in hormone-dependent
breast cancer,[124–126] whereas a deficiency in the enzyme has
been observed in the inherited disorder X-linked ichtosis.[6]

The former has made ARSC an attractive target for small-
molecule therapeutics (see Section 8).[127, 128]

6.4. Novel Sulfatases of the ER and Golgi Network

Several recent additions to the human sulfatase family
have been reported. The ARSD, ARSE, and ARSF genes, for
example, were isolated from a positional cloning experiment
aimed at mapping the causative gene(s) for the congenital
disorder chondrodysplasia punctata (CDPX).[129, 130] The
genes are located together with the gene for ARSC in a
cluster on the distal short arm of the X chromosome (Xp22.3)
and have a similar genomic organization, suggesting an
evolutionary duplication event.[131, 132] The gene for another
sulfatase, ARSG, was also cloned recently after being
identified in bioinformatics searches.[133] All four of these
newly discovered genes encode for membrane-bound sulfa-
tases of the ER and Golgi network with a neutral pH
optimum. Each of these sulfatases received the ARS desig-
nation because of structural similarities with known ARSs,
even though only ARSE and ARSF have shown activity with

Figure 7. Proposed mechanism for the amplification of Wnt signaling
by Sulf1. In the extracellular matrix (a), Wnt (purple) binds to HS pro-
teoglycans (blue) at the glucosamine-6S residues. Sulf1 (green) cleaves
the GlcN6S sulfate (b), thereby releasing HS-bound Wnt (c) and allow-
ing the interaction of Wnt with Frizzled receptors (shown generically in
gray). Upon binding, important signaling cascades begin. Recent
experiments suggest that HS may also interact with the receptor in the
form of a low-affinity HS–Wnt complex.
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aromatic substrates.[130,133–135] The natural substrates of these
sulfatases are as yet unknown.

A deficiency in ARSE alone was found to be responsible
for the disorder CDPX (Table 3).[134,136] Interestingly, ARSE
is inhibited by warfarin, the causative agent of warfarin
embryopathy, which has clinical manifestations strikingly
similar to CDPX.[129,130] Both disorders are characterized by
bone and cartilage dysplasia, suggesting that ARSE plays a
critical role in the proper development of these tissues.[6,137]

Given the subcellular location of ARSE and the critical roles
that GAGs play in bone and cartilage structure and develop-
ment, it is tempting to speculate that ARSE might function
along with other anabolic enzymes of the Golgi network in
the construction of GAGs and cell-surface HSPGs.[138–140]

Iodothyronine sulfate (3) is a potential substrate of ER
sulfatases (Figure 4). Recent research has indicated that the
biological activity of thyroid hormone might be modulated by
sulfonation akin to steroid hormones.[141] A reversible sulfo-
nation pathway has been proposed in which the action of a
sulfatase leads to the release of active thyroid from inactive
sulfonated conjugates.[142,143] The steroid-hormone regulator
ARSC possesses some ability to hydrolyze iodothyronine
sulfate; however, recent studies showed that the hydrolysis is
primarily carried out by a sulfatase (or possibly several
sulfatases) isolated from human liver microsomes that are
biochemically distinct from ARSC.[142,144] A likely candidate
for iodothyronine sulfatase activity is ARSD, which shows a
similar gene expression pattern to that of ARSC.

6.5. Sulfatases of Invertebrates and Lower Eukaryotes

Few sulfatases from invertebrates have been character-
ized. However, sulfatases have been identified in a number of
gastropods and echinoderms (including the ARSs from sea
urchins), and it is likely that many more exist and have
analogous roles to those in vertebrates.[3, 145–151] Furthermore,
some divergent roles for sulfatases in invertebrates have come
to light. In recent studies on herbivore–plant interactions, a
unique sulfatase was isolated from Plutella xylostella, an
insect commonly known as the diamondback moth. Dia-
mondback moths are able to feed on cruciferous plants by
circumventing an inbuilt defense mechanism of the plant that
releases toxic isothyocyanates, nitriles, and thiocyanates from
a precursory glucosinolate sulfate (GS, 4, Figure 4) upon
insect feeding.[152] Diamondback moth resistance results from
the activity of a glucosinolate sulfatase (GSS), which effi-
ciently desulfonates several GSs to innocuous by-products.
The GSS gene has not been formally identified in other pests,
but GSS and ARS activity in Helix pomatia, the common
garden snail, is known.[153,154] One gene and a partial gene
(HpSulf1 and HpSulf2, which have no established relation to
the Sulf enzymes involved in signaling) were recently cloned
from Helix pomatia, but neither appeared to encode for the
GSS enzyme.[155] As an enzyme common to pests, the novel
GSS sulfatase might serve as a potential target for pesticides.

Sulfatase activity has been identified in several lower
eukaryotic organisms,[156, 157] and three aryl sulfatase genes
from fungi[158] and algae[159–161] have been cloned and partially

characterized (Table 2). These enzymes are upregulated
during sulfur starvation and are believed to play a role in
sulfur scavenging. For example, NARS and choline sulfatase
(ChoS) isolated from the filamentous fungus Neuroposa
crassa are known to hydrolyze tyrosine-O-sulfate and choline-
O-sulfate under sulfur-limited conditions.[162,163] The NARS
enzyme has also been shown to be 30 times more active
during germination, regardless of sulfur availability, suggest-
ing that it might play a developmental role.[164]

7. Substrates and Biological Functions of
Prokaryotic Sulfatases

High levels of ARS, alkyl sulfatase, and glycosulfatase
activity have been identified in many different types of
bacteria.[3,50] However, only a handful of bacterial sulfatase
genes have been cloned and characterized (Table 2). These
enzymes typically function as scavengers, removing sulfate
groups from exogenous substrates to provide sulfur and
carbon sources for their hosts.[3] Recent studies have demon-
strated further functions of bacterial sulfatases in osmopro-
tection and pathogenic processes.

7.1. Sulfate Scavenging in Bacteria

ARS activity has been identified in several species of
enterobacteria (Klebsiella,[63,165] Salmonella,[166,167] Pro-
teus,[146,168] Pseudomonas,[169] and Serrati[170]), aquatic bacteria
(Alteromonas[52]), pathogenic bacteria (Mycobacteria[171,172]

and Pseudomonas[173,174]), extremophilic bacteria (Plecto-
nema[175]), and soil bacteria (Comamonas[176] and Pseudomo-
nas[176]). Indicative of their role in scavenging, most of the
bacterial ARS enzymes are upregulated during sulfur starva-
tion.[3, 50] Although their preferred substrates are unknown, it
is thought they may be sulfated carbohydrates. The most
thoroughly characterized ARS enzymes are from Pseudomo-
nas aeruginosa[173] and Klebsiella pneumoniae[63] (formerly
classified as Klebsiella aerogenes and Aerobacter aerognes).
Early studies on these enzymes focused on genetic induction
under sulfur-limited conditions, whereas recent studies have
probed KARS involvement in sulfate transport.[50,177] Studies
of the PARS and KARS enzymes have provided invaluable
mechanistic and structural information on the sulfatase
enzyme class as a whole.[12,27,59]

One bacterial alkyl sulfatase traditionally categorized as a
sulfate scavenger has been shown to have an additional role.
Choline-O-sulfatase (ChoS) is primarily involved in breaking
down choline sulfate into carbon, nitrogen, and sulfur
sources,[178–180] but it also participates in the synthesis of an
osmoprotectant.[181] The bet operon in the rhizobium Sinho-
rhizobium meliloti encodes for several enzymes that orches-
trate the synthesis of glycine betaine, a common bacterial
osmoprotectant derived from choline.[182] In a cloning scheme
for this operon, a ChoS homologue was isolated unexpectedly,
thus indicating that the versatile ChoS enzyme can perform
two functions: the assimilation of nutrients as needed and the
synthesis of osmolytes to protect the organism.[181]
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7.2. Glycosaminoglycan-Degrading Sulfatases

The ability of bacteria to survive on glycosaminoglycans
(GAGs) as a sole nutrient source has long been known.[3] It
was also recognized early on that bacterial degradation
pathways might prove useful in deconvoluting the complex
nature of GAGs, thus prompting the characterization of
several enzymes from Proteus Vulgaris, Bacteriosides theito-
micron, and Flavobacterium heparinum (Table 6). Much of
the research on GAG-degrading enzymes has focused on
bacterial lyases,[183–185] but sulfatases have also been charac-
terized.[3, 50] Generally, the degradation is initiated by several
unique lyases that cleave GAG chains at the hexosamine–
uronate (H-U) linkage by elimination to give D4,5-U-H (dU-
H) disaccharide units. (Note that the stereochemical infor-
mation that distinguishes IdoA from GlcA is lost upon
formation of the dU unit.)[183] The sulfatases then desulfonate
these units in an order that depends on the nature of the
glycosaminoglycan (Figure 8).

In the processing of HS, the disaccharide units must be
desulfonated at the dU2S position by the HS2S enzyme
before it is cleaved by a hydrolase into monosaccharide
units.[186] Any sulfate groups remaining on GlcN units are then
sequentially cleaved by the monosaccharide sulfatases HS3S,
HS6S, and HSNS.[187–189] In the degradation of CS, CS6S and
CS4S act on the nonreducing end of GalNAc residues before
it is cleaved into monosaccharide units.[190,191] Additionally, it
has been shown that CS6S is capable of endoenzymatic
cleavage on larger CS chains.[192] CS also contains uronic acid
residues with 2-O-sulfate groups, although fewer than HS.
The activity of a sulfatase specific for disaccharides, trisac-
charides, and tetrasaccharides with dU2S residues, irrespec-
tive of the sulfation profile, has been reported.[186,192–195] It is

believed that the dU2S residues of HS and CS substrates are
processed by the same sulfatases; indeed, the FHS2S enzyme
from F. heparinum recently showed activity for both sub-
strates.[58, 61] FHS2S cleaves the 2-O-sulfate functionality of
the HS disaccharide unit dU2S(b-1,4)HNS,6S preferentially, but
is also active for substrates with a lesser degree of sulfation
and different glycosidic connections, such as the a-1,3 linkage
of CS. This behavior shows that the enzyme is primarily
specific for dU2S residues at nonreducing ends of GAG chains.

7.3.Mucin Sulfatases

Mucin sulfatases (MdSs, mucin-desulfating sulfatases) are
bacterial enzymes that cleave the sulfate esters on the mucin
proteoglycans in the gastrointestinal (GI) lining. Like glyco-
saminoglycans, mucin oligosaccharides contain numerous
sulfate groups that collectively influence their physical
properties.[196] Sulfate esters have been identified on interior
and exterior GlcNAc, Gal, and occasional GalNAc residues at
the 3-, 4-, or 6-positions of mucins.[197] Mucins contain blood-
group antigens, including various sialyl and sulfosialyl groups
that are known to be involved in bacterial recognition
processes and leukocyte trafficking.[198] One of the primary
functions of mucins is to act as a protective barrier between
endothelial cells and potentially harmful agents in the GI
lumen, such as colonizing bacteria.[199] Accumulating evidence
suggests that sulfonation might preserve mucin structures
against bacterial breakdown, as desulfonation by MdSs is the
rate-limiting step in bacterial degradation.[200] This might be
the link between the increased levels of sulfate esters in
mucins (known as sulfomucins) that are the most heavily
inhabited by bacteria, such as the colon and mouth.[201]

Table 6: Bacterial sulfatases involved in the degradation of glycosaminoglycans.

Organism GAG Sulfatase[a] Residue specificity[b] pH optimum Km [mm] Position, type of cleavage Ref.

Flavobacterium
heparinum

HS HS2S dU2S-GlcNS 6.5 1060 nonreducing end, exo [58,186]

dU2S-GlcNS6S 87
dU2S-GlcNAc6S 515

HS3S GlcNAc3S 8.0 42 monosaccharide [186]
GlcNS3S 7.5

HS6S GlcNS6S 7.5 1350 monosaccharide [187]
GlcNS6S 16
GlcNAc6S 54

HSNS GlcNS 7.0 8.3 monosaccharide [189]

Flavobacterium
heparinum

CS CS2S dU2S-GlcNAc6S >10000 nonreducing end, exo [58,192,195]

CS4S*
CS6S*

Bacteriosides
thetaiotaomicron

CS CS4S dU-GlcNAc4S 7.0 [191]

CS6S dU-GlcNAc6S

Proteus
vulgaris

CS CS4S dU-GlcNAc4S reducing end, endo, exo [192]

CS6S dU-GlcNAc6S reducing end, exo

[a] Enzymes marked with an asterisk have been detected, but not isolated. [b] Enzymes are specific for the sulfate residues shown in bold.
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MdS enzymes have been identified in strains of enter-
obacteria capable of growing on 35S-labeled mucin as the sole
carbon source (Table 7).[202–204] Three enzymes with unique
characteristics have been purified to date. The first, a 30-kDa
protein isolated from the extracellular environment of a
Helicobacter pylori culture, has a pH optimum of 5.7 and
catalyzes the desulfonation of GlcNAc6S and Gal6S in mucins,
as well as Glc6S in glyceroglucolipids.[205] Another 15-kDa
enzyme, purified from fecal extracts, has a pH optimum of 4.5

and cleaved approximately 25% of the radiolabelled sulfate
from a human colonic mucin.[206] The third, isolated from
Prevotella RS2, is a 58-kDa periplasmic enzyme with a pH
optimum of 7.0 that removed 33% of the radiolabelled sulfate
from a human colonic mucin.[207] This enzyme, whose gene
was recently cloned, was shown to be an exoenzyme specific
for GlcNAc6S residues.

[60,208]

With crude cell extracts from Prevotellova, 79% of the
radiolabelled sulfate could be cleaved from mucin substrates,

Figure 8. The role of bacterial sulfatases in the degradation of HS (a) and CS (b). The sites of sulfate ester hydrolysis are demarked by arrows.

Table 7: Bacterial mucin sulfatases.

Organism Host, substrate[a] Residue specificity pH opti-
mum

Subcellular
location[b]

Infection Ref.

Prevotella RS2 S*-rat,
gastric mucin

Glc6S, GlcNAc6S 7.4 periplasm [60,207–209]

Gal6S 7.0 cytoplasm
Bacteroides thetaiotamicron S*-human, colonic

mucin
Glc6S, Gal3S 5.0 extracellular [202,206]

Bacteriosides fragilis human, colonic mucin Gal6S 7.0 [208,209]
unknown (human feces) S*-human, colonic

mucin
Glc6S 4.5 extracellular ulcerative colitus [206,210,211]

Helicobacter pylori S*-human, gastric
mucin

Glc6S, GlcNAc6S,
Gal6S

5.7 extracellular peptic ulcer, gastric
cancer

[205,212]

P. aeruginosa,
Burkholderia cepacia

S*-human, colonic
mucin

7.0 necrotizing pneumonia [57]

Streptococcus mitis,
S. mutants,
S. salivarius

S*-human, colonic
mucin

extracellular dental plaque [203]

Ruminococcus torques,
Biofidobacterium VIII-210

Gal6S-(b1,4)-glucitol Gal6S 5.0 extracellular [204]

E. coli S*-human, colonic
mucin

[57]

[a] S*= radioactive 35S isotope used to label the mucin. [b] Extracellular location was assumed based on the presence of enzymatic activity in
supernatants of the culture and/or of feces.
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suggesting that more than one MdS enzyme may exist in this
organism.[207] Prevotella RS2 possibly contains another MdS
enzyme specific for Gal6S, as lysates harvested from cells
grown on colonic mucin showed increased activity for both
Glc6S and Gal6S substrates.[209] Two separate MdS enzymes
that desulfonate Gal3S and Gal6S substrates were also found in
partially purified extracts from Bacteriods fragilis.[208,209]

Other sulfated carbohydrates within the GI tract (i.e.
glycosaminoglycans and sialyl substrates) have certain sugar
residues in common with mucins. The mechanisms by which
mucin sulfatases differentiate between these substrates
remains to be clarified.[197,200]

7.4. Bacterial Sulfatases and Pathogenicity

Accumulating evidence suggests that MdS enzymes might
be involved in numerous clinical manifestations. For example,
they have been implicated in the phenomenon of bowel
inflammation.[200] Elevated MdS activity was observed in the
fecal extracts of patients with ulcerative colitus (UC).[210,211]

This observation is consistent with the results of another study
that correlated increased mucin degradation with increased
MdS activity in UC patients.[210] Additionally, decreased
sulfomucin levels were observed in gastric samples of patients
infected with H. pylori, a causative bacteria in gastric
diseases.[212] Although it is not known if mucin degradation
by mucin sulfatases is the primary contribution to these
conditions, it is thought to contribute to their severity.[201] It
has also been suggested that MdS enzymes may play a role in
the invasion of opportunistic pathogens P. aeroginosa and
Burkholderia cepacia in lung tissue, especially in patients with
impaired mucosal clearance, which is common in cystic
fibrosis (CF).[57,213]

In addition to providing access to sources of sulfur and
nutrients, it has been proposed that these sulfatases expose
sites of adhesion. For example, P. aeurginosamay useMdSs to
remove the sulfate groups shielding its requisite mucin-
binding motifs, Gal(b-1,3)GlcNAc and Gal(b-
1,4)GlcNAc.[57, 214,215] Sulfomucin inhibits the binding of H.
pylori to its normal adhesion elements (galactosphingolipid-
3S), suggesting that the desulfonation of mucins might be
critical for initial pathogenic colonization.[216] This assumption
was substantiated by the finding that two common antiulcer-
ative drugs, nitecapone and sulcrasulfate, which are effica-
cious against infection by H. pylori, significantly decrease
desulfonation activity by MdSs.[205,212]

Remodeling of the sulfate structure has also been
proposed as a mechanism for the pathogenicity of certain
strains of Mycobacterium. A bioinformatics study suggested
that the ubiquitous sulfatase sequences found in these
organisms could potentially encode for enzymes that modify
gycosaminoglycans to generate binding sites required for
infection.[217] Such an adaptation would give a competitive
edge to especially pernicious bacteria. A quick search of the
Entrez database[310] reveals that putative sulfatase genes are
harbored by many pathogens, including Yersinia pestis
(bubonic and pneumonic plague),[218] Salmonella enterica
(typhoid fever),[219] Enterococcus faecalis (vancomycin-resist-

ant pathogen),[220] Bacillus anthracis (anthrax, potential bio-
logical weapon),[221] and Streptococcus agalactiae (leading
cause of sepsis, pneumonia, and meningitis in neonates), to
name a few.[222] Interestingly, a putative sulfatase gene
identified in E. coli K1, one of the causative agents of
meningitis, endows the bacteria with an increased ability to
colonize cerebrospinal fluid.[223] Although the exact role of
the putative sulfatase is unknown, this work establishes
another intriguing link between bacterial sulfatases and
pathogenicity. As more connections between infections and
bacterial sulfatases are established, it seems increasingly
likely that these enzymes might serve as targets for ther-
apeutic intervention.

8. Sulfatase Inhibition

Most studies on the inhibition of sulfatases have focused
on blocking the activity of estrone sulfatase (ARSC), which
releases active steroid hormones from inactive sulfate con-
jugates, such as estrone sulfate (E1S) and dehydroepiandros-
terone (DHEAS). Increased release of E1 and DHEA has
been connected with the development of mammary tumors,
and upregulation of ARSC has been noted in several forms of
cancer. As a result, steroidal sulfatase inhibitors show
potential as therapeutics for these hormone-dependent can-
cers. The treatment of breast cancer, in particular, with small-
molecule therapeutics aimed at ARSC inhibition has been
under intense investigation over the past several years.[36]

After 2-(hydroxyphenyl)indoles were recognized as inhib-
itors of mammary tumors,[224, 225] sulfate derivatives of 2-
phenylindoles were evaluated as inhibitors of steroid sulfa-
tases.[226] Combinatorial synthesis (Scheme 4) yielded com-
pound 5 as the most potent inhibitor with an IC50 value of
120 mm. The inhibitors were assayed by detection of the
amount of 6,7-[3H]estrone sulfate that was hydrolyzed by
liquid scintillation counting. More recently, a sulfamyloxy-
substituted derivative was found to inhibit ARSC with an
IC50 value of 200 nm. The antiestrogen tamoxifen and related
metabolites,[227] as well as daidzein sulfoconjugates[228] and
danazol,[229,230] have also been reported as ARSC inhibitors.

Scheme 4. Combinatorial synthesis of 2-(hydroxyphenyl)indole inhibi-
tors.
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Estrone 3-phosphonates and thiophosphonates were ana-
lyzed for their activity as inhibitors of steroid sulfatases.[231,232]

The best inhibitor was found to be the methylthiophospho-
nate (6, E1-3-MTP, Figure 9) with an IC50 value of less than

100 nm. The pure RP diastereomer was obtained through
selective digestion of the SP stereoisomer with snake-venom
phosphodiesterase. The pure Rp inhibitor was less active than
the original mixture, suggesting that the SP isomer was more
potent. In general, hydrophobicity, basicity, size, and charge
were found to affect the potency of this class of inhibitors.[233]

Dehydroepiandrosterone phosphate (7) was reported to have
an IC50 value of 140 nm at pH 6.0. It has a higher activity than
the corresponding sulfate analogue, but is not susceptible to
enzymatic hydrolysis.[234] In a study of nonsteroidal phosphate
esters, hydrophobicity was again found to be an important
factor in the activity of the inhibitor. AKi value of 520 nm was
reported for n-lauroyltyramine phosphate (8) at pH 7.0.[235]

Another series of compounds that were evaluated as
ARSC inhibitors were 17a- and 17b-alkylated or benzylated
estradiols.[236] It was determined that the introduction of alkyl
and substituted benzyl groups at these positions led to
increased activity. The most potent inhibitor, 9, had a 3’-
bromobenzyl substituent and an IC50 value of 24 nm
(Figure 10). Inhibitory activity increased when sulfamate
groups were added to these compounds, as evidenced by the
IC50 value for 10 against ARSC of 150 nm.[237,238] The effect of
long alkyl chains on the activity of estradiol was also
determined. The potency increased with increasing chain
length up to octyl substitution (IC50 = 440 nm).[239] In later
work, the 4’-benzyloxybenzene derivative 11 was found to
have an IC50 value of 22 nm. Benzyl-substituted analogues of
androstane and pregnane were also synthesized and ana-
lyzed.[240] More recently, 17a-substituted estradiol sulfamates
were prepared by split-pool combinatorial synthesis on a solid
phase.[238] As illustrated in Scheme 5, a piperazine group was
attached to the steroid to provide a core structure for the
library. Sequential acylations were then performed by adding
an amino acid followed by a carboxylic acid. The compound

containing the most hydrophobic groups, 12, was once again
the best inhibitor.

The substitution of estrone with a sulfamate group yielded
the potent, irreversible inhibitor EMATE (13, Figure 11),
which irreversibly inhibits ARSC with an IC50 value of
80 nm.[241,242] The bridging oxygen atom of the sulfamate
group was found to be important for the activity, as the
corresponding thiophosphonate, N-sulfamate, and S-sulfa-
mate analogues all exhibited decreased inhibition.[243] N-
Alkylation of the sulfonamide group also led to weaker,
reversible inhibitors. A shift in research towards nonsteroidal
inhibitors took place after EMATE was found to be an
estrogen-receptor agonist.[244] A study of coumarin sulfamate
scaffolds uncovered the potent non-estrogenic, irreversible
ARSC inhibitor COUMATE (14, IC50 = 380 nm).[245] This
motif was enhanced through the introduction of increased
hydrophobic character: the tricyclic coumarin sulfamate 15
has an IC50 value of 8 nm.[246] Other efforts towards non-
steroidal inhibitors have focused on sulfamate derivatives of
tetrahydronaphthalene, indanones, and tetralones.[247] Mod-
ifications to a known aromatase inhibitor, including the
introduction of sulfamate groups, led to the development of
dual estrogen sulfatase/estrogen aromatase inhibitors.[248] The
best inhibitors were 16 (IC50(STS)= 2.3 nm, IC50(aroma-

Figure 9. Steroidal and nonsteroidal phosphonate and thiophospho-
nate inhibitors.

Figure 10. Benzylated estradiol inhibitors.

Scheme 5. 17a-Substituted inhibitors of estradiol sulfamate.
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tase)= 20 nm) and 17 (IC50(STS)= 0.82 nm, IC50(aroma-
tase)= 39 nm, Figure 11).

Other nonsteroidal estrone sulfatase inhibitors are chro-
men-4-one sulfamates. The most potent compounds had
highly branched aliphatic substituents diagonally opposite to
the sulfamate moiety, as evidenced by the good inhibitory
activity of 2-(1-adamantyl)-4H-thiochromen-4-one-6-O-sul-
famate (18, IC50 = 340 pm, Figure 11).[249,250] Benzophenone
sulfamates were also prepared, including 4,4’-benzophenone-

O,O’-disulfamate (19, Figure 11) with an IC50 value of
190 nm.[251] Finally, thiosemicarbazone derivatives of madur-
ahydroxylacetone, a secondary metabolic product produced
by the soil bacterium Nonomuria rubra, were studied.[252] The
most potent compound was the cyclohexylthiosemicarbazone
20 (Scheme 6) with a Ki value of 350 nm. This inhibitor was
found to act in a noncompetitive fashion and showed low
acute toxicity.

An alternative approach to the discovery of ARSC
inhibitors has focused on developing a better understanding
of the active site and transition state through modeling and
structure–activity relationships.[253] One study suggested that a
sulfonate group at C3 was necessary for tight binding, whereas
a polar group at C17 may not be required.[254] Analysis of a
series of phenol sulfamates with different substituents showed
a correlation between the basicity of the phenoxide leaving
group and inhibition.[36, 255,256] The most effective inhibition
was observed for sulfamates with phenolic leaving groups
with a pKa value of 8. In a related study on a series of 4-
sulfamated phenyl alkyl ketones, the best IC50 value found
was 3.4 mm (octyl substituents).[257] Structure–activity relation-
ships for phenyl ketones[258–260] and biphenyl sulfamates[261,262]

indicated the importance of hydrophobicity for activity.
Most work on sulfatase inhibition has focused on ARSC

because of its involvement in hormone-dependent cancers.
Several potent inhibitors with various hydrophobic scaffolds
have been developed. Although permutations of the core
structure have been shown to affect substrate binding, it is
ultimately the presence of the sulfamate moiety that leads to
irreversible inhibition of the enzyme. Several theories have
been proposed for the mechanism of the affinity label;
however, the precise dead-end product is unknown.[36,246] It
would be helpful to discern the location of the affinity label, as
this position would certainly give telling information about
the mechanism of sulfate ester hydrolysis.

The inhibition of sulfatases other than ARSC by sulfa-
mate-based inhibitors has yet to be demonstrated. Because of
the conserved mechanism and the general acceptance of small
aryl substrates by sulfatases, it is tempting to speculate that a
phenyl sulfamate pharmocophore would be a good general
sulfatase inhibitor. The design of specific inhibitors might be a
much more difficult task, but one of great importance, as
therapeutic targets must be selectively disabled in the
presence of critical sulfatase activity, such as lysosomal
catabolism (see Table 5). The development of specific inhib-
itors is certainly not an unreasonable goal. Warfarin, for
example, has been shown to inhibit ARSE selectively, without
affecting other ARSs in the ER.[129, 130] Cocrystal structures of
sulfatase–substrate or sulfatase–inhibitor complexes would
supply critical information about substrate-binding regions
within the sulfatase structure and would facilitate avenues for
optimizing inhibitor specificity.

9. Synthetic Utility

9.1. Sulfatases in Glucosaminoglycan Sequencing

Sulfated oligosaccharides are receiving a great deal of
attention as a result of their involvement in numerous
biological processes.[139, 263,264] Heparan sulfate (HS) in partic-
ular serves as an important mediator in many biological
processes, including embryogenesis and developmental sig-
naling,[140,265] inflammation,[266, 267] coagulation,[268,269] angio-
genesis,[270] cancer metastasis,[111] and microbial and viral
adherence and invasion.[271–273] With a growing list of interest-
ing interactions to study, the development of analytical tools

Figure 11. EMATE (13), COUMATE (14), and nonsteroidal sulfamate
inhibitors.

Scheme 6. Thiosemicarbazone inhibitors.
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for the structure determination of complex oligosaccharides
has become a primary objective.[274,275] The sequencing of
complex oligosaccharides is by no means a trivial task. For
example, HS contains 32 unique disaccharide units owing to
variations in glycosidic connection, epimerization, and sulfo-
nation (Figure 5). This structural diversity qualifies HS as one
of the most information-dense biomolecules. By way of
comparison, DNA is made up of just four and proteins of 20
different units. Furthermore, unlike these well-studied bio-
molecules, HS and GAG sequences are not templated and are
non-amplifiable, necessitating the quantification of sub-milli-
gram samples. Finally, the highly anionic character of these
molecules has made them notoriously difficult to purify. It has
become increasingly apparent that specific epitopes within
the HS sequence are generated in a tissue-specific manner for
selective interactions with certain important proteins, includ-
ing growth factors, cytokines, receptor proteins, and
enzymes.[139, 276] Many sequencing strategies have therefore
targeted HS to enable the characterization of these inter-
actions.[274, 277]

Several techniques in which sulfatase enzymes are invalu-
able tools have been developed to decode HS sequences. Two
recent advances, integral glycan sequencing (IGS)[278] and
property-encoded nomenclature in conjunction with matrix-
assisted laser desorption mass spectrometry (PEN–

MALDI),[279] have proved very useful in the rapid determi-
nation of HS structures from small amounts of pure sample.
The IGS sequencing format entails fluorescent labeling of the
reducing end of the HS chain followed by iterative chemical
and enzymatic degradation steps that are analyzed by gel
electrophoresis (Figure 12). After labeling, the oligosacchar-
ide is partially cleaved at GlcN-(a-1,4)-H residues by treat-
ment with nitrous acid to generate several intermediate-sized
fragments. These fragments are then subjected to stepwise
degradation with a series of exoenzymes that cleave mono-
saccharide units (glycosidases) or sulfate groups (lysosomal
sulfatases) from the nonreducing end. Characteristic electro-
phoretic shifts after each step can be used to decipher the
original HS sequence. Similar methods utilize high-perform-
ance liquid chromatography (HPLC) and capillary electro-
phoresis (CE) for analysis of the fragments. Methods for the
radiolabeling of HS from in vivo samples have also been
reported.[280–282]

PEN–MALDI uses a slightly different approach, incor-
porating mass spectrometry and bioinformatic techniques
with chemical and enzymatic degradation.[279] The enzymes
used in this process include exoglycosidases and sulfatases
from eukaryotic sources in addition to bacterial lyases,
hydrolases, and sulfatases from F. heparinum. The process
begins with an initial mass spectrometric reading from which

Figure 12. The integral glycan sequencing (IGS) strategy for decoding heparan sulfate (HS) sequences. Isolated HS saccharides can be sequenced
rapidly through a combination of chemical and enzymatic steps followed by electrophoretic separation of the products. This schematic example
shows the elucidation of a simple hexasaccharide sequence (top). The saccharide is labeled at its reducing end with a fluorescent tag (step 1).
Partial chemical cleavage at GlcN residues with nitrous acid creates fragments A, B, and C, each differing in size by a disaccharide unit (step 2).
In steps 3–10, specific sulfate groups or monosaccharide residues are removed from the nonreducing end of A, B, and C by specific exosulfatases
(labeled with an asterisk) and exoglycosidases. The enzymes used are the lysosomal sulfatases IdoA2S (step 3), GlcN6S (step 6), GlcA2S (step 8),
and GlcNS (steps 5 and 10) and the appropriate glycosidases. The separation of the enzymatic products on a high-density polyacrylamide gel pro-
duces fluorescent band patterns that are characteristic for the saccharide sequence.
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a master list of all possible HS sequences
is generated. The list is rapidly whittled
down as the iterative actions of well-
defined chemical and enzymatic agents
provide new constraints for the
sequence. The power and utility of
these HS sequencing methods have
been demonstrated in several important
studies that have helped elucidate the
interactions of HS with FGF,[278, 283,284]

antithrombin III (AT-III),[285–287] and
herpes simplex virus.[288] These sequenc-
ing methods can also be adapted for the
study of other glycosaminoglycans. Sev-
eral similar techniques have been devel-
oped for the analysis of chondroitin
sulfate and dermatan sulfate,[289,290] and
it is conceivable that the further charac-
terization of mucin-degrading enzymes
and mucin sulfatases could aid in the
sequencing of biologically pertinent sul-
fomucin sequences.

9.2. Sulfatases in Synthesis

With the increased sophistication of the sequencing
strategies, several key HS-binding motifs have emerged.
There are also many well-described sulfonated carbohydrate
structures, such as sLeX-6S, that are of biological interest.[291]

Often, it is desirable to explore the biological activity of these
molecules through the combinatorial synthesis of libraries
that facilitate the establishment of structure–activity relation-
ships. Another approach that is also frequently used is the
targeted synthesis of analogous structures as potential ther-
apeutic agents. The bottleneck in such endeavors consistently
lies in the notoriously difficult synthesis of oligosaccharide
libraries,[292,293] and the use of enzymes is often sought.[294,295]

In this regard, there are a number of ways in which sulfatases
might be exploited to facilitate the chemical synthesis of
sulfate-bearing oligosaccharides.

As is the case for many processes in carbohydrate
chemistry, the sulfonation of saccharides in a regioselective
manner often requires arduous protecting-group manipula-
tions. Although a few methods for regioselective sulfonation
already exist,[291, 296–299] the use of sulfatases has recently been
shown to be a viable alternative. Uzawa et al. synthesized p-
nitrophenol galactose derivatives with multiple sulfate groups
and subjected them to enzyme-catalyzed desulfonation with
commercially available sulfatases from mollusks.[300,301] By
studying the activity of several enzymes, conditions were
found under which various sulfation patterns could be
generated selectively, thus providing facile access to a library
of sulfated monosaccharides. These compounds could be
subsequently converted into glycosyl donors for the con-
struction of more complex sulfated oligosaccharides
(Scheme 7).[302]

The discovery of the Sulf enzymes provided further
possibilities for the application of sulfatases in synthesis.
Most GAG-specific sulfatases known prior to Sulf discovery
demonstrate strict exo specificity, which has proven useful in
sequencing schemes and in the synthesis of sulfated mono-
saccharide donors. The Sulfs, on the other hand, show unique
endo activity.[22] Their ability to cleave sulfate esters in a
regiospecific manner within GAG chains might be useful for
the generation of diversity in libraries or in the custom
synthesis of oligosaccharide epitopes of interest.[275] For
example, a sensitive gel shift assay was recently used to
quantify the binding of proteins to HS targets by coupling
sulfates enzymatically to an unadorned oligosaccharide back-
bone.[303] A complementary sequence could potentially be
generated with specific sulfatase enzymes by beginning with a
known ligand and HS target and systematically cleaving the
sulfate residues. In fact, the interaction betweenWnt, HS, and
Sulf1 is a prime candidate for investigation by using the gel
shift assay. Such a study could provide solid evidence that
Sulf1 directly modulates the binding affinity of HS for Wnt by
cleaving a key sulfate ester (Figure 7).[97] Clearly, the discov-
ery and development of novel sulfatases with distinct
specificities would greatly add to the potential of this
method; one can envisage the use of an assortment of
enzymes, including sulfatases and sulfotransferases, for the
dynamic manipulation of sulfated oligosaccharide structures
with the aim of elucidating HS activities at the cell surface.

Several other applications of sulfatases have been estab-
lished. One chemoenzymatic approach took its cue from the
functional role of sulfatases in the body. In a procedure
patented by Bristol-Myers Squibb, a tumor-specific sulfatase-
conjugated antibody and a sulfated prodrug were used for
tissue-specific drug delivery.[304] In this process the active
therapeutic is released only in the vicinity of the tumor cell

Scheme 7. Use of sulfatases to generate different sulfation patterns on monosaccharide
donors. Following global sulfonation by chemical and/or enzymatic synthesis (a), sulfatases
can be used independently or in combination to generate the desired sulfation pattern. The
sulfatases used are a 4-O-sulfatase from abalone (b), a 2-O-sulfatase from the limpet (c), and
a 3-O-sulfatase from the snail (d).
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requiring treatment, thus limiting nonspecific activity. The
glucosinolate sulfatases from the diamondback moth and the
snail H. pomatia have been used to help analyze and classify
glucosinolates (4, Figure 4) from various plant sources.[152]

Extracts from H. pomatia have been used in many other
analytical applications, from the examination of soil organic
matter[305] to the identification of steroids and psychotropic
drugs from urine and hair samples.[306,307] Other applications
of prokaryotic sulfatases include the bioremediation of alkyl
sulfate waste products[48, 308,309] and the deracemization of
secondary alkyl sulfates.[41–43]

10. Conclusion and Outlook

A primary aim of this Review was to provide a compre-
hensive overview of the various areas of sulfatase research.
Sulfatases are intriguing in many respects, and their scope is
rapidly expanding. Regarding their catalytic activity, a key
active-site aldehyde group endows sulfatases with the unique
ability to hydrolyze sulfate esters. The post-translational
generation of this residue, which is lacking in multiple
sulfatase deficiency, is of great clinical interest and requires
further mechanistic investigation.

Regarding their structure, the sulfatases exhibit a highly
similar three-dimensional fold and highly similar catalytic-
cleft geometry, underscoring their functional conservation
from prokaryotes to eukaryotes. Such mechanistic homoge-
neity is interesting given the wide range of substrates and pH
optima over which sulfatases operate. Currently, little is
known regarding the nature of the catalytic transition state or
the basis for substrate specificity. Such information would
undoubtedly provide valuable insight for the development of
potent, specific inhibitors for sulfatases.

Sulfatases play important roles in a number of biological
processes. However, it is becoming clear with the discovery of
novel sulfatases and the elucidation of new biological roles
that a great deal of research will be necessary to complete the
functional picture of this enzyme class. One of the most
exciting new areas in which sulfatases are emerging is in the
remodeling of important sulfonation states on HS chains,
which govern crucial signaling pathways and molecular-
recognition events. The study of heparan sulfates is a
challenging field in which sulfatases have already proven to
be of great value in HS-sequencing strategies. Sulfatases also
have the potential to serve as powerful tools in synthetic
endeavors with biological and therapeutic objectives.

A diverse range of biological interactions are known to be
dependent on sulfate groups, including 1) the participation of
heparan sulfate and other sulfated glycosaminoglycans in
developmental signaling, as well as bacterial and viral
infections, 2) the role of protein tyrosine-O-sulfate in the
activity of peptide hormones and the entry of HIV into cells,
and 3) the role of sLeX-6S in inflammation. The physiological
synthesis of these sulfonated biomolecules by sulfotransfer-
ases has been under intense investigation in recent years. It
will be very interesting to see if eukaryotic, prokaryotic, or
viral sulfatases can also participate in the modulation of these
processes.

Abbreviations

AP alkaline phosphatase
ARS aryl sulfatase
ECM extracellular matrix
EGF epidermal growth factor
ER endoplasmatic reticulum
FGE FGly-generating enzyme
FGF fibroblast growth factor
FGH a-formylglycine hydrate
FGly a-formylglycine
FGS FGly–sulfate adduct
GAG glycosaminoglycan
HS heparan sulfate
HSPG heparan sulfate proteogycan
MSD multiple sulfatase deficiency
MSDF MSD factor
pNCS p-nitrocatechol sulfate
SUMF sulfatase-modifying factor
Wnt Wingless/Int
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Theoretical evidence now suggests that the mechanism of the long-
debated Hajos–Parrish–Eder–Sauer–Wiechert reaction, the prototype
for asymmetric organocatalytic reactions, involves a proline enamine
intermediate (center) which undergoes a concerted aldol cyclization
with proton transfer. For more details see the Communication by K. N.
Houk and F. R. Clemente on the following pages.
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Density Functional Calculations

Computational Evidence for the Enamine
Mechanism of Intramolecular Aldol Reactions
Catalyzed by Proline**

Fernando R. Clemente and K. N. Houk*

The first examples of enantioselective intramolecular aldol
cyclizations catalyzed by proline (Scheme 1) were indepen-
dently reported by Hajos and Parrish[1] and by Wiechert and
co-workers[2] in 1971. Useful synthetic intermediates, such as
the Wieland–Miescher ketone (3b) are easily obtained by this
reaction. This reaction constitutes a cornerstone in the
emergent field of enantioselective organocatalysis. A variety
of C�C bond-forming reactions have been achieved with
chiral organocatalysis in recent years.[3]

In spite of the classic status of this reaction, the
mechanism remains controversial. Herein we provide defin-
itive theoretical evaluation of the various mechanisms
proposed for the reaction; by computation of all six steps in
the reaction we show how the reaction conditions may
influence the rate-determining step and the stereoselectivity.

In their original paper,[1b] Hajos and Parrish proposed two
mechanisms (Scheme 2): A, which requires the formation of a
carbinolamine intermediate followed by nucleophilic substi-
tution at this center by the enol form of the acyclic carbonyl;
and B, with an enaminium intermediate and C�C bond-
formation accompanied by N-H-O hydrogen transfer and
nucleophilic assistance by the carboxylate group of proline.
Hajos still argues for mechanism A,[1c] on the basis of his
experiments with 18O-labeled water where no incorporation
of 18O in the products was observed.[1b] However, List et al.
have reinvestigated these experiments recently under care-

fully controlled conditions, and they found efficient (> 90%)
18O incorporation.[4]

In the 1980s, Agami supported the mechanisms involving
enamine intermediates[5] on the basis of accumulated expe-
rience in amine catalysis of similar reactions.[6] Mechanism B
was criticized, since it involves a protonated enamine that
must reduce the nucleophilicity of the C=C bond. They
proposed mechanism C, which involves a second molecule of
proline to assist in the hydrogen transfer.[5] While model C
was supported by the observation of a kinetic nonlinear
effect, List and co-workers have reported evidence that show
the absence of nonlinear effects in these reactions and support
a one-proline mechanism.[7]

Mechanism D involves an enamine intermediate with
concerted C�C bond formation and proton transfer from the
carboxylic acid group to the carbonyl acceptor. This transition
state, initially proposed by Jung in a review in 1976,[8] was

Scheme 1. Enantioselective intramolecular aldol cyclization.

Scheme 2. Relative energies (E + ZPE, kcalmol�1; ZPE=zero-point
energy) of proposed proline-catalyzed aldolization transition states.
Values in parentheses include solvation energies in DMSO using the
PCM/UAKS model.
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almost abandoned in favor of mechanism C until 2000. In
their pioneering work on enantioselective proline catalysis of
intermolecular aldol reactions, List, Barbas, and co-workers
proposed a model similar to D.[9] Our prelimi-
nary computational studies on the origins of the
stereoselectivity of the intramolecular aldol
reactions depicted in Scheme 1 also support
mechanism D, since transition states computed
for this reaction provide a satisfactory explan-
ation of the stereochemical outcome.[10]

We have located the transition structures for
the C�C bond-forming step of the different
mechanisms proposed (Scheme 1), which is the
presumed rate-determining step for the trans-
formation. All the geometries were fully opti-
mized with GAUSSIAN[11] at the B3LYP/6-
31G(d) level followed by frequency calculations
to determine the nature of the stationary points.
The reported energies come from B3LYP/6-
31 + G(d,p) energy calculations on the geome-
tries optimized at the lower level.[12] Free
energies of solvation were computed as the
energy difference of HF/6-31 + G(d,p) single
point energy calculations in DMSO (PCM
model[13] and UAKS radii)[11b] and in the gas-
phase on the DFT gas-phase geometries.

The relative energies of the different tran-
sition states or intermediates are given in
Scheme 2. The carboxylic acid catalyzed enam-
ine mechanism (D) is energetically the most
favorable. The transition structure for C�C
bond formation by this mechanism is more
than 10 kcalmol�1 lower in energy than the
corresponding one for the uncatalyzed process
(E). Mechanism B, which involves the zwitter-
ionic form of the enamine (enaminium), is
disfavored by about 30 kcalmol�1 over mecha-
nism D. The nucleophilic substitution TS (A)
could not be located, and all our optimization
attempts led to structures similar to E, the
uncatalyzed process. However, the carbinol-
amine intermediate preceding this C�C bond-
forming TS is more than 12 kcalmol�1 higher in
energy than TS D. It is thus expected that a
structure such as TSA, if it exists, would be even
higher in energy than this intermediate.

The enhanced nucleophilicity of the enam-
ine C=C bond together with the activation of
the carbonyl electrophile by the carboxylic acid
constitute the basis of the catalytic activity of
the amino acid acting through mechanism D.
Protonation of the enamine nitrogen atom (B)
drastically reduces the reactivity of the C=C
bond. On the other hand, the mechanism
originally supported by Hajos (A) appears
very unlikely since the carbinolamine inter-
mediate is already higher in energy than the
transition structure for the uncatalyzed process
(E).

Scheme 3 depicts the proposed pathway for the enantio-
selective aldol cyclization of 1a catalyzed by (S)-proline
involving the formation of an enamine intermediate (12) and

Scheme 3. Proposed pathway for the (S)-proline-catalyzed cyclization of 1a into (S,S)-2a with the
relative gas-phase energies (kcalmol�1). Values in parentheses include solvation energies in
DMSO using the PCM/UAKS model.
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carboxylic acid catalysis in the C�C bond-forming step ((S,S)-
14). Boyd and co-workers have reported a similar study but
for the intermolecular reaction.[14] The last stage in the
formation of enamine intermediate 12 is the intramolecular
deprotonation by the carboxylate group (11). This process
and the subsequent C�C forming step have equal energies in
solution and represent the rate-determining steps (Figure 1).
The C�C bond forming step ((S,S)-14) is the stereochemistry-
determining step of the reaction. The preferential formation
of the S,S enantiomer was rationalized in an earlier computa-
tional study from our research group.[10]

After the formation of the C�C bond, the hydrolysis of
iminium (S,S)-15 is achieved in a series of easy steps that leads
to the release of the aldol product (S,S)-2a and recovery of
the catalyst. These steps are analogous, but in reverse order,
to those at the beginning corresponding to the formation of
iminium intermediate 10. As expected, the most difficult step
in the hydrolysis of (S,S)-15 is the nucleophilic attack of water
((S,S)-17). This step will compete with the reversal of the C�C
bond-forming step ((S,S)-14) at a low concentration of water.
This result has significance on the stereoselectivity.

Recent experimental work,[4, 7] together with these com-
putational studies, have established the previously controver-
sial mechanism of aldol reactions catalyzed by proline.
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Helical Water Chain

Helix inside a Helix: Encapsulation of Hydrogen-
Bonded Water Molecules in a Staircase
Coordination Polymer**

Bellam Sreenivasulu and Jagadese J Vittal*

Inspired by the fascinating structural features of helices that
exhibit cooperative self-assembly and recognition, as well as
remarkable functions such as chemical transport and screen-
ing by membrane channels in biological systems, helicity has
been successfully introduced into artificial systems by chem-
ists working in the field of metallo-supramolecular chemis-
try.[1] As a result, today helical polymers are among the most
explored and best investigated supramolecular architec-
tures.[2] As hydrogen bonds and other noncovalent interac-
tions are the main driving forces behind this self-assembly
process, supramolecular chemistry is now in a phase of
characterizing and understanding various hydrogen-bonded
water clusters in the form of hexamers,[3,4] octamers,[5,6]

decamers,[7] (H2O)15(CH3OH)3 clusters[8] and one-dimen-
sional (1D) infinite water chains[9, 10] in diverse environments
of various crystal hosts. Zeolite-like 3D network structures
with chiral channels filled with highly ordered water mole-
cules are well known.[11]

At this juncture, 1D water chains are attracting a great
deal of attention because of their vital role in the biological
transport of water, protons, and ions.[12] It was recently found
that transport of water or protons across the cell involves the
assembly of highly mobile hydrogen-bonded water molecules
into a single chain at the positively charged constricted pore
of the membrane-channel protein aquaporin-1.[13] While 1D
water chains play crucial roles in stabilizing the native
conformation of biopolymers, such helical water chains are
extremely rare in synthetic crystal hosts.[9, 10] Here we report
an interesting staircaselike helical coordination polymeric
architecture of a NiII complex that hosts a 1D helical chain of
lattice water molecules in a helical pore through hydrogen
bonding.

The single-crystal X-ray structure of [(H2O)2�{Ni(Hs-
glu)(H2O)2}]·H2O (1; H3sglu=N-(2-hydroxybenzyl)-l-gluta-
mic acid) was determined unambiguously.[14] Compound 1
crystallizes in the monoclinic system with two independent
molecules in the asymmetric unit. Each NiII unit has
octahedral geometry (Figure 1), and the Hsglu2� ligand is
coordinated through the phenolic oxygen atom (Ni1�O1

2.089(4) =, Ni2�O6 2.101(3) =), secondary amine N atom
(Ni1�N1 2.084(4) =, Ni2�N2 2.082(4) =), and carboxylate a-
oxygen atom (Ni1�O2, 2.047(4) =, Ni2�O7 2.042(4) =) in a
fac manner, along with two aqua ligands, and another
carboxylate oxygen atom from the neighboring molecule.
The intermolecular connectivity via the second carboxylate O
atom generates a left-handed staircaselike coordination
polymeric architecture with a pseudo-41 screw axis. In this
helical staircase, the aqua ligands trans to phenolic oxygen
atoms (i.e., O11 and O13) point into the tube, normal to the
helical axis. The NH and OH protons form hydrogen bonds to
the carboxylate oxygen atoms along the surface of the helical
staircase, as shown in Figure 2; hydrogen-bond parameters
are given in Table 1.

The square-shaped chiral channel has dimensions of
7.654> 7.529 = (based on Ni···Ni distances; Figure 3). Of
the six lattice water molecules present in the asymmetric unit,
four are inside the helical pore, and two outside. Two of the
former water molecules (O15 and O16, Figure 1) are hydro-
gen-bonded to produce a 1D helical polymer with a pseudo-41
screw axis. This helical water chain, as the pole of the helical
staircase, supports and stabilizes its orientation by maintain-
ing hydrogen bonding to aqua ligands. The other two water
molecules (O17 and O18) propagate hydrogen bonding with
both the helical water chain and the aqua ligands, and their
hydrogen bonding tendency appears to have facilitated the
positioning and orientation of the water molecules forming
the helical chain.

The total solvent volume in the lattice, including that
occupied by the helical-chain and lattice water molecules, is
405.1 =3 (22.7% of the unit cell).[14] All the tubular coordi-

Figure 1. A view of the coordination environments at the two NiII cen-
ters in 1. Selected bond lengths [�]: Ni1-O(12) 2.043(4), Ni1-O2
2.047(4), Ni1-O(11) 2.051(4), Ni1-O(9) 2.059(3), Ni1-N1 2.084(4),
Ni1-O1 2.089(4), Ni2-O(14) 2.039(4), Ni2-O(7) 2.042(4), Ni2-O(5)
(�x +1, y�1=2, �z +1) 2.048(4), Ni2-O(13) 2.070(3) Ni2-N2 2.082(4),
Ni2-O6 2.101(3).
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nation polymers are aligned along the b axis, and two more
water molecules (O19 and disordered O20) occupy the empty
space in the lattice outside the helical channels. The TG
analysis of 1 revealed weight loss in the temperature range
26–232 8C. The total weight loss observed (21.6%) agrees with
the calculated value (22.5%) for the loss of five water
molecules per Ni atom. The single crystal crumbles on
removal of water and on cooling to �50 8C.[15] The structure
is not expected to be robust when dehydrated, because these

coordination polymers are not supported by strong non-
covalent interactions (Figure 3).

In contrast to 1, in the crystal structure of [Cu(Hsglu)-
(H2O)]·H2O (2)[16] the connectivity of the neighboring car-
boxylate oxygen atoms with CuII centers results in a 1D zigzag
coordination polymer (Figure 4).

As in the majority of the supramolecular syntheses, self-
assembly of metal ions and ligands resulted in the formation
of single-, double-, triple-, and quadruple-stranded helical

structures.[2] However, a helical chain inside
a helical structure is very rare. Recently a
hydrogen-bonded helical supramolecular
host was found to be anchored by hydrogen
bonding to alternate water molecules in a
single-stranded, both right- and left-handed,
helical chain of water molecules.[17] How-
ever, the structure of 1 has a hydrogen-
bonded helix inside a helical 1D coordina-
tion polymer. This highly ordered helical
stream of water molecules inside another
helical polymer is striking and is a unique
structural feature among existing porous
helical structures[2c,18–20] and other patterns
of water structures observed in diverse
environments of inorganic[5, 7] and organic
hosts[3, 4,9] and 2D supramolecular (H2O)12
rings.[21] Whereas designing chiral materials
from achiral molecular compounds is a
promising theme in materials science,
using simple and available chiral precursors
as an alternative is another practical
approach. The structure of 1 exemplifies
the feasibility of such an approach.[22]

In conclusion, the structure of the left-
handed helical coordination polymer 1

Figure 2. a) Hydrogen-bonded helical water chain inside the staircase coordination polymer in 1. b) Hydrogen-bonded helical water stream in the
channel. c) Top view of the staircase polymer filled with the helical water stream.

Table 1: Relevant hydrogen-bonding parameters in compound 1.[a]

D�H···A D�H [�] H···A [�] D···A [�] aD�H···A [8] Symmetry equivalent
operators

O1�H1[b]···O10 0.93 2.14 2.484(5) 100
N1�H1A[b]···O3 0.91 2.08 2.953(6) 161 x, y +1, z
N2�H2[b]···O8 0.91 2.06 2.937(6) 161 x, y +1, z
O6�H6[b]···O4 0.93 1.98 2.453(9) 109 x�1, y�1=2, z-1
O11�H11C···O15 0.89(3) 1.84(3) 2.713(6) 165(3)
O11�H11D···O17 0.89(2) 2.10(3) 2.801(6) 135(4)
O12�H12A···O2 0.89(2) 1.87(2) 2.745(5) 167(3) x, y +1, z
O12�H12B···O19 0.90(3) 1.83(3) 2.695(9) 160(1)
O13�H13A···O18 0.89(2) 2.03(3) 2.774(5) 141(4) x, y +1, z
O13�H13B···O16 0.89(2) 1.84(2) 2.724(6) 172(2)
O14�H14A···O20B 0.09(3) 2.35(5) 2.803(15) 111(3) x�1, y�1=2, z-1
O14�H14B···O7 0.90(3) 1.99(4) 2.773(6) 145(5) x, y +1, z
O15�H15A···O16 0.90(3) 1.92(4) 2.772(7) 158(4) x�1, y + 1=2, z�1
O15�H15B···O17 0.89(4) 1.86(4) 2.727(7) 163(5) x, y�1, z
O16�H16A···O15 0.90(4) 1.88(4) 2.767(7) 169(4)
O16�H16B···O18 0.90(5) 1.93(5) 2.732(7) 148(5)
O17�H17A···O5 0.89(4) 2.26(4) 3.120(6) 162(4)
O17�H17A···O13 0.89(4) 2.35(3) 2.943(6) 124(3) x�1, y + 1=2, z�1
O17�H17B···O3 0.90(4) 1.99(4) 2.842(6) 157(4) x, y +1, z
O18�H18A···O8 0.90(3) 1.86(3) 2.729(6) 164(4)
O18�H18B···O9 0.89(4) 2.11(4) 2.996(6) 161(3) x, y�1, z
O18�H18B···O11 0.89(4) 2.49(4) 3.011(5) 118(3) x, y�1, z
O20B�H20C···O4 0.90(4) 2.26(3) 3.035(15) 145(4)

[a] A=acceptor, D=donor. [b] The hydrogen atoms have been placed in the calculated positions.
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encapsulating a hydrogen-bonded helical stream of water
molecules exhibits novel cooperative assembly and recogni-
tion of water molecules in the inorganic crystal host. These
results exemplify the maxim that the structural constraints
acting on the orientation of water by its surroundings and vice
versa can be very significant. The captivating structure of 1, in
which a helical chain of water molecules supports a helical
coordination polymer staircase, suggests another fascinating
model for the water chains in membrane aquaporin proteins
for the transport of water or protons, and it appears to be
extremely rare among metal coordination polymers till
now.[23] The 1D zigzag coordination polymeric structure
containing the same ligand in 2 demonstrates that the overall
topology depends on the nature of the metal and the
coordination geometry at the metal centers.

Experimental Section
H3sglu: Salicylaldehyde (0.57 g, 4.7 mmol) was added to a solution of
l-glutamic acid (0.69 g, 4.7 mmol) and NaOH (0.37 g, 9.4 mmol) in
MeOH/H2O (v/v (1:1), 20 mL), and the resulting yellow solution was
stirred for 30 min and cooled in an ice bath prior to reduction with a
slight excess of NaBH4 (0.19 g, 5.1 mmol). The yellow color dis-
appeared immediately, and stirring was continued for a further
20 min. The pH of the mixture was adjusted to 5–6 by adding acetic
acid, and it was to stirred for a further 45 min. The solvent from the
resulting clear solution was completely removed on a rotary
evaporator. The sticky mass was treated with EtOH (25 mL). The
white product was collected by filtration, washed with EtOH and
Et2O, and dried under vacuum. Yield: 0.85 g (71%). M.p. 247–2488C
(decomp). Elemental analysis (%) calcd for C12H15NO5: C 56.9, H 5.9,
N 5.5; found: C 56.4, H 5.8, N 5.6. 1H NMR (300 MHz, D2O): d =

6.78–7.27 (m, 4H, ArH), 3.92–4.12 (m, JAB = 13.2 Hz, 2H, CH2), 3.36–
3.55 (t, J= 6.42 Hz, 1H, CH), 2.24–2.30 (t, J= 8.4 Hz, 2H, CH2), 2.0–
2.02 ppm (m, J= 6.4 Hz, 2H, CH2). IR (KBr): ñ = 3460 (OH), 2960
(NH), 1573, 1388 (COO�), 1276 cm�1 (phenolic CO).

1: A clear solution of H3sglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of nickel nitrate
hexahydrate (0.29 g, 1 mmol) in water (2.5 mL). Greenish rodlike
crystals suitable for X-ray diffraction studies were obtained after one
week from the solution on slow evaporation. Yield: 0.28 g (70%).
Elemental analysis (%) calcd for C12H23NNiO10: C 36.0, H 5.8, N 3.5;
found: C 36.2, H 5.6, N 3.7. IR (KBr): ñ = 3368 (OH), 2746 (NH),
1623, 1348 (COO�), 1253 cm�1 (phenolic CO). UV/Vis (Nujol): lmax =
385 (CT), 737 nm (d–d). TGA: weight loss (%) calcd for 5H2O: 22.5;
found: 21.6.

2 : A clear solution of H3sglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of copper nitrate
trihydrate (0.24 g, 1 mmol) in water (2.5 mL). Dark blue blocks
suitable for single-crystal X-ray diffraction studies were obtained
after 1 d. Yield: 0.26 g (74%). Elemental analysis (%) calcd for
C12H17CuNO7: C 41.0, H 4.9, N 4.0; found: C 40.7, H 4.8, N 4.2. IR
(KBr): ñ = 3429 (OH); 3118 (NH); 1650, 1429 (COO�), 1262 cm�1

(phenolic CO). UV/Vis (Nujol): lmax = 285 (CT), 613 nm (d–d). TGA:
weight loss calcd for 2H2O: 10.4; found: 10.8.
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Magnetic Properties

Building Molecular Minerals: All Ferric Pieces of
Molecular Magnetite**

Guy W. Powell, Hannah N. Lancashire,
Euan K. Brechin,* David Collison,* Sarah L. Heath,*
Talal Mallah, and Wolfgang Wernsdorfer

Currently, there is a great deal of interest in the synthesis of
transition-metal clusters that can behave as single-molecule
magnets (SMMs).[1] An SMM requires effectively a combi-
nation of large spin ground state with a negative zero-field
splitting (D value), which leads to magnetic bistability
(hysteresis) that is the property of an individual molecule.
These clusters may find potential uses in the information
storage industry or as qubits in quantum computing.[2] One
logical way to prepare SMMs is by synthesizing fragments of
the naturally occurring magnetic oxides. This synthesis can be
by either a top-down or bottom-up approach, that is, the
breaking down or building up of a mineral lattice. Herein we
report the synthesis of two iron oxy hydroxy clusters that
represent two related portions of the magnetite lattice,
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constructed by a bottom-up approach and utilizing ligand-
controlled hydrolysis of a metal salt to determine the extent of
cluster aggregation.

[Fe9O4(OH)5(heia)6(Hheia)2]·3.5CH3OH·8H2O (1;
H2heia=HN{CH2COOH}CH2CH2OH; Figure 1) was synthe-
sized by reaction of iron(iii) nitrate nonahydrate with H2heia
and tetramethylammonium hydroxide in methanol. The

hydrolysis was gradually stopped by evaporating the reaction
mixture to dryness. Crystals of 1 suitable for single crystal X-
ray diffraction were obtained after 2 weeks by crystallization
from a MeOH solution of 1 in the presence of liquid drying
agent (diethoxymethane) to hinder further hydrolysis.[3]

Hpy[Fe17O16(OH)12(py)12Cl4]Cl4·4.5CH3OH (2 ; py= pyri-
dine; Figure 2) was prepared by the reaction of anhydrous
iron(iii) chloride in pyridine in a flask open to the atmosphere
at room temperature, and crystals of 2 suitable for single
crystal X-ray diffraction were isolated in low yield after
diffusion of methanol over 2 weeks.[3]

The complex in 1 is constructed from a central tetrahedral
FeIII ion which links, by four m3-oxo bridges, to the outer eight
iron atoms. Each of the outer iron ions is capped by a facially
coordinated heia ligand and has distorted octahedral coordi-
nation geometry. Six of the heia ligands are fully deproto-

nated and the alcohol arm of these ligands (O5, O8, O13 and
their symmetry equivalents) bridges between pairs of outer
irons: the second bridge between these irons is from the inner
m3-oxo ligands. The remaining two Hheia ligands have
protonated alcohol arms (O16 and its symmetry equivalent)
that coordinate terminally. Two of the outer irons (Fe3 and
Fe4) are bridged by two m2-hydroxo ligands (O9 and O10) and

two others, Fe5 and Fe5A, are
bridged by a single hydroxo
ligand (O17). This asymmetry in
the mode (and hence angle) of the
bridging between the outer iron
ions has consequences for the
magnetic exchange pathways in 1
(see below). The bromide ana-
logue of 2 can be prepared by a
similar route in higher yield and
has a cluster that is isostructural
with the chloride; this will be
reported in detail elsewhere.

The complex in 2 also has at
its core a central tetrahedral FeIII

ion, but in contrast to 1 this is
linked by m4-oxo bridges to twelve
outer octahedral FeIII ions, which

form a truncated tetrahedron: the octagonal faces of this
tetrahedron (Fe2, Fe3, Fe5, Fe7, and symmetry equivalents)
are capped by four further iron ions (Fe4, Fe6, and symmetry
equivalents), linked by a combination of m3-oxo and m2-
hydroxo ligands. The inner FeIII ion and the four outer FeIII

ions of 2 sit in the tetrahedral sites of the lattice with the
others occupying the octahedral sites. The chloride ions cap
the outer tetrahedrally coordinated FeIII ions with the
pyridine molecules capping the octahedrally coordinated
FeIII ions.

A closer inspection of the cores of 1 and 2 reveals that
both are fragments of the iron and oxygen positions defined
by the magnetite lattice as shown in the comparison of 1 and 2
to their corresponding fragments of magnetite in Figures 1
and 2. Compound 1 is formally converted into 2 by adding a
layer of Fe ions through the conversion of m3-oxo into m4-oxo

Figure 1. The molecular structure of the cluster in 1 (left), the core of 1 (middle), and its relation to
magnetite (right); yellow Fe, red O, blue N, gray C.

Figure 2. The molecular structure of the cluster in 2 (left), the core of 2 (middle), and its relation to magnetite (right); yellow Fe, red O, blue N,
gray C, green Cl).
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ligands. Many of the polynuclear transition-metal clusters
isolated to date, that resemble mineral units, are fragments of
the M(OH)2 brucite lattice.[4] In our case, 1 is formed by
restricting the hydrolysis from a hydrated iron(iii) salt using a
facially capping tridentate ligand with “arms” of very differ-
ent pKa values. In contrast, 2 is produced by restricting the
amount of hydrolytic source in a basic, strongly coordinating
medium. The isolation of 2, in particular, suggests that larger
fragments of “molecular magnetite” can be isolated by using
coordinating bases of differing strengths.

In both 1 and 2 all the iron centers (both tetrahedral and
octahedral) are FeIII ions, this is confirmed by charge-balance
considerations and bond valence sum (BVS) calculations.[5]

This result is in contrast to the situation in magnetite where
half the octahedral sites in the lattice are occupied by FeII

ions. The assignment of hydroxo versus oxo was achieved on
the basis of geometry and BVS calculations.

The magnetic properties of 1 and 2 were examined using
variable-temperature magnetic measurements on bulk pow-
dered samples (300–1.8 K, 0.1–5.5 T) and on single crystals to
mK temperatures on a micro-SQUID. Susceptibility data for
both 1 and 2 indicate the presence of antiferromagnetic
interactions, with low-temperature maxima suggesting large
spin ground states. To determine the value of the spin ground
state for 1 and 2, magnetization measurements were per-
formed at 2–6 K between 0.1 and 5.5 T. For 1 the best fit (first
made for each temperature independently and second by
simultaneously fitting the data for the three temperatures for
an isolated ground state) was obtained for S= 25/2, g= 1.99,
andD=�0.07 cm�1 (Figure 3). For 2 the initial best fit was for
S= 35/2 as the ground state with the following parameters:
g= 1.96 and D= ++ 0.33 cm�1 (Figure 4), see below. The
occurrence of such large spin ground states for both
complexes arises from the presence of competing antiferro-
magnetic and ferromagnetic exchange-coupling interactions
between the octahedral and tetrahedral FeIII ions. Closer

examination of the structure of 1 reveals that the Fe-O-Fe
bridges fall into two clear categories: those that connect the
central tetrahedral FeIII centers to the outer octahedral FeIII

centers (by the oxo ligands) are all characterized by angles in
the range 125–1308, and those that bridge between the FeIII

ions in the outer octametallic “twisted ribbon” are charac-
terized by angles in the range 97–1018. If we assume that the
largest Fe-O-Fe angles promote the strongest antiferromag-
netic interaction then we are left with a situation where the
central tetrahedral FeIII center is antiferromagnetically cou-
pled to all the octahedrally coordinated FeIII ions, which leads
to an S= 35/2 spin ground state. However, there is one
anomaly in the bridging angles connecting the outer octahe-
drally coordinated Fe ions: the angle between Fe5 and Fe5A
through O17 is 1308. This angle is bigger than the angle
connecting either Fe5 or Fe5A to the central metal ion and so
we might consider the exchange between the Fe5/Fe5A pair
to be dominant, and antiferromagnetic. This situation would
lead to a molecule with two “spin up” and seven “spin down”
S= 5/2 centers and an overall spin ground state of S= 25/2,
consistent with that obtained from the magnetization meas-
urements.

For complex 2, the same argument applies: the antiferro-
magnetic interactions between the tetrahedrally and octahe-
drally coordinate FeIII ions (through Fe-O-Fe angles of 122–
1268 compared to 94–988 between the octahedral Fe centers)
dominate, which leads to a situation in which the five
tetrahedrally coordinated FeIII ions are “spin up” and the
twelve octahedrally coordinated FeIII ions are “spin down”
giving an overall S= 35/2 ground state.

To examine the low-temperature magnetic behavior of 1
and 2, single crystal magnetization measurements were
performed on them using an array of micro-SQUIDS.[6]

Relaxation data for 1 were determined from direct current
(dc) relaxation-decay measurements: a large dc field of 1.4 T
was applied to the sample at 5 K to saturate the magnetization
in one direction, and the temperature lowered to a specific
value between 1.0 and 0.04 K. When the temperature was
stable the field was swept from 1.4 T to zero at a rate of

Figure 3. Plot of magnetization (M) versus H/T for 1 in the ranges
0.1–5.5 T and 2 (*), 3 (*), and 6 K (*). The solid lines are fits to
S =25/2, g =1.99, D =�0.07 cm�1. Inset: magnetization of 1 plotted
as a fraction of the saturation value Ms versus applied magnetic field
(m0H) at sweep rates of 0.007 Ts

�1 and T=0.1–0.5 K. S=Spin quan-
tum number of the cluster, g =g value of cluster, D=axial zero-field
splitting parameter.

Figure 4. Plot of magnetization (M) versus H/T for 2 in the ranges
0.1–5.5 T and 2 (*), 3 (*), and 6 K (*). The solid lines are fits to
S =35/2, g =1.96, D =++0.33 cm�1. Inset: magnetization of 2 plotted
as a fraction of the saturation value Ms versus applied magnetic field
(m0H) at sweep rates of 0.001 Ts

�1 and T=0.04–0.5 K.
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0.14 Ts�1 and the magnetization in zero-field measured as a
function of time. This method allows the construction of an
Arrhenius plot of lnt versus 1/T, which shows that above
approximately 0.15 K the relaxation rate is temperature
dependent. The fit to an Arrhenius law yields t0 = 6 H 10�10 s
and Ueff = 7.6 K. However, below approximately 0.15 K the
relaxation rate is temperature independent with a value of 8 H
103 s, indicative of quantum tunneling of the magnetization
(QTM) between the lowest energy Ms =� 25/2 levels of the
ground state. Hysteresis loops for 1 (inset, Figure 3) are
observed at temperatures below 0.5 K and at sweep rates of
0.001 Ts�1, with the field applied in the direction of the easy-
axis of the molecules. The hysteresis loops do not show steps
at regular intervals of field, indicative of resonant QTM, but
are smooth. The steps may be present, but simply broadened
out by intermolecular antiferromagnetic interactions between
the separate Fe9 molecules. Indeed, a Curie–Weiss plot
suggests antiferromagnetic intermolecular interactions in
the order of approximately �0.7 K. Further geometric
analysis of 1 shows that the metallic cluster approximates to
an oblate spheroid of estimated core dimensions 6.38 H
6.25 I, and the nearest neighbor intercentroid separations
in the lattice are 12.13 and 15.49 I.

Low-temperature single-crystal magnetic measurements
on 2 (inset, Figure 4) using the methods described in the
investigation of 1, show no signs of SMM behavior. The small
hysteresis loops observed below approximately 0.5 K result
from long-range ferromagnetic ordering between the individ-
ual Fe17 molecules and not from the presence of molecular
anisotropy. The anomalously large zero-field splitting and low
g value (for FeIII, typical parameters are g� 2.00 and jD j �
0.2 cm�1) obtained for 2 using a model for magnetization in an
isolated spin state (see above) might also suggest the presence
of long-range interactions. We would expect the cluster g and
D values to be similar to those of the isolated FeIII centers in
this case. In 2 the core of the cluster is much more spherical
than that in 1 (although it has 12 protruding pyridine rings)
with a diameter of the metallic core of approximately 6.96 I
and nearest neighbor intercentroid separations of 14.89 and
16.12 I. The pyridine rings show no obvious p-stacking
interactions between clusters.

For both 1 and 2 the magnetic behavior is comparable to
that observed in magnetite, wherein the iron ions in the
octahedral and tetrahedral holes are antiferromagnetically
coupled, but net magnetization results from the noncompen-
sated spin of the FeII ions which occupy one quarter of the
octahedral sites.

In conclusion, it is possible to construct high-spin mole-
cules, single-molecule magnets, and molecular mineral ana-
logues using a simple bottom-up, controlled hydrolysis
approach. That the iron ions in 1 and 2 are all ferric and
hence almost electronically isotropic (i.e. jD j is small),
probably prevents more exciting magnetic behavior. How-
ever, since these clusters form part of a naturally occurring
mixed-valence mineral, the reduction of some FeIII ions to
form complexes more reminiscent of the parent mineral,
remains a possibility, as does incorporation of FeII during
synthesis. Thus, inclusion of some of the much more
anisotropic FeII ions into this new structural family might be

expected to increase substantially the overall zero-field
splitting of the clusters.

Experimental Section
1: A solution of heiaH2 (0.595 g, 5.0 mmol) and N(CH3)4(OH)·5H2O
(2.265 g,12.5 mmol) in MeOH (10 mL) was added slowly to a stirred
solution of Fe(NO3)3·9H2O (1.01 g, 2.5 mmol) inMeOH (10 mL). The
reaction mixture was allowed to evaporate to dryness over a period of
2 days, before extracting into diethoxymethane (3.1 mL, 25 mmol)
and MeOH (6.9 mL). Solids (N(CH3)4(NO3)) were removed by
filtration and acetone diffused slowly into the filtrate to yield crystals
suitable for single-crystal X-ray diffraction after 2 weeks. Elemental
analysis calcd (%) for Fe9C35.5H93O44.5N8: C 23.09, H 5.08, N 6.07, Fe
27.22; found: C 23.65, H 5.35, N 6.38, Fe 27.48.

2 : FeCl3 (0.910 g, 3.09 mmol) was added to stirred pyridine
(30 mL), the reaction mixture became dark upon dissolution. After
stirring for 2 h the reaction mixture was filtered, the filtrate was
collected and methanol diffused in slowly to afford single crystals
suitable for X-ray diffraction after two weeks. Elemental analysis
calcd (%) for Fe17C69.5H102O35.5N13Cl8: C 28.71, H 2.62, N 6.70, Fe
35.03; found: C 28.62, H 2.59, N 6.75, Fe 35.84.
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Coordination Polymers

Self-Assembly of Interpenetrating Coordination
Nets Formed from Interpenetrating Cationic and
Anionic Three-Dimensional Diamondoid Cluster
Coordination Polymers**

Kai Liang, Hegen Zheng,* Yinglin Song,
Michael F. Lappert, Yizhi Li, Xinquan Xin,
Zixiang Huang, Jiutong Chen, and Shaofang Lu

The design and synthesis of metal–organic coordination
polymers has become an exciting field in the past decade,
and numerous interesting coordination polymers based on
metal ions and organic bridging ligands have been synthesized
by many research groups.[1] Many of these compounds contain
channels or voids that are similar to those in porous materials
such as zeolites and clays.[2] Tetrathiometalate clusters [MS4]

2�

(M=W, Mo) have long been explored for their diverse
coordination modes and potential applications in catalysis,
biological processes, and nonlinear optical (NLO) materials.[3]

Rather few polymeric heterothiometallic cluster coordination
polymers based on the thiometalates have been synthesized.[4]

Such coordination polymers have invariably contained poly-
mer aggregates that were: 1) anionic, such as
[NH4]n[AgWS4]n,

[5] {[N(CH2C6H5)(C2H5)3][MoAgS4]}n,
[6]

{[NEt4][Mo2O2S6Cu6I3(4,4’-bipy)5]·MeOH·H2O}n (4,4’-bipy =

4,4’-bipyridine),[7] or {[Et4N]2[MoS4Cu4(CN)4]}n,
[8] 2) cationic,

as in the transition metal coordination polymers, or 3) neutral,
as in [MoS4Cu6I4(py)4]n (py= pyridine),[9] {[MoOS3(CN)-
(py)3]·0.5C6H6}n,

[10] or [Cu(4,4’-bipy)Cl]n.
[11] Structures con-

taining interpenetrating nets that have different topologies
and/or chemical compositions are known,[1] although no
example has previously been reported of a coordination
polymer containing both cationic and anionic coordination
polymer aggregates.

We report here such an unprecedented cluster coordina-
tion polymer, namely compound 1, which contains inter-
penetrating cationic and anionic 3D diamondoid cluster
coordination polymers.

f½WS4Cu4ð4,40-bipyÞ4�½WS4Cu4I4ð4,40-bipyÞ2� � 4H2Ogn 1

Compound 1 was obtained from the reaction between
[NH4]2[WS4], CuI, [nBu4N]I, and 4,4’-bipy, in a ratio of
1:2:2:2, in DMF/CH2Cl2 solution, followed by filtration and
slow diffusion of diethyl ether into the filtrate to give single
crystals suitable for an X-ray diffraction study. The crystallo-
graphic analysis of compound 1[12] revealed that the 3D
cationic cluster coordination polymer can be considered as
comprising square, pentanuclear [WS4Cu4]

2+ building blocks,
each linked by four pairs of parallel 4,4’-bipy ligands
(Figure 1). The W and the four Cu atoms are coplanar in

each [WS4Cu4]
2+ building block, and the {WS4}

2� unit has a
tetrahedral structure with W2�S2 bond lengths of 2.235(2) B,
and S2�W2�S2 angles ranging from 108.60(11)8 to
110.50(12)8. Each of the four Cu atoms is also tetrahedrally
coordinated by two N atoms from two 4,4’-bipy ligands and
two m3-S atoms, with Cu2�N2, Cu3�N3, Cu2�S2, and Cu3�S2
bond lengths of 2.023(7) B, 2.043(7) B, 2.272(2) B, and
2.280 B, respectively.

The angles N2�Cu2�N2B and N3�Cu3�N3AA are
106.1(4)8 and 112.3(4)8, respectively, hence the four 4,4’-
bipy molecules are almost tetrahedrally disposed, which
results in a diamondoid network with a large channel
dimension of 24.482 BC21.009 B (Figure 2a). Each six-mem-
bered ring contains six [WS4Cu4]

2+ nodes and six pairs of 4,4’-
bipy connecting rods. The separation between each pair of
4,4’-bipy units is nearly 3.7 B, thus implying weak p–p

interactions.
In fact, there is a twofold interpenetrating 3D network in

the cationic coordination polymer (Figure 3a and 3b). Similar
interpenetrating diamondoid frameworks have also been

Figure 1. The cationic cluster coordination polymer unit [WS4Cu4(4,4’-
bipy)4]

2+.
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found in some other coordination polymers containing
transition metal ions.[13] The 3D anionic cluster coordination
polymer is almost exactly analogous to the cationic cluster
coordination polymer, except that the building block is the
[WS4Cu4I4]

2� ion, which is nearly tetrahedrally coordinated by
four N atoms of four 4,4’-bipy molecules (Figure 4). Each Cu
atom is tetrahedrally coordinated by two m3-S atoms, one I
atom, and one N atom from one of the 4,4’-bipy ligands, with
Cu1�N1 and Cu1�I1 bond lengths of 2.090(7) B and

2.5516(13) B, respectively, which
leads to another diamondoid net-
work with a larger channel dimen-
sion of 24.828 BC24.217 B (Fig-
ure 2b). Each six-membered ring
contains six [WS4Cu4I4]

2� nodes and
six 4,4’-bipy connecting rods. The
anionic cluster coordination polymer
also exists as a twofold interpene-
trating framework (Figure 3c and
3d).

It is noteworthy that the two
pyridine rings of each 4,4’-bipy
ligand are coplanar, except that two
C atoms, C1 and C2, are disordered
and were refined to an occupancy
ratio of 0.5 in the anionic cluster
coordination polymer; in the cati-
onic cluster coordination polymer
the pyridine rings of each 4,4’-bipy

ligand are not coplanar, with the pyridine rings twisted by
25.88, 46.48, and 63.98, respectively. The whole molecule has
an intricate, fourfold interpenetrating diamondoid structure
(Figure 5), containing large 11.124 BC 11.129 B channels; all
the solvent water molecules are disordered along the c axis
(Figure 6). The channel volume is about 293 B3,[14] and the
water molecules interact with the frameworks through hydro-
gen bonds.

Thermogravimetric analysis (TGA) of compound 1 under
a nitrogen flow showed that the frameworks are rigid, with no
weight change observed up to 203 8C. The solvent water and
some of the organic ligands were lost between 203 8C and
268 8C (residue 68.1%), then most of the remaining ligands
were gradually removed from 268 8C to 337 8C (residue
54.4%) and from 337 8C to 571 8C (residue 41.4%). No
further weight change was observed above 700 8C. The unit-
cell parameters of a single crystal are nearly identical up to
180 8C, which is consistent with the TGA results. However,

Figure 2. a) The diamondoid structure of the cationic cluster coordination polymer {[WS4Cu4(4,4’-
bipy)4]

2+}n. b) The diamondoid structure of the anionic cluster coordination polymer
{[WS4Cu4I4(4,4’-bipy)2]

2�}n. Hydrogen atoms have been omitted for clarity. W violet, S yellow, Cu
blue, N green, C black line.

Figure 3. a) View of the cationic cluster coordination polymer. Each
node and rod represents a cluster cation [WS4Cu4]

2+ and a pair of 4,4’-
bipy ligands, respectively; b) space-filling picture showing the twofold
interpenetrating cationic cluster coordination polymer {[WS4Cu4(4,4’-
bipy)4]

2+}n ; c) view of the anionic cluster coordination polymer. Each
node and rod represents a cluster anion [WS4Cu4I4]

2� and a single 4,4’-
bipy ligand, respectively; d) space-filling picture showing the twofold
interpenetrating anionic cluster coordination polymer {[WS4Cu4I4(4,4’-
bipy)2]

2�}n.

Figure 4. The anionic cluster coordination polymer unit [WS4Cu4I4(4,4’-
bipy)2]

2�.
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heating compound 1 to 230 8C and then cooling again causes a
change in the X-ray powder diffraction (XRPD) pattern
compared to that of 1 at room temperature, which indicates
that the frameworks are only partially retained.

Two peaks at lmax = 292 and 411 nm, observed in the UV/
Vis spectrum of 1, showed that the polymer has a relatively
low linear absorption in the visible and near-IR region. We
therefore performed a Z-scan experiment to investigate its
nonlinear optical properties.[15] The compound was dissolved
in DMSO at a concentration of 5.8 C 10�5 moldm�3. This
solution was then placed in a 2-mm-thick cuvette. The linear
transmittance of the sample was 76%. The results of the

open-aperture and the normalized transmittance are shown in
Figure 7a.

The open circles are the experimental data, and the solid
curves are the fit given by the Z-scan theory described in

ref. [15]. The open-aperture Z-scan curve of the compound
has a deep valley, and the transmittance drops to the lower
value of 57%. This result suggests that the compound has a
strong nonlinear absorption; it may therefore be a promising
candidate for use in optical limiting. It should be pointed out
that both the excited-state population (and absorption) and
the two-photon absorption could be responsible for the
measured NLO effect. It is evident that the theoretical curves
qualitatively reproduce the general pattern of the observed
experimental data. This suggests an effectively third-order
behavior for the experimentally detected NLO effects. TheZ-
scan data measured with the aperture are depicted in
Figure 7b. The normalized curve has a sharp peak and a
valley, which identifies compound 1 as a self-focusing
material. A reasonably good fit between the experimental
data and the theoretical curves, as described in ref. [15], was
obtained. The effective third-order NLO absorptive index b

and refractive index n2 value were 1.6 C 10�10 mW�1 and 6.4 C
10�11 esu, respectively; this shows that polymer 1 exhibits
optical self-focusing behavior and reverse saturable absorp-
tion (RSA) effects.

In summary, a new kind of interpenetrating 3D cluster
coordination polymer based on the tetrathiometalates has
been obtained. Its NLO properties show that 1 exhibits

Figure 5. Schematic view of the cluster coordination polymer 1. The
cationic and anionic cluster coordination polymers are shown in blue/
yellow and red/green, respectively. (The blue/yellow node and rod rep-
resent the cluster cation and the double 4,4’-bipy ligand, respectively;
the red/green node and rod represent the cluster anion and the single
4,4’-bipy ligand, respectively.)

Figure 6. Packing diagram of compound 1, viewed along the c axis.
Hydrogen atoms have been omitted for clarity. Blue/yellow and red/
green represent the cationic and anionic cluster coordination poly-
mers, respectively. The red balls are the O atoms of the water mole-
cules.

Figure 7. Z-scan data of cluster 1: a) NLO absorption; b) NLO refrac-
tion.
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optical self-focusing behavior and reverse saturable absorp-
tion effects. Further work is in progress.

Experimental Section
A well-ground mixture of [NH4]2[WS4] (0.5 mmol), CuI (1.0 mmol),
[nBu4N]I (1.0 mmol), and 4,4’-bipy (1 mmol) was added to a mixture
of DMF and CH2Cl2 (15 mL; v/v 2:1) under a purified nitrogen
atmosphere. After stirring for 10 h, the filtrate was layered with
diethyl ether. A few red crystals were separated several days later. A
red prismatic single crystal (0.02 g, 15%) suitable for X-ray diffrac-
tion was obtained when the filtrate was allowed to slowly evaporate in
air. Elemental analysis calcd (%) for 1: C 27.20, H 2.13, N 6.34; found:
C 27.84, H 1.89, N 6.71. IR (KBr): ñ = 3448 (w), 3043 (w), 1672 (s),
1601 (s), 1530 (m), 1483 (m), 1409 (s), 1213 (m), 1068 (m), 807 (s), 626
(m), 567 (w), 499 (w), 438 cm�1 (s).
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Protein Interactions

Modulation of Compactness and Long-Range
Interactions of Unfolded Lysozyme by Single
Point Mutations**

Julia Wirmer, Christian Schl�rb, Judith Klein-Seethara-
man, Ryoma Hirano, Tadashi Ueda, Taiji Imoto, and
Harald Schwalbe*

Non-native states of proteins are not only the starting point of
protein folding, but they are also implied in misfolding,
transport through membranes, protein turnover, and degra-
dation processes. An increasing number of intrinsically
unstructured or natively unfolded proteins have been iden-
tified, some of which exert their function in this unstructured
state.[1] Unlike the native state of a protein, non-native states
cannot be described by a single conformation, but rather they
exist as an ensemble of rapidly interconverting conformers.
The individual members of this ensemble may differ sub-
stantially in their structural and dynamical properties, and
different parts of the polypeptide chain may change con-
formation at different rates.[2] Previous studies showed that
the conformational ensemble samples the preferred regions
of the Ramachandran f,y space. This sampling, however, can
be restricted by varying degrees of residual structure:
Secondary structure elements in unfolded proteins have
been identified in a large number of proteins by comparison
of local NMR parameters with values expected in a random
coil.[3–9] In contrast, the identification of longer-range inter-
actions is not as straightforward. The conformational averag-
ing in unfolded proteins renders it only possible to detect

short- or medium-range NOE (nuclear Overhauser effect)
interactions. Long-range interactions can only be identified
by using mutations in combination with NMR spectroscopic
techniques such as relaxation rates,[10] spin labels, residual
dipolar couplings, or diffusion rates.

NMR spectroscopic studies of non-native states of hen
lysozyme have revealed the existence of clusters of residual
secondary structure.[6,10] The locations of these clusters
strongly correlate with clusters of hydrophobic amino acids,
a correlation that was also observed for other proteins.[11–13]

These hydrophobic clusters in non-native lysozyme are
stabilized by long-range interactions.[10] However, the extent
to which each of these clusters contributes to the stability of
the entire conformational ensemble is an important, yet
unanswered question. Herein we study the effects of point
mutations in the major hydrophobic clusters on the ensemble
of structures that are present in unfolded lysozyme. The
results show that nonconservative single point mutations in
the hydrophobic clusters dramatically change the overall
compactness of non-native lysozyme by the modulation of
long-range interactions between hydrophobic clusters.

The distribution of hydrophobic amino acids in the
lysozyme sequence is shown in Figure 1a. The hydrophobicity
predictions were fitted to six distinct clusters with maximal
hydrophobicity around (1) C6, (2) W28, (3) L56, (4) L83,
(5) W108, and (6) W123 (C= cysteine, W= tryptophan, and
L= leucine) by using Gaussian models. Mapping of the
hydrophobic clusters onto the structure of lysozyme[14]

showed that the clusters ultimately result in the hydrophobic
cores of the a- and b-domains of the protein. The location of
the hydrophobic clusters has an impact on the unfolded
states: 1) Experimentally determined folding-core residues
map to the central parts of clusters 1–4.[15–18] 2) Residual non-
random secondary structures tend to cluster at similar
positions (Figure 2A). 3) The positions of hydrophobic clus-
ters overlap to a remarkable extent with the average
restrictions in conformational space in unfolded ensembles
of lysozyme as identified by relaxation rate measurements
(Figure 3a). In contrast to the excellent correlation between
the positions of the experimentally determined clusters of
residual structure and those of all of the hydrophobic clusters,
the intensities of the clusters do not match well for clusters 1
and 4, for which barely elevated relaxation rates were found.
Interestingly, these two clusters are the only two regions of
predicted increased hydrophobicity (Figure 1a) that do not
contain tryptophan residues.

We investigated the effects of two types of single point
mutations on the compactness and interaction of clusters:
1) replacement of tryptophan residues with either tyrosine
(Y) or glycine (G) moieties (W62Y/G) and 2) replacement of
a central amino acid, with emphasis on tryptophan units, in
clusters 1, 3, 5, and 6 with glycine (A9G, W62G, W111G, and
W123G (see Figure 1b). The Trp28 mutant protein was too
unstable for sufficient amounts of protein to be obtained and
was therefore not investigated. Cluster 4 was not studied
because the wild-type (WT) protein already displays very
little deviation from the random coil in this region. To obtain
a model system for the study of non-native states of lysozyme,
WT and mutant lysozyme were denatured, the four native
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disulfide bonds were reduced and methylated (indicated by
SMe), and the products were studied in water at pH 2, at which
hydrogen exchange is slowed down. This variant of lysozyme
remained unfolded in the absence of denaturant even at near-
native conditions (pH 6, data not shown), but measurements
were carried out at pH 2 owing to the slow rates of amide
exchange.

NMR HN, Ha, and Ca chemical shifts were used for
secondary-structure prediction.[19,20] In WT-SMe, all the chem-
ical shift values were close to those of the random coil which
indicates that the reduced protein is unstructured. Remaining

small perturbations in the chemical shift
values of HN and Ha atoms of WT-SMe,
relative to chemical shifts measured in
small unstructured peptides,[21, 22] are
shown in Figure 2A, parts a and b, respec-
tively. Deviations were found for Gly22
(HN), for Val29 and Cys-SMe30 (both Ha),
around Trp62/Trp63 (R61 (Ha); W62,
W63, and C64 (HN)), and around Trp108/
Trp111 (V109, R112 (Ha); W111, N113,
and R114 (HN); (V= valine, R= arginine).
The degree of helicity was estimated by a
comparison of the measured Ca chemical
shifts[23] with those values expected for the
random coil[19] and those derived statisti-
cally for a-helices.[24] High induced helicity
was found for residues 8–12 and around
Trp108/Trp111. A mean degree of helicity

of 12.3% was calculated (Figure 2A, part c). This value is in
excellent agreement with a global value of 14.4% derived
from circular dichroism (CD) spectroscopy measurements
(Figure 2A, part d).

The effect of the replacement of a single amino acid,
namely Trp62 in W62G and W62Y in cluster 3, and the
mutations A9G, W111G, and W123G, on the Ha chemical
shift is shown in Figure 2, B and C, respectively. The data are
presented as correlations between the chemical shift values of
Ha atoms in the single point mutants with those in WT-SMe.
The Ha atoms of the conservative mutations W62Y and A9G

Figure 1. a) Distribution of hydrophobicity in lysozyme: normalized values (0–1) of hydro-
phobicity according to the scheme of Abraham and Leo;[32] Gaussian least-squares fitting of
hydrophobic clusters is shown as a black line, and the clusters are numbered 1–6. b) Posi-
tions of Ala9 (A9) and tryptophans (W) in the native state: the crystal structure of lysozyme
(deposited in the Protein Data Bank (193L) [14]) shown is colored according to the hydropho-
bicity values that were obtained from the Gaussian fit (red: nonhydrophobic (0–0.46); blue:
hydrophobic (0.52–1); for comparison: glycine=0.49).

Figure 2. Residual secondary structure in unfolded lysozyme. A) Normalized values of the differences between the chemical shifts of a) HN and
b) Ha centers in WT-SMe relative to those in the random coil (Dd = dexp�drc).[6] Residues for which chemical shifts could not be determined are
indicated by an asterisk. c) The percentage of residual helicity (% hel) in WT-SMe are shown as black (positive) and red (negative) vertical bars as
a function of the number of residues. A mean value of the induced positive helicity of 12.3% is indicated by the horizontal line. d) CD spectrum
of WT-SMe ([q]/degcm2mol�1); a helicity of 14.4% was estimated by using the approach of Rohl and Baldwin.[36] Correlation between the chemical
shift values of Ha in B) W62G-SMe and W62Y-SMe, and C) A9G-SMe, W111G-SMe, and W123G-SMe in WT-SMe with those of the wild-type (WT) pro-
tein; strongly deviating residues are indicated (black) as well as the mutated amino acids (red).
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display chemical shift values that are virtually identical
to those of the WT. The largest deviations in these
correlations were found for W62G, which has longer-
range effects in particular on R112 and I88 (I= iso-
leucine), which are distant from the point of mutation
at position W62. W111G and W123G show predom-
inantly local deviations, including the mutation site
and immediate neighbors in the sequence. However,
overall, the deviations of the chemical shifts of the
protons from the mutants relative to those of the WT
proteins are small for all mutants, even for the regions
around the chosen mutation sites which have correla-
tion coefficients that range between 0.996 (A9G) and
0.849 (W62G). We conclude that local regions of
residual secondary structure are not disturbed by the
mutations.

Because non-native states of proteins are the
“averages” of interconverting fluctuating conforma-
tions, a single set of tertiary contacts in the unfolded
state cannot be determined. However, averaged
restrictions in conformational space were measured
by the 15N NMR spectroscopic transverse relaxation
rates (R2) and the diffusion-derived hydrodynamic
radius (Rh). Rh is determined by the diffusion of the
polypeptide chain and is therefore averaged over the
ensemble of conformers. R2 relaxation rates depend on
the anisotropic rotational correlation time (tc) and are
sensitive to motions of the backbone on the subnano-
second timescale and also to slow conformational
exchange on the millisecond timescale.[25–27] Previously,
by comparison of R2 and R11, we showed that the effect
of slow conformational exchange on R2 rates in WT-
SMe is negligible.[6] In the fully unfolded state of a
protein, the internal motions can be described as
arising from segmental motions, and the profile of
relaxation rates for the random coil Rrc

2 can be
predicted from polymer theory,[28] which is independent of
the molecular weight. In compact unfolded states, the
interactions of some segments lead to deviations from
random-coil behavior. Therefore, the extent of deviation
from the random-coil model can be used to delineate long-
range, tertiary interactions.[6,10]

Figure 3 shows the heteronuclear 15N transverse relaxa-
tion rates (Rexp

2 ) of WT-SMe and the mutants that were studied.
For comparison, the rates that were determined previously[10]

for WT-SMe and W62G-SMe are also reproduced. Increased
relaxation rates in WT-SMe coincide with the six hydrophobic
clusters and the positions of residual secondary structure,
which were identified from measurements of the chemical
shift values. Replacement of Trp62 by glycine essentially
abolishes not only its own cluster 3 (Figure 3b), but also
clusters 1–4 and diminishes clusters 5 and 6.[10] Long-range
interactions between Trp62 and the other hydrophobic
clusters of lysozyme therefore must be present and stabilized
by the tryptophan moiety. To test if this property of Trp62 is
unique to tryptophan or whether it may be more generally
attributable to aromatic amino acids, the effect of replacing
Trp62 by tyrosine on the relaxation behavior of unfolded
lysozyme was studied (see Figure 3c). The W62Y mutation

has a very minor effect on the relaxation properties ofWT-SMe

relative to W62G-SME. This result suggests that aromatic
residues play an important role in the stabilization of long-
range interactions in unfolded states of lysozyme. A9G-SMe

displays even more similar properties to WT-SMe, and there is
not even an effect on its own cluster, cluster 1. The size and
the position of the hydrophobic clusters remain virtually
identical which indicates that Ala9 is not important in the
stabilization of the hydrophobic core.

In contrast, the replacement of tryptophan residues at
positions 111 and 123 led to significant results. Upon replace-
ment of Trp111 (cluster 5) by glycine, the cluster in which the
mutation is located, namely cluster 5, disappeared entirely
and cluster 6 also decreased significantly in intensity. A loss in
the intensity of cluster 2 (surrounding Trp28) was observed as
well as a very small decrease in the intensity of cluster 3
(surrounding Trp62 and Trp63). Similarly, when Trp123 at the
C terminus (cluster 6) was changed to glycine, the cluster
around the mutation site essentially disappeared, and the
intensities of clusters 2, 3, and 5 were lessened. The effect of
the replacement in W123G is less significant than that of
W111G, as seen by the complete loss of cluster 5 in W111G-
SMe but not in W123G-SMe. The largest changes in the

Figure 3. Residual tertiary interactions in unfolded lysozyme (hydrophobic clus-
ters are indicated by numbers 1—6). a–f) 15N R2 relaxation rates in WT-SMe

and W62G-SMe, W62Y-SMe, A9G-SMe, W111G-SMe, and W123G-SMe, respectively.
The experimental rates are shown as scatter plots, whereas the rates fitted by a
segmental motion model and expected for a random coil with Rrc

2 (Rint=0.2 s�1

and l0=7) are shown as dashed lines; black lines show the Gaussian fits for
WT-SMe (a, c, and d), W111G-SMe (e), and W123G-SMe (f). Deviations of R2

relaxation rates of the mutants from relaxation rates of WT-SMe (DR2=R2(mu-
tant-SMe)�R2(WT-SMe)) were averaged over 7 residues and are shown as bars.
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distribution of R2 relative to WT-SMe were observed with
W62G-SMe.

The decrease in the R2 values upon single point mutations
indicates that changes in the conformational ensembles of
lysozyme occurred. Thus, it is predicted that those point
mutations which cause a change in relaxation profiles can also
cause a change in the compactness of the average unfolded
state. A loss of conformational restriction in one or more of
the hydrophobic clusters would increase the overall propen-
sity for extended states in the ensemble. This hypothesis was
tested directly by measuring the averaged hydrodynamic radii
Rh from NMR diffusion measurements of the different
reduced and methylated proteins. WT-SMe and W123G-SMe

diffuse quickly, W111G-SMe diffuses at intermediate velocity,
and W62G-SMe diffuses the slowest. Figure 4a shows the

diffusion measurements for WT-SMe and W62G-SMe. The Rh

values that were calculated from the diffusion rates (see the
Experimental Section) are 26.9� 0.6, 25.4� 1.2, 29.3� 1.3,
and 32.1� 0.6 H for WT-SMe, W123G-SMe, W111G-SMe, and
W62G-SMe, respectively (these values are concentration-
independent (40–60 mm)). All Rh values are considerably
larger (at least 25%) than the Rh value of folded lysozyme
(Rh = 20.5 H)[29] which indicates the extended nature of the
reduced and methylated states. However, the overall average
shape of the ensemble of conformers markedly varies with the
position of the single point mutations in the different
hydrophobic clusters. Whereas similar hydrodynamic radii
were measured for WT-SMe and W123G-SMe, the hydro-
dynamic radius of W111G-SMe was larger (Rh = 29.3� 1.3 H)

and that of the W62G-SMe mutant was the largest (Rh = 32.1�
0.6 H; see Figure 4b). Conformations were calculated by
unbiased molecular dynamics simulations. As one can see, the
Rh value of 32.1 H for W62G-SMe corresponds to a very
extended, almost linear conformation, which is consistent
with the essentially random-coil behavior observed for the
relaxation rates of this mutant (Figure 3b). The radii
observed for the other mutants correspond to rather compact
states with a clear presence of tertiary contacts. These states
are much closer to the native state with a Rh value of 20.5 H
than the very extended conformation that has a Rh value of
32.1 H.

The comparison between experimental NMR parameters
and those expected for a true random coil show that there are
six areas that display strong deviations from random-coil
behavior in WT-SMe. The observed hydrodynamic radius of
26.9� 0.6 H indicates that the average conformations in WT-
SMe are rather compact (Figure 4b) which supports the
presence of extensive tertiary contacts in the unfolded state.
These contacts are both nativelike and non-nativelike. Non-
native contacts between cluster 3—around Trp62 and Trp63,
which form part of the b-domain in the native structure (see
also Figure 1b)—and the clusters 1, 2, and 4, which form the
a-domain, must be present because deviations from random-
coil relaxation behavior are decreased in the W62G mutant.
Breakage of these long-range interactions results in a
dramatic increase by 12% in the measured Rh values from
WT-SMe to W62G-SMe which reflects a shift towards very
extended conformations (Figure 4b). The presence of native-
like contacts is suggested by the effect of theW123Gmutation
which simultaneously diminishes clusters 6 and 2, indicating
nativelike contacts between Trp123 and sites at or around
Trp28. The importance of native-like contacts is consolidated
by the central role of the Trp111 interactions in WT-SMe.
Disruption of the contacts between Trp111 and the cluster
that surrounds Trp28 by the W111G mutation results in a
large increase in Rh of � 9%. Tryptophan residues or
aromatic residues in general apparently play a special role
in the stabilization of contacts in compact states of unfolded
lysozyme. A comparison of the effects of replacing Trp62 with
glycine and with tyrosine shows that there are little changes in
the relaxation behavior of W62Y-SMe relative to WT-SMe, in
contrast to W62G-SMe, which shows the strongest deviations
from WT-SMe. Aromatic residues play a significant role in the
organization of nearby residues into arrangements that have
restricted motions compared to a completely unfolded poly-
peptide chain.

Point mutations induce a shift in the distribution of
conformers from compact to more-extended states to differ-
ing degrees depending on the location of the mutation with
respect to the hydrophobic clusters present. Such changes are
expected to result in differences in the rates at which folding
and misfolding events take place. Extended structures will
clearly have different propensities, for example, in the
formation of disulfide bonds. Similarly, the time that is
needed for an extended stretch of amino acids within the
protein sequence to rearrange into another extended or into a
more-compact state will be affected by the change in
compactness induced by the different mutations.

Figure 4. Changes in compactness as a result of point mutations.
a) Diffusion experiments that were used to determine the hydrody-
namic radii (Rh). The intensity of the NMR signal is shown as a func-
tion of gradient strength (g) for WT-SMe (black) and W62G-SMe (red).
The decay of the signal was fitted to a function of the form I =Ae�D g2.
Rh values were calculated from decay rates (D, see Experimental Sec-
tion). b) Randomly chosen conformations with the amino acid
sequence of lysozyme in relation to their hydrodynamic radius. Confor-
mations with increasing (experimental) Rh values are shown. The radii
of different conformations were calculated using the program Hydro-
pro.[40]
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Experimental Section
Hydrophobicity calculations were performed with the JprotscaleK tool
from the ExPAsy (Expert Protein Analysis System)[30,31] molecular
biology server (http://us.expasy.org/cgi-bin/protscale.pl) by using the
Abraham and Leo scale.[32] A window size (i.e., length of the interval
used for profile computation) of 7 was used, and the weight at the
edge of the window was set to 100%; the degrees of hydrophobicity
shown were normalized from 0–1. Centres of elevated regions were
identified by the fitting of Gaussian clusters to the data with the
program SigmaPlot.

The construction of single point mutants of hen egg-white
lysozyme, the expression and purification of 15N-labelled protein in
the yeast Pichia pastoris,[33,34] and the methylation of reduced
lysozyme[35] were performed according to reported methods.

CD spectra were recorded as described,[23] and the mean helix
content was calculated by using the approach of Rohl and Baldwin.[36]

NMR experiments were recorded at 293 K on a four-channel
Bruker DRX600 spectrometer, which was equipped with a cryo-
probe, with z-gradients. Samples of the proteins (� 60–100 mm) were
prepared in water (10% D2O, pH 2). 3D NOESY–HSQC (hetero-
nuclear single quantum coherence) experiments were recorded and
analyzed as previously reported.[6] Perturbations of the chemical
shifts of HN and Ha atoms were derived as previously described.[6]

Residual helicity is defined by the percentage of induced helicity (%
hel), which is obtained from a comparison of the Ca chemical shifts in
WT-SMe (Ca

exp) with the Ca chemical shifts in the random coil
(Ca

rc)
[19,20,23] and those derived statistically for a-helices (Ca

hel),
[24]

according to Equation (1):

% hel ¼ 100
dCa

exp�dCa
rc

dCa
hel�dCa

rc

ð1Þ

Diffusion measurements were performed using 40–60 mm protein
in D2O at pH 2 (corrected for D2O),[37] with 1,4-dioxane (200–300 mm)
as internal standard (hydrodynamic radius: 2.12 H; it has been shown
that dioxane does not interact with proteins[38]). PFG (pulse field
gradient)-NMR diffusion measurements were performed as
reported.[29,38,39] Hydrodynamic radii (Rh) were calculated from the
decay rates derived from NMR spectra by using Equation (2), in
which Ddiox and Dprot are the decay rates of dioxane and the protein,
respectively.

Rprot
h ¼ Ddiox

Dprot
Rdiox

h ð2Þ

It was reported that the aggregation of methylated lysozyme
(WT-SMe), which is in exchange with the unfolded form, is observed as
an increase in the apparent Rh for concentrations of the protein of
0.2–0.25 mm.[29] However, here, at concentrations of the protein of 40–
60 mm for each mutant, Rh remained constant, which excludes
aggregation processes. Predicted hydrodynamic radii (Figure 4)
were calculated from the structures by using the program Hydro-
pro.[40]

Transverse relaxation rates R2 were measured and analyzed as
previously reported.[6] Relaxation rates in an extended polypeptide
can be described by a simple model, which is derived from polymer
theory[28] and is referred to as the segmental motion model. The
segmental model assumes that the influence of the neighboring
residues decays exponentially as the distance (in terms of the number
of peptide bonds) from a given residue increases.[6] Therefore, R2

relaxation rates of unfolded proteins can be fitted to Equation (3), in
which Rint is the intrinsic relaxation rate, which depends also on the
temperature and viscosity of the solution, l0 is the persistence length
of the polypeptide chain (in terms of the numbers of residues), and N
is the total chain length of the polypeptide:

Rrc
2 ðiÞ ¼ Rint

XN

j¼1
e
�
ji�jj
l0 ð3Þ

Experimental R2 rates of lysozyme show that there are regions of
positive deviation from the segmental model that can be fitted by
Gaussian distributions. Thus, a model is proposed that includes two
components: the segmental motion part [Eq. (3)] and a Gaussian
term, as shown in Equation (4).

Rexp
2 ðiÞ ¼ Rint

XN

j¼1
e
�
ji�jj
l0 þ

X
cluster

Rcluster e
�

�
i�xcluster
2lcluster

�
2

ð4Þ

These Gaussian clusters are characterized by the position of the
cluster in the protein (residue number) xcluster, the width of the cluster
lcluster, and a distinct relaxation rate for each cluster Rcluster.
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Nanoporous Films

Synthesis of a Large-Scale Highly Ordered Porous
Carbon Film by Self-Assembly of Block
Copolymers**

Chengdu Liang, Kunlun Hong, Georges A. Guiochon,
Jimmy W. Mays, and Sheng Dai*

Elemental carbon materials exhibit unique electronic,
mechanical, and chemical properties that make them attrac-
tive, for example, for nanoelectronic devices,[1] strength-
enhancing materials,[2] separation media,[3–6] catalyst sup-
ports,[7] energy storage/conversion systems,[8] proximal
probes,[9] optical components.[10] Well-defined nanoporous
carbon materials are essential for a number of these

applications. Ordered porous carbon materials have previ-
ously been replicated by using colloidal crystals[10] and
presynthesized mesoporous silicas as scaffolds.[7] These meth-
odologies are extremely difficult to adapt to the fabrication of
large-scale ordered nanoporous films with controlled pore
orientations. Although numerous methods (e.g., chemical
vapor deposition,[11] ultrasonic deposition,[3a] silica template
synthesis,[3b,7] hydrothermal decomposition of carbide com-
pounds,[12] and polymer coating and pyrolysis[13]) have been
developed for the fabrication of carbon films, no ordered
nanoporous carbon films have been obtained with such
methods. Accordingly, the large-scale alignment of the
carbon nanostructural films is still a big challenge. Herein,
we demonstrate a stepwise self-assembly approach to the
preparation of large-scale, highly ordered nanoporous carbon
films. The carbon precursor molecules are spatially arranged
into well-defined nanostructures by the self-assembly of block
copolymers (BCPs). A hexagonally packed carbon-channel
array whose orientation is normal to the carbon film surface
has been successfully synthesized. Large-scale crack-free
carbon films of up to 6 cm2 can be readily fabricated on
common substrates such as silica, copper, silicon, and carbon.

The self-assembly of BCPs has proven to be a versatile
approach to the selective organization and nanoscale regu-
lation of the concentration distribution of target molecular
species for the fabrication of nanoporous materials.[14–16] The
mechanism for such organization involves hydrogen-bond-
ing,[17] ion-pairing,[18] and/or dative interactions[19] between
supramolecular assemblies of BCPs and target molecular
species. The resulting composites can give rise to various
nanostructures according to the structural and phase behav-
iors of the BCPs. The target molecular species are spatially
concentrated in selected microdomains and can eventually
serve as nanostructured catalysts,[20] spacers,[21] or precur-
sors[22] for the further fabrication of ordered nanostructures.
Highly ordered nanoporous materials, such as polymer,[22]

silica,[23,24] and organic–inorganic hybrid materials,[25,26] have
been created through polymerization in the presence of the
self-assembled BCPs.

Although BCPs contain high atomic carbon concentra-
tions, ordered nanoporous carbon films have not been
successfully fabricated through the direct pyrolysis of self-
assembled BCPs.[27] This inability is attributed to the fact that
linearly structured BCP compounds have very poor carbon
yields in carbonization reactions. Furthermore, the survival of
the nanostructures during high-temperature pyrolysis
(> 800 8C) is extremely challenging for the self-assembled
BCP structures. This deficiency is associated with the linearly
structured BCPs, which melt before carbonization reactions
occur. The cross-linking of BCPs can significantly stabilize the
self-assembled nanostructures. However, it is still difficult for
the limited cross-linkage to preserve the preorganized nano-
structures, because of the massive loss of carbon in the form of
volatile carbon-containing species during pyrolysis.

Highly cross-linked resorcinol–formaldehyde resin (RFR)
is a well-known carbonization source.[6,10] This rigid polymeric
carbon precursor can retain the preorganized structures
during pyrolysis. However, the low solubility of the highly
cross-linked RFR in solvents makes it impossible to directly
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blend RFR with BCPs for the formation of nanostructured
RFR. To overcome this limitation, we developed a stepwise
assembly approach to fabricate highly ordered nanoporous
carbon films. The essence of this methodology is to first
preorganize the resorcinol monomers into a well-ordered
nanostructured film with the assistance of polystyrene-block-
poly(4-vinylpyridine) (PS-P4VP) self-assembly and solvent-
induced structural annealing, which is followed by the in situ
polymerization of the resorcinol monomers with formalde-
hyde vapor to form ordered nanostructured RFR. Upon
carbonization, the nanostructured RFR is transformed into a
highly ordered nanoporous carbon film with the concomitant
decomposition of the PS-P4VP template to gaseous species.
Figure 1 schematically illustrates the procedure for the

fabrication of ordered porous carbon films. The synthesis
protocol involves four basic steps: 1) monomer–BCP film
casting, 2) structure refining through solvent annealing, 3)
polymerization of the carbon precursor, and 4) carbonization.

In step 1, the precursor films can be cast from a solution
containing a mixture of PS-P4VP and resorcinol onto silica,
silicon, glassy carbon, or copper, which can withstand the high
temperature required by the final carbonization step. Both
N,N’-dimethylformamide (DMF) and cyclohexanol are good
solvents for PS-P4VP and can be used to cast the precursor
films. The concentration of PS-P4VP is in the range of 0.5–
10 wt%. The final film structures are not dependent on the
casting method (dip coating or spin coating). The BCP
template used in the synthesis has equal lengths of PS and
P4VP blocks. The bulk material of this PS-P4VP copolymer
has a lamellar structure.[15] The self-assembly of the PS-P4VP/
resorcinol mixture is essentially driven by the hydrogen-
bonding interaction between resorcinol and the P4VP
block.[21,28] This strong hydrogen-bond association between
the basic P4VP blocks and the acidic resorcinol monomers
enriches the resorcinol molecules selectively in the P4VP

domain. Accordingly, the volume fraction of the P4VP
domain is significantly increased relative to that of the PS
domain, resulting in a hexagonal structure.[15,21] The PS block
in the PS-P4VP/resorcinol complex is the minor component,
which forms cylindrical microdomains in the self-assembled
film. Figure 2 compares the Fourier-transform infrared

(FTIR) spectrum of PS-P4VP and that of the PS-P4VP/
resorcinol mixture (molar ratio of pyridine groups to resorci-
nol 1:1). The characteristic stretching modes of the P4VP
block at 993, 1415, and 1597 cm�1 shift to 1007, 1419, and
1602 cm�1, respectively, for the PS-P4VP/resorcinol mixture.
These vibrational frequency shifts are consistent with a
hydrogen-bonding interaction between the pyridine groups
and the resorcinol molecules.[28]

The second step involves solvent annealing,[21,29] which is
the key to the formation of highly ordered and well-oriented
nanostructures. Russell and co-workers reported an efficient
method based on solvent annealing for refining self-assem-
bled block copolymer nanostructures.[29] The controlled
evaporation of the solvent results in highly ordered nano-
structures oriented normal to the substrate. The as-cast film is
annealed in DMF/benzene vapor at 80 8C through a slow
evaporation of the solvents over a period of 24 h, to give a
final carbon film having a highly ordered hexagonal structure
with all pores oriented perpendicular to the substrate. DMF is
a highly miscible solvent for the PS and P4VP blocks, and
both blocks have quite good mobility when the film is swollen
in DMF vapor. As a result of this mobility, the swollen PS and
P4VP blocks repel one another and tend to organize into a
well-defined structure.[29] However, the repulsion of these two
blocks is damped by DMF, which is highly miscible with both
blocks. We found that the addition of benzene vapor greatly
accelerates the self-assembly process and significantly enhan-
ces the order of the film.[29] Benzene is a good solvent only for
the PS block, so the absorbed benzene vapor is most likely
enriched in the PS block domain. Therefore, the repulsion

Figure 1. Schematic representation of the synthesis protocol used to
prepare well-defined carbon nanostructures. Step 1: film casting of PS-
P4VP/resorcinol supramolecular assembly. Step 2: completion of
microphase separation by solvent annealing at 80 8C in DMF/benzene
mixed vapor. The resorcinol is organized in the well-defined P4VP
domain. Step 3: in situ polymerization of resorcinol and formaldehyde
by exposing the film to formaldehyde gas. Highly cross-linked RFR is
formed within the P4VP domain. Step 4: pyrolysis of the polymeric film
in N2. A hexagonal carbon-channel array is formed by sacrificing the
block copolymer.

Figure 2. FTIR spectra of PS-P4VP and PS-P4VP/resorcinol mixture in
the region from 900 to 1650 cm�1. The characteristic peaks of the
pyridine ring in PS-P4PVP at 993, 1415, and 1597 cm�1 shift to 1007,
1419, and 1602 cm�1, respectively, as a result of the hydrogen-bonding
interaction with resorcinol. T = transmittance.
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between the PS and P4VP domains is enhanced by benzene.
A fast microphase separation is thus achieved in the DMF/
benzene mixed vapor.

In step 3, the solvent-annealed nanostructured film was
exposed to formaldehyde vapor to cross-link the resorcinol
molecules into a highly cross-linked phenolic resin located in
the P4VP domain. The cross-linking was carried out by vapor/
solid reactions with minimum perturbation of the self-
assembled nanostructures. The reaction rate can be readily
controlled by the vapor pressure of formaldehyde.

The final step involves the decomposition of the BCP
template to generate ordered nanopores, and the carbon-
ization of the nanostructured RFR to form the carbon pore
walls. This pyrolysis process was studied by using thermog-
ravimetric analysis (TGA) to continuously measure the mass
loss upon heating from room temperature to 800 8C under
argon at 20 8Cmin�1. Figure 3 shows the thermograms (TGs)

and the derivative thermograms (dTGs) of four samples: PS-
P4VP, PS-P4VP/resorcinol mixture, RFR, and PS-P4VP plus
RFR. The pure PS-P4VP sample starts to decompose at
328 8C and finishes at 430 8C with only negligible residue
(0.7 wt%). Both the decomposition temperature and the
reaction rate of the PS and P4VP blocks are too close to be
resolved in the TG and dTG curves. Therefore, the pyrolysis
of PS-P4VP exhibits only one peak in the dTG curve of the
pure PS-P4VP sample. The TG curve of the PS-P4VP/
resorcinol mixture has two weight-loss stages with corre-
sponding dTG peaks at 195 and 392 8C. The weight loss for the
first stage starts at 120 8C, which is only 10 8C above the
melting point of resorcinol. The first weight-loss stage ends at
284 8C with the loss of about 34 wt%. The mixture of PS-
P4VP and resorcinol has 33.87 wt% of resorcinol. Accord-
ingly, this weight loss in the TG curve indicates that all the
resorcinol molecules evaporated before the temperature

reached 284 8C. The second weight-loss stage of the PS-
P4VP/resorcinol mixture starts at 328 8C and ends at 430 8C.
This part of the weight loss is attributed to the decomposition
of the PS-P4VP copolymer. The TGA curve of the RFR
sample exhibits a continuous weight loss from 200 to 750 8C.
The carbonization yield for pyrolysis of RFR is 57.59 wt%.
The TGA curve of the PS-block-P4VP and RFR sample,
prepared by cross-linking the PS-P4VP/resorcinol mixture
using formaldehyde vapor, shows a complex pyrolysis behav-
ior. A significant weight loss was found in the range of 200 to
750 8C. Themajor weight loss occurs from 320 to 430 8C, which
is attributed to the decomposition of the PS-P4VP copolymer.
The two dTG peaks emerge in this zone, which indicates two
different types of decomposition behavior. Comparison of
these peaks with the dTG peak of the pure PS-P4VP suggests
that the RFR affects the pyrolysis of the PS-P4VP. The
decomposition of the PS domain is the least affected, as the
RFR is localized in the P4VP domain. The P4VP chain is
tangled with the RFR; as a result, the decomposition rate of
P4VP may be retarded by RFR because of the interaction
between RFR and P4VP. Therefore, the P4VP block may
decompose after the PS block. The pyrolysis of the PS-P4VP/
RFR mixture yields 22.16% carbon at 800 8C. After taking
into account the weight gain in the polymerization with
formaldehyde, the weight percentage of the RFR in the PS-
P4VP/RFR mixture rises from 33.87% (resorcinol wt% in
PS-P4VP/resorcinol mixture) to 37.34%. If one assumes that
RFR in the P4VP domain has the same carbon yields as the
pure RFR (57.59%), the PS-P4VP part only accounts for
1.05 wt% carbon in the final product. Clearly, the RFR is the
predominant carbon source of the porous carbon film and the
BCP is sacrificed as pores.

A crack-free nanoporous carbon film with thickness from
several tens of nanometers up to ~ 1 mm and size up to 6 cm2

can be obtained. The nanoporous carbon film strongly
adheres to substrates and is homogeneous in thickness. The
nanopores are oriented perpendicular to the film surface
(Figure 4a,d). An enlarged Z-contrast image of the carbon
film is shown in Figure 4b. The Fourier transform of this Z-
contrast image of the film shows a pattern of multiple
reflections, which confirms that the film has a highly ordered
hexagonal-pore array. Based on Figure 4c, the pore diameter
is 33.7� 2.5 nm and the wall thickness is 9.0� 1.1 nm. The
volume fraction of the straight channels is about 0.565 (see
Supporting Information for details). The pore diameter and
thickness can be controlled by the volume fractions of PS in
BCP and carbon-forming resin, respectively. The cross section
of the film scratched from a film substrate is shown in
Figure 4d. All straight channels are across the whole film. The
inset in the lower right-hand corner is the Fourier transform
of the high-resolution scanning electron microscopy (SEM)
image of the film cross section, which reflects parallel
periodical channels. No graphitic structure was found in the
high-resolution transmission electron microscopy (HRTEM)
mode, which suggests that the wall is amorphous carbon.
Wide-angle X-ray diffraction (WAXD) shows broad peaks at
23.6, 43.76, and 80.248, which are characteristic of amorphous
carbon. The Raman spectrum shows a broad D band at
1333 cm�1, which overlaps with the G band at 1600 cm�1. Such

Figure 3. TGA and dTG curves for PS-block-P4VP (black), PS-block-
P4VP/resorcinol mixture (molar ratio of pyridine groups to resorcinol
1:1) (green), resorcinol–formaldehyde resin (RFR) (blue), and PS-block-
P4VP plus RFR (red). The top and right-hand axes are the temperature
and wt% for the thermogram (TG). The left-hand and bottom axes
show the weight loss rate and time for the derivative thermogram
(dTG).
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a broad D band is reminiscent of the glassy carbon texture.
The HRTEM image, WAXD pattern, and Raman spectrum
are included in the Supporting Information.

In conclusion, a facile methodology based on stepwise
self-assembly has been successfully developed to prepare
highly ordered and well-oriented mesoporous carbon films
through carbonization of a nanostructured phenolic resin and
BCP composite. The BCPs play two important roles in the
synthesis: 1) directing the formation of the phenolic resin
nanostructure and 2) serving as templates for nanopores. The
orientation of the ordered carbon nanopores was successfully
aligned normal to the substrates using a solvent annealing
process. The unique structural feature of this oriented nano-
porous carbon film highlights opportunities in areas such as
separation membranes, chemical sensors, and catalysts.

Experimental Section
PS-P4VP (0.1 g)—with number average molecular masses (Mn) of
11800 gmol�1 for PS and 11500 gmol�1 for P4VP, andMw/Mn of 1.04
for both blocks—and resorcinol (0.0512 g) were dissolved in DMF
(2 g). This solution was heated at 100 8C for 4 h to ensure the
formation of hydrogen bonds. After cooling to room temperature, a
drop of solution was cast into a film on a silica plate by spin coating at
1000 rpm for 2 min. The film was dried in a hood, then placed in a
preheated chamber at 80 8C along with two small vials which
contained DMF and benzene. The film was kept in the sealed
chamber for 24 h to allow the completion of microphase separation by

a slow evaporation of the solvents. The microphase-
separated film was sequentially cured by exposure to
formaldehyde gas at 100 8C for 4 h. The cured film
was finally carbonized in nitrogen using a temper-
ature ramp of 1 8Cmin�1 to 800 8C.
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Peptidomimetics

Coupled Hydrogen-Bonding Networks in
Polyhydroxylated Peptides**

Peter Tremmel and Armin Geyer*

In memory of Murray Goodman

The active sites of proteins contain networks of hydrogen
bonds which are functionally coupled to perform the enzyme
function.[1] The side chains of short peptides cannot align in
comparable microenvironments because they are too flexible
to form more than transient hydrogen bonds. Dipeptides
which are highly decorated with ring-constrained hydrogen-
bond donors and acceptors can be assembled to oligocyclic
peptidomimetics which are then confined to only a few modes
of flexibility. Two such peptides are presented herein which
have stable hydrogen-bonding networks involving several
side-chain hydroxy groups and backbone amide groups. The
side-chain hydroxy groups are pushed against each other to
cooperatively align in a chain of hydrogen bonds bridging two
backbone amide groups which are 7 ! apart. The inversion of
the chirality of a single amino acid results in a flip of the entire
hydrogen-bonding network with an exchange of proton donor
and acceptor groups. Both peptides are characterized by
crystal structures and by NMR spectroscopy. The conforma-
tional homogeneity and the existence of a hydrogen-bonding
network in solution is corroborated by the dispersion of NMR
spectroscopic data.

The synthesis of the bicyclic dipeptide (Bic) starting from
d-glucurono-3,6-lactone was described recently.[2] C-terminal
coupling with l-Phe, d-Phe, or Gly yielded three tripeptides
which were coupled to hexapeptides and finally cyclized to
either 1 or 2.

In a first approximation, cyclic hexapeptides can be
regarded as the antiparallel combination of two b turns
(Figure 1a) or two tripeptides (Figure 1b).[3] This differentia-

tion makes sense when asking for the preferred positions of
bicyclic dipeptides in a cyclic hexapeptide. The dipeptide can
end up either in the central positions of the b turn as
traditionally proposed for so-called b-turn mimics[4] or in
the long side of the antiparallel mini b sheet. Crystal
structures of the b-turn dipeptide (BTD)[4b] or of analogues[5c]

are known but no crystal structures of unprotected oligopep-
tides containing bicyclic dipeptides are published to date. The
concept of b-turn mimics was challenged by detailed exper-
imental analyses[5] and modeling studies[6] and therefore the
more general label bicyclic dipeptide mimetics is used herein.
Oligomers of Bic assume an extended polyproline-II-helical
structure[2c] indicating that Bic will prefer the long side of a
cyclic hexapeptide (Figure 1b) irrespective of the chiralities
of the other amino acids.

The crystals of cyclopeptides 1 and of 2 show an overall
C2-symmetric rectangular backbone structure with Bic occu-
pying the i to i+ 1 positions of bI and bII turns, respectively
(Figure 2).[7] Thus, 1 and 2 fit the general structure of
Figure 1b. In peptide 1, d-Phe is found in the i+ 2 position
of bII turn and Gly in the i+ 2 position of a bI turn. Although
only one out of 13 stereocenters was changed in peptide 2, a
mirrored backbone structure is observed with l-Phe occupy-
ing the i+ 2 position of a bI turn while Gly is found in the i+ 2
position of bII turn. Four side chain hydroxy groups (7-OH
and 9-OH of BicA and BicB) are in close contact in each
cyclopeptide. They are aligned in a zipperlike fashion forming
a chain of hydrogen bonds connecting the two central amide
bonds of the b turns. The inversion of the chirality of the Phe

Figure 1. Schematic representations of two possible conformations of
C2-symmetric cyclic hexapeptides with arrows indicating antiparallel
hydrogen bonds of the central mini b sheet. The 7,5-bicyclic dipeptide
mimetics can occupy the central i +1 and i +2 positions of the
b turns (a) or occupy the i and i +1 positions (b).
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residue is accompanied by an 1808 flip of the neighboring
amide bond between BicA and l-Phe. As a consequence, the
two cyclopeptides exhibit a reversed hydrogen-bonding net-
work with exchanged donor and acceptor groups. Several
water molecules and many intermolecular hydrogen bonds
are found in both crystals.[7] To separate potential influences
of the crystal environment on the peptide conformations, 1
and 2 were investigated in isotropic solution, too.

In both peptides, the two hydrogen bonds spanning the
antiparallel mini b sheet (BicA-6NH–BicB-5CO and BicB-
6NH–BicA-5CO) are protected from chemical exchange and
therefore no cross-peaks between the two NH protons and
the water signal are detectable in the expansion from the
ROESY spectrum of 1 (Figure 3).[8] All residual protons are
accessible to water. The mini b sheet is retained in the organic
solvent [D6]DMSO, as shown by the temperature dependence
of the 1H NMR spectroscopy chemical shifts (Dd/DT) of the
amide protons. They are close to zero for the amide protons
involved in hydrogen bonds 1BicA-6NH (+ 0.2 ppb/K),

1BicB-NH (�1.3 ppb/K), 1Gly-NH (�0.6 ppb/K), 2BicA-
6NH (�1.0 ppb/K), 2BicB-NH (�0.1 ppb/K), and 2Phe-NH
(�0.5 ppb/K). They are significantly larger for the residual
amide protons 1Phe-NH (�5.7 ppb/K) and 2Gly-NH
(�4.1 ppb/K). Similar to the crystal structures, the exchange
of the i+ 2 amino acid d-Phe against l-Phe is accompanied by
a 1808 flip of the amide bond preceding this amino acid.
Rotating-frame NOEs and 3J coupling constants unequivo-
cally identify the main backbone conformations of 1 and of 2
which match the crystal structures. Even the preferred side-
chain rotamers of l-Phe and d-Phe in solution are the same as
in the crystals, as determined from the 3JHa,Hb coupling
constants. Hydrophobic stacking between the aromatic side
chain and the neighboring thiaproline ring may contribute to
stabilize the observed rotamers.

The organic solvent [D6]DMSO slows down chemical
exchange and therefore the 1H NMR spectroscopy resonance
signals of the hydroxy protons are better resolved than in
water. As a consequence, even 4J couplings become observ-
able for 1: 4J7-OH,6-CH = 1.4 Hz in BicA and 4J9-OH,9a-CH = 1.0 Hz
in BicB. 4JH,H long-range couplings are immediately lost upon
deviation from the fixed W-arrangement of the four atoms
involved and therefore 4JH,H long-range couplings can be
regarded as another indicator of conformational homogene-
ity. The dH chemical shifts, the 3J coupling constants, the
rotating-frame NOEs, the temperature gradients (DdH/DT) of
the 7-OH, 9-OH, and NH protons distinguish the network of
hydrogen bonds of 1 from that of 2. Differences between
crystal structure and solution structure are detected for the 9-
OH moiety of BicA in 1 which forms an intermolecular
hydrogen bond in the crystal but finds a different proton
acceptor in solution. The 3J9-CH,OH coupling constant of
12.4 Hz identifies the inward orientation of BicA 9-OH
towards the central carbonyl group of the bII turn. This type
of hydrogen bond has been observed in the linear oligomers
of Bic.[2c] Two views of 1 from opposite directions showing all
relevant hydrogen-bonding contacts are given in Figure 4.
Clearly, all four 7-OH and 9-OH hydroxy groups and two
amides are linked by hydrogen bonds and polar contacts in
solution. The solution structure of 2 resembles its crystal
structure with BicB 7-OH group donating a proton to the
carbonyl of the bII-turn and BicA 7-OH accepting a proton
from the NH of the bI-turn. Conformational averaging can be
excluded for both cyclic hexapeptides in water and in
[D6]DMSO solution, too. Diastereomers 1 and 2 differ in
only a single stereocenter but exhibit remarkably stable and
significantly different conformations. The overall C2 symme-
try of the cyclic hexapeptides 1 and 2 is broken by the benzyl
side chains of the phenylalanines, a minor disturbance which
locks the overall conformations through the alignment of all
amide and OH groups except for the 8-OH groups which are
directed outwards (Figure 2; the numbering of the OH groups
corresponds to the numbering of the carbon atoms to which
they are bound, see the formula of Bic).

In conclusion, the crystal structures of bicyclic dipeptide
analogues within unprotected oligopeptides are described for
the first time. The bicyclic dipeptides can occupy the i to i+ 1
position of either bI or bII turns. The rigidified amino acids
derived from sugars are able to form stable hydrogen-bonding

Figure 2. Crystal structures of peptides 1 (left) and 2 (right). Green
arrows indicate the chains of intramolecular hydrogen bonds connect-
ing the central amide bonds of the two b turns (red O, blue N, yel-
low S).[7,9]

Figure 3. ROESY spectrum (watergate, 600 MHz, 300 K, H2O/D2O,
10:1). Expansion of the NH region. All the protons of the hydrogen-
bonding network are exchange broadened at room temperature. Both
6NH protons are protected from chemical exchange and therefore no
cross-peaks with the solvent signal are observed. d-PheNH and Gly-
NH are solvent accessible and show intense cross-signals with water
together with chemical exchange broadening.
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networks which can transfer structural information along a
chain of ambident proton donors and acceptors over several
!. Extended and functionally coupled hydrogen-bonding
networks which can switch between different states play an
important role in proteins. The structural diversity of
secondary hydroxy groups is characterized by the dispersion
of NMR parameters.
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Proton Transfer

Asymmetric Double Proton Transfer of Excited
1:1 7-Azaindole/Alcohol Complexes with
Anomalously Large and Temperature-
Independent Kinetic Isotope Effects**

Oh-Hoon Kwon, Young-Shin Lee, Han Jung Park,
Yongho Kim, and Du-Jeon Jang*

Proton transfer has been attracting considerable attention
because it plays a key role in a wide variety of biological and
chemical processes.[1–4] Since the discovery of the double-helix
structure of DNA by Watson and Crick in 1953, it has been
suggested that the tautomerization of DNA base pairs causes
inappropriate pairing of bases to result in point mutations.
Photo-induced proton transfers are often considered to be
useful for understanding the causes of mutagenesis in DNA
replication. Thus, proton transfers in the dimers of 7-
azaindole (7AI), structurally similar to H-bonded DNA
base pairs, have been studied extensively.[5] 7AI is a chromo-
phoric moiety of 7-azatryptophan, a novel in situ optical
probe for the structures and dynamics of proteins.[6] Metal–
7AI complexes are reported to have potential applications in
electroluminescent devices.[7] A number of researchers have
shed light on the excited-state double proton transfer
(ESDPT) of 7AI, catalyzed by the H-bonded counterpart of
a protic solvent molecule or a 7AI molecule in a dimer.[4–6,8–13]

The mechanism of solvent involvement in the excited-
state tautomerization of 7AI in water and alcohols has
attracted considerable attention.[4,6, 9–12] In particular, the two-
step model described in Scheme 1 has been discussed
widely.[9–11] The first step is solvent reorganization (kr) about
the normal (N) 7AI molecule to form a cyclic H-bonded 1:1
7AI/solvent complex (Nb), and the second step is intrinsic

proton transfer (kpt) relayed by the complexed protic solvent
molecule to give the tautomer (T). Intrinsic proton transfer is
often presumed to be very fast and governed by tunnel-
ing.[9c,10] In one limit, solvent reorganization is the rate-
limiting step such that the observed rate constant becomes kr.
In the opposite limit when equilibrium (kr/k�r) between
solvent reorganization and solvent randomization (k�r) is
rapid relative to kpt, the observed rate constant is independent
of solvent dynamics and is expressed as (kr/k�r)kpt.

[10] In water
and alcohols 7AI has been proposed to undergo ESDPT
following the latter scenario.[9–11] Although 7AI/water com-
plexes formed in aprotic solvents have been suggested to
undergo ESDPT as well,[13a] the intrinsic proton-transfer
dynamics of Nb has been rarely studied experimentally and
is not well understood.[12]

Since the unusual catalytic activity of 2-pyridinone in
epimerization reactions was found in 1952 by Swain and
Brown,[14] concerted and stepwise motions of protons have
been long-standing subjects. Schowen[4] reviewed this issue to
assert that double proton transfer obeys Jencks=s principle: if
an intermediate along a stepwise route has a very high-energy
structure, a transition state with a lower energy can exist for a
concerted reaction to occur. The tautomerization of photo-
excited 7AI dimers is reported to take place in a stepwise
manner in which the zwitterionic intermediate is stabilized by
charge delocalization in aromatic rings.[5b,c] On the other
hand, the ESDPT of 7AI in neat water and alcohols was
proposed to proceed in a concerted manner.[16] However,
because the ESDPT rates of 7AI in neat protic solvents were
revealed later to rely on thermodynamic solvation proper-
ties,[9–11] the harmony and the dissonance of proton motions in
Nb deserve revisiting. In this paper, we present the dynamics
and the nature of ESDPT initiated by the direct excitation of
cyclically H-bonded 1:1 7AI/alcohol complexes at the ground
state.

Figure 1 shows that the lowest absorption band of 7AI in
n-heptane shifts to the red and grows at 310 nm with an
increase in the concentration of methanol. The spectral
changes imply that 7AI molecules associate with methanol
molecules by H-bonding to produce complexes in the non-
polar solvent.[13] The linear Benesi–Hildebrandt plot of the

Scheme 1. The widely discussed ESDPTmechanism of 7AI in alcohols
(ROH) and water. In this study Nb is directly photo-generated from
the ground state.

Figure 1. Absorption and emission (lexc=288 nm) spectra of 7AI
(1.6)10�5m) in n-heptane having methanol concentrations of 0
(black), 8.2 (red), 33 (green), and 260 mm (blue). Inset: the Benesi–
Hildebrandt plot (labs=310 nm) yields 50m�1 for the association con-
stant of 7AI with methanol to form Nb at 19 8C.

[*] Dr. O.-H. Kwon, Y.-S. Lee, H. J. Park, Prof. D.-J. Jang
School of Chemistry, Seoul National University
NS60, Seoul 151-742 (Korea)
Fax: (+82)2-889-1568
E-mail: djjang@plaza.snu.ac.kr

Prof. Y. Kim
Department of Chemistry, Kyung Hee University
Yongin, Kyunggi 449-701 (Korea)

[**] This work was supported by the Strategic National R&D Program
(M1-0214-00-0108). O.H.K. and Y.K. received support from the
Brain Korea 21 Program and the Korea Research Foundation (grant
2002-070-C00048), respectively.

Communications

5792 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200461102 Angew. Chem. Int. Ed. 2004, 43, 5792 –5796



inset in Figure 1 indicates that 7AI and methanol molecules
form 1:1 complexes in n-heptane with an association constant
(Ka) of 50m

�1.[5a] Compared with the Ka values of 7AI dimers
(2.2 A 103m�1) and 1:1 7AI/acetic acid complexes (1.8 A
104m�1) in nonpolar media,[13b] the Ka of 7AI/methanol
complexes is quite small, implying that the hydrogen bonds
of the complexes at the ground state are not strong owing to
the relatively weaker H-bonding ability of methanol. The
structures of ground-state H-bonded complexes with single
methanol molecules in nonpolar solvents have been simulated
to predict that Nb is a cyclic 1:1 complex having reasonably
loose hydrogen bonds, especially between the pyridinic
nitrogen of 7AI and the protic hydrogen of methanol
(N···H�O).[9c,11]

Only the UV emission at 315 nm from N monomers
appears in the absence of methanol. However, with methanol
addition, the UV fluorescence shifts to 350 nm and decreases
with the concomitantly growing fluorescence at 500 nm from
T.[5a, 13] Thus, we attribute the UV emission at 350 nm to H-
bonded 1:1 complexes. The excitation spectrum of 7AI in n-
heptane with 260-mm methanol, monitored at 500 nm, is
spectrally identical with its lowest absorption band, indicating
that both fluorescence bands at 350 and 500 nm originate
from the same ground-state species. Therefore, we can infer
that excited-state T molecules are generated by means of
ESDPT from the 1:1 complexes of Nb.

The fluorescence at 350 nm of 7AI in n-heptane with 67-
mm methanol[17] shows a biexponential decay profile com-
posed of 88 (76%) and 450 ps (24%), while the fluorescence
at 550 nm rises within 88 ps and decays in 1560 ps (Figure 2).

The rise time is identical with the fast-decay time at 350 nm,
indicating that kpt is (88 ps)�1.[18] Quite intriguing is that the kpt

of 1:1 complexes isolated in the nonpolar solvent is not as
large as the expected values of � (5 ps)�1.[9c,10] The slow-decay
time at 350 nm is assigned to the fluorescence lifetime of
noncomplexed 7AI.[17]

The ESDPT process of Nb occurs by the concerted relay
of the two hydrogens through a single transition state or by
the stepwise transfer of the two protons by forming a charged

cationic or anionic intermediate. Proton-inventory experi-
ments for the rates of ESDPT by varying the deuteration
degree of protic hydrogen atoms in 1:1 7AI/alcohol com-
plexes can give a clue to this issue.[16] We consider that four
possibly different cyclic complexes of 1H···N7N1�1H,
1H···N7N1�2H, 2H···N7N1�1H, and 2H···N7N1�2H in isotopically
mixed systems have the intrinsic rate constants of kpt (

1H1H),
kpt (

1H2H), kpt (
2H1H), and kpt (

2H2H), respectively. If XD =

[protic 2H]/([protic 1H] + [protic 2H]), then we can deduce
Equations (1) and (2).

d½1H � � �N7�=dt ¼ �fð1�XDÞkptð1H1HÞ þXDkptð1H2HÞg½1H � � �N7�
ð1Þ

d½2H � � �N7�=dt ¼ �fð1�XDÞkptð2H1HÞ þXDkptð2H2HÞg½2H � � �N7�
ð2Þ

Because the isotope exchange of hydrogen is much slower
than ESDPT, we expect that the fluorescence of T changes
with time following Equation (3).

TðtÞ ¼ f1�A1 expð�kf tÞ�A2 expð�ks tÞgexpð�t=tdÞ ð3Þ

While the composition of protic-hydrogen isotopes gives
the ratio of A1/A2, the fitted parameters of kf and ks consist of
rate constants as described by Equations (4) and (5), respec-
tively.

kf ¼ kptð1H1HÞ þ fkptð1H2HÞ�kptð1H1HÞgXD ð4Þ

ks ¼ kptð2H1HÞ þ fkptð2H2HÞ�kptð2H1HÞgXD ð5Þ

Finally, kpt(
1H1H), kpt(

1H2H), kpt(
2H1H), and kpt(

2H2H) can
be extracted from the plots of kf and ks with variation ofXD to
be (93 ps)�1, (196 ps)�1, (700 ps)�1, and (1200 ps)�1, respec-
tively (Figure 3). To assert the concerted mechanism of
ESDPT, it is necessary to show that kpt(

1H2H)= kpt(
2H1H)

and that {kpt(
1H2H)}2 =kpt(

1H1H)kpt(
2H2H).[4,16] However, our

data suggest that two hydrogens move in succession. We also
infer that one of the two steps, presumably the first step, is
rate-limiting, as suggested from the kinetically insignificant
formation of cationic or anionic intermediate species (vide
infra).

In a nonpolar medium 1:1 7AI/methanol complexes are
theoretically shown to possess weakly H-bonded structures,
the substantial fraction of which have the H-bond length of
N···H�O longer than the nominal H-bond length of 2.5 I.[9c,11]

However, 1:1 7AI/acetic acid complexes undergo very facile
ESDPT through short and strong hydrogen bonds.[13c] Thus,
we have also obtained kpt and kinetic isotope effect (KIE)
values with diverse alcohols having different values of
Kamlet–Taft acidity (a) and basicity (b).[19, 20] The magnitudes
of a and b provide explicit measures for the respective
donating and the accepting abilities of the hydrogen bonds. It
is evident from Table 1 that kpt tends to decrease, whereas
KIE tends to increase with an increase in a. Even for the
complexes with alcohols having b = 0, ESDPT is very facile
and the rate increases profoundly with an increase in a. Thus,
the acidity of an alcohol is inferred to control the energetics of

Figure 2. Fluorescence kinetic profiles of 7AI (1.6)10�5m) in n-hep-
tane with CH3O

1H (red circles) and CH3O
2H (blue squares) of 67 mm.

Samples were excited at 288 nm and kinetic profiles were measured
with instrumental response functions (IRF) of 25 ps at 550 nm. The
lines fitting the circles and the squares were simulated with the rise
time of 88 ps followed by the decay time of 1560 ps and the rise time
of 1280 ps followed by the decay time of 1900 ps, respectively.
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ESDPT. The less acidic alcohol makes ESDPT less exoergic,
that is, energetically more symmetric, reducing the overall
rate but enhancing the relative contribution of tunneling in
the reaction. This suggests that the H-bond donating ability of
alcohol in the coordinate of N···H�Oplays the key role for the
dynamics of ESDPT. Keeping in mind that the decay time of
Nb and the rise time of T coincide and that kpt is dependent on
the acidity of alcohol, we propose that the tautomerization of
7AI is initially triggered by the transfer of a proton from the
alcohol molecule to the pyridinic nitrogen (N7) of 7AI,
forming a cationic 7AI intermediate species, and completed
by rapid proton transfer from the pyrrolic nitrogen (N1) of
the intermediate to the transient alkoxide moiety. The
intermediate complexes are unstable enough to be kinetically
insignificant because both the alkoxide moiety and the 7AI
cation are energetically unfavorable. Note that our results are
consistent with the suggestion that cyclic H-bonded 1:2 7-

hydroxyquinoline/alcohol complexes undergo excited-state
tautomerization in a stepwise manner.[21] Thus, we infer that
the observed kinetic results of ESDPT originate mainly from
single-proton transfer in the O�H···N7 of Nb.

The kinetic isotope effect (KIE) of kpt, kpt(
1H1H)/

kpt(
2H2H), for a 1:1 7AI/methanol complex is observed to be

as great as 14.5 at 19 8C (Figure 2). The large KIE and the
small kpt of ESDPT imply the existence of an appreciably high
barrier and the importance of tunneling through hydrogen
bonds. The Arrhenius plots of kpt in Figure 4 clearly show that

not only kpt but also KIE is independent of temperature
within our experimental errors. This suggests that tunneling is
operative certainly in the ESDPT of 7AI.[22,23] These types of
temperature-independent Arrhenius plots have been
reported in the enzymatic proton transfer of lipoxygenase.[24]

Temperature-independent KIEs have also been observed in
the proton transfers of thermophilic alcohol dehydrogenase[25]

and solid-state porphyrin at low temperature.[26] Temper-
ature-independent and large KIEs in enzymes have been
explained with a model employing vibrationally enhanced
proton tunneling[27] originally suggested by Dogonadze
et al.[28, 29] When the tunneling contribution is large, the ratio
of the Arrhenius preexponential factors, A(1H)/A(2H), is
much less than unity in general. However, if tunneling
becomes large enough to be equally effective for both 1H
and 2H, then the ratio becomes much greater than unity. We
have found A(1H)/A(2H) to be 37 from Figure 4, which
suggests that the ESDPT of 7AI/methanol complexes takes
place with extensive tunneling contribution (vide infra).

The intrinsic double proton transfer, which is governed
mostly by tunneling, requires optimized angles and proper H-
bond lengths in addition to a cyclic H-bonded structure. The
formation of such a precursor configuration for tunneling
from the 1:1 7AI/alcohol complex of Nb is not sensitive to
isotope effects and consists mostly of heavy-atom motions
with a little reorganization energy. The precursor-configura-
tion optimization and the intrinsic tunneling are in two
orthogonal reaction coordinates of the potential hypersur-
face, and solvent fluctuations play a crucial role in the
formation of such a pretunneling configuration. In the regime
that only the motions of hydrogen including tunneling limit
the rate, KIE is predicted to be neither dependent on solvent
viscosity nor equal to unity. Alternatively, when heavy-atom
reorganization assists quantum tunneling, KIE depends on

Figure 3. Plots of a) kf and b) ks with variation of XD for 7AI
(1.6)10�5m) in n-heptane with 67 mm of methanol consisting of
CH3O

1H and CH3O
2H, where kf and ks are the fast and the slow com-

ponents of kpt, respectively, and XD is [protic
2H]/([protic 1H] + [protic

2H]). The obtained values of kpt(
1H1H), kpt(

1H2H), kpt(
2H1H), and

kpt(
2H2H) are (93 ps)�1, (196 ps)�1, (700 ps)�1, and (1200 ps)�1, respec-

tively.

Table 1: Alcohol-dependent variation of kpt and KIE.[a]

Alcohol a b kpt [ps
�1] KIE

1,1,1,2,2,2-hexafluoroisopropyl alcohol 1.96 0 �6�1 [b]

2,2,2-trifluoroethanol 1.51 0 62�1 5.8
methanol 0.93 0.62 88�1 14.5
ethanol 0.83 0.77 95�1 15.3
2-propanol 0.76 0.95 108�1 17.6
tert-butanol 0.68 1.01 114�1 20.2

[a] Alcohol concentrations and experimental conditions are described in
Figure 2, and the values of a and b are taken from ref. [19]. The a and b

values measured from bulk alcohols are given here because those from
monomeric alcohols, showing similar trends, are not available for all the
alcohols employed.[20] The average deviations of kpt and KIE are �5%
and �10%, respectively. [b] Not measurable due to our limited IRF.

Figure 4. Arrhenius plots for the kpt of 7AI (1.6)10
�5
m) in n-heptane

having CH3O
1H (circles) and CH3O

2H (squares) of 67 mm.
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viscosity. The heavy-atom reorganization that is required to
reach the optimal pretunneling configuration becomes slow as
viscosity increases. Thus, the tunneling contribution is
reduced and KIE tends to be small with increased viscosity.[30]

Table 2 shows that both kpt and KIE tend to decrease as

solvent viscosity increases. These trends suggest that the rate
of the overall proton-transfer reaction is affected by the
configuration-optimization rate of Nb more at higher viscos-
ity. If the motions of hydrogen limit the rate, KIE increases in
general as kpt becomes smaller. However, our results are
opposite to this, supporting the idea that solvent fluctuations
assist tunneling in the ESDPT of Nb.

Tunneling in our systems is conceptually identical to the
vibrationally assisted tunneling suggested in enzymatic reac-
tions.[25, 27–29] The solvent fluctuations replace the low-fre-
quency protein motions. Furthermore, the picture of the
proton transfer in Nb is in line with that of 7AI dimers in
which the heavy-atom motions of N···N coupled to N�H
vibrations are crucial for tunneling.[5b,c] Also in accord with
our picture is the acid–base reactions of 1-naphthol/ammonia
clusters, which are strongly correlated to acid–base vibra-
tional couplings assisted by solvent fluctuations.[32] It should
be pointed out that proton transfer in the tautomerization of a
1:1 7AI/water complex has not been reported in the gas phase
although it is observed in condensed phases.[13a, 33,34] This
discrepancy hints at the role of solvent fluctuations on the
tautomerization of a 7AI monomer assisted by a protic guest
molecule.

The ESDPT of a 1:1 7AI/alcohol complex in nonpolar n-
alkanes occurs consecutively on a time scale of 100 ps with
unusually large, temperature-independent, and viscosity-
dependent KIEs near room temperature. The ESDPT is
initially triggered by the proton transfer of the alcohol
molecule to the pyridinic nitrogen of 7AI, forming a cationic
7AI intermediate species, and completed by rapid proton
transfer from the pyrrolic nitrogen of the intermediate to the
transient alkoxide moiety (Scheme 2). The H-bond between
the pyridinic nitrogen atom of a 7AI molecule and the protic
hydrogen atom of an alcohol molecule is suggested to play the

central role for ESDPT. The intrinsic proton transfer of the
complex is governed by single-proton tunneling from the
alcohol molecule to the pyridinic nitrogen atom, although
heavy-atom motions assist the complex to reach the opti-
mized precursor configuration. The detailed dynamics of this
process requires multidimensional reaction coordinates to be
described properly and thus has great theoretical challenge.

Experimental Section
7-Azaindole (� 99%) from Sigma-Aldrich, n-alkane (anhydrous),
and alcohols were used as purchased. The protic hydrogen atoms of
both 7AI and ROH of Nb were exchanged with 2H atoms by
dissolving 7AI in nonpolar solvents containing RO2H (isotopic purity
� 99.5%) for the measurements of kpt in proton-inventory experi-
ments. Absorption and emission spectra were obtained by using a
UV/Vis spectrometer (Scinco, S-3100) and a fluorimeter consisting of
a 75-W Xe lamp (Acton Research, XS432) and two monochromators
(Acton Research, Spectrapro), respectively. Fluorescence kinetic
profiles, excited with Raman-shifted 288-nm pulses of a mode-locked
Nd:YAG laser (Quantel, YG701), were detected using a 10-ps streak
camera (Hamamatsu, C2830). Emission wavelengths were selected by
combining band-pass filters and cut-off filters. Fluorescence kinetic
constants were extracted by fitting profiles to computer-simulated
exponential curves convoluted with IRF (fwhm: 25 ps). Sample
temperature was controlled using a refrigerated bath circulator (Jeio
Tech, RC-10V). Unless specified otherwise, all the measurements
were carried out at a temperature of 19 8C.
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Lithography

High-Resolution Soft Lithography: Enabling
Materials for Nanotechnologies**

Jason P. Rolland, Erik C. Hagberg, Ginger M. Denison,
Kenneth R. Carter,* and Joseph M. De Simone*

The availability of commercially viable nanofabrication
processes is key to realizing the potential of nanotechnologies,
especially in the fields of photonics, electronics, and proteo-
mics. The imprint lithographic (IL) technique is a case in
point, an alternative to photolithography for manufacturing
integrated circuits, nanofluidic and other devices with sub-
100-nm features. However, it is becoming increasingly clear
that new materials are needed to advance IL methods to their
putative limits.[1–5] We recently reported the fabrication of
organic-solvent resistant, microfluidic devices with features
on the order of hundreds of microns made from photocurable
perfluoropolyethers (PFPEs).[6] PFPE-based materials are
liquids at room temperature and can be photochemically
cross-linked to yield highly fluorinated, solvent resistant,
chemically robust, durable, elastomers with a modulus of
4.0 MPa. Herein we report the successful use of PFPE-based
materials in high-resolution imprint lithography.

Imprint lithography can be roughly broken into two areas:
1) so-called soft lithographic techniques,[1] such as solvent-
assisted micro-molding (SAMIM), micro-molding in capilla-
ries (MIMIC), and microcontact printing (MCP), and 2) rigid
imprint techniques, such as nanocontact molding (NCM),[7]

“step and flash” imprint lithography (S-FIL),[5] and nano-
imprint lithography (NIL).[8] Polydimethylsiloxane (PDMS)
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based networks have served as the material of choice for
much of the work in soft lithography.[9,10] The use of soft,
elastomeric materials, such as PDMS, offers numerous
attractive properties in several lithographic techniques.
PDMS is highly UV-transparent and has a very low Young?s
modulus which gives it the flexibility required for conformal
contact, even over surface irregularities, without the risk of
cracking.[11] Furthermore, flexibility in molds facilitates
release from masters and replicates without cracking and
allows the mold to endure multiple imprinting steps without
damaging fragile features. While PDMS offers some advan-
tages, there are a number of properties inherent to PDMS
which severely limit its capabilities in soft lithography. First,
PDMS-based elastomers swell significantly when exposed to
most oil-soluble organic compounds.[12] With the exception of
MCP,[1] resistance to swelling is critically important in nearly
all soft lithographic techniques where a mold is brought into
contact with a small amount of curable organic monomer or
resin. Second, the surface energy of PDMS (� 22–25 mNm�1)
is not low enough for procedures which require high fidelity.
Thus, the patterned surface of PDMS-based molds is often
fluorinated using a plasma treatment followed by vapor
deposition of a fluoroalkyl trichlorosilane.[1] Third, the most
commonly used commercially available form of the material
(Dow Corning?s Sylgard184) has a modulus that is too low
(� 1.5 MPa) for many applications which results in collapse of
features. Although elegant solutions to address this last
problem have been developed,[13, 14] the materials chosen still
exhibit poor solvent resistance and require fluorination steps
to allow for mold release.

Rigid materials, such as quartz glass and silicon, have also
been utilized in imprint lithography.[1,3, 5, 7,8, 15–23] Such materi-
als are superior to PDMS in modulus and swelling resistance
but lack flexibility and therefore conformal contact with the
substrate. Another major drawback of such materials is the
direct use of a valuable and difficult to fabricate hard mold
which is typically made by using conventional photolithog-
raphy or e-beam lithography.[7] Carter and co-workers[20] and
Resnick et al.[21] have eliminated the requirement to repeat-
edly use expensive quartz glass or silicon molds in NCM
processes by utilizing an acrylate-based mold generated from
casting a photopolymerizable monomer mixture against a
silicon master.[7] Despite such advances, there are other

serious disadvantages of rigid materials used as molds which
include the necessity to use fluorination steps, or thermo-
formed rigid fluoropolymers themselves[24] to lower the
surface energy of the mold[3] and the inherent problem of
releasing a rigid mold from a rigid substrate without breaking
or damaging it.[3, 10]

The photochemically curable fluoropolymer that we
utilize herein is a a-,w-methacryloxy functionalized PFPE
(PFPE-DMA) (Figure 1).[6] We have previously reported the
synthesis of novel functionalized PFPEs.[24] However, herein
we treated a commercially available hydroxy-terminated
PFPE (Solvay Solexis, Mn= 3800 gmol�1) with isocyanato
ethyl methacrylate (Aldrich) to yield a methacryloxy-func-
tionalized polymer which is a pourable liquid of low viscosity
(0.36 Pas) at room temperature. A photoinitiator, 1-hydroxy-
cyclohexyl phenyl ketone (1 wt%, Aldrich), was dissolved
into the PFPE-DMA to make a photocurable liquid resin. A
thermally curable polydimethylsiloxane-based material, Syl-
gard 184, (Dow Corning) was used for comparative controls.

Swelling is a commonplace issue with PDMS based molds
since most organic liquids will swell PDMS, and it is organic
liquids that are the materials most desirable to mold. To
demonstrate the utility of a fluoroelastomer-based material in
imprint lithography, we first generated replica molds made
from both PDMS as well as from PFPE-DMA and used these
to micromold an organic photopolymer resin, trimethylopro-
pane triacrylate (TMPTA).[26] A patterned silicon-wafer
master was used which had features with a width of 2 mm, a
depth of 5 mm, and a spacing of 2 mm (Figure 2A). The
fluoroelastomer-based mold was made by pouring an approx-
imately 1 mm thick liquid film of PFPE-DMA, which
contained photoinitiator, onto the clean, patterned silicon
wafer master. The material was then subjected to UV light
(l = 365 nm, 35 mWcm�2) for 1 min under a nitrogen purge.
After curing, the approximately 1 mm thick mold was easily
peeled from the master without employing a surface fluori-
nation step. In an analogous fashion, PDMS molds were
generated by first mixing the Sylgard 184 precursors (10:1
base:curing agent) and degassing under vacuum. An approx-
imately 1 mm thick layer of the PDMS-based material was
then poured onto the same clean, patterned silicon wafer
master and was placed in a vacuum oven at 80 8C for about
15 h. For the PDMS molds, a vapor-deposition pretreatment

Figure 1. A) Formula of the UV curable PFPE liquid precursor used to generate high resolution stamps. B) Schematic representation of the imprint
lithography process. First, a small drop of UV-curable liquid is placed on a silicon wafer. A patterned mold is then brought into contact with the
drop and pressure is applied during UV exposure. The mold is then peeled from the wafer leaving the cured resin in the desired pattern.
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to the patterned silicon wafer using trichloro(1H,1H,2H,2H-
perfluorooctyl) silane was applied to allow release of the
mold. Replica molds of high quality with good feature fidelity
were generated from both the PFPE-based elastomer (Fig-
ure 2B) as well as the PDMS-based elastomer (Figure 2E)
when the feature sizes were this large.

Once both of the elastomeric molds were generated, they
were each independently brought into contact with a small
drop (� 2 mm in diameter) of the uncured TMPTAwhich was
first placed on a flat, unpatterned silicon
wafer as illustrated in Figure 1B. A fixed
pressure was exerted on the mold with a
modified Instron to ensure conformal con-
tact. UV light was then passed through the
back of each mold for 1 min to fully cure the
TMPTA while in contact with the mold.
Each mold was then peeled from the wafer
revealing the patterned TMPTA replicate.

The TMPTA replicates generated from
the PDMS molds were of very poor quality.
SEM images (Figure 2F and G) of these
replicates reveal pieces of the PDMS mold
that were ripped out during the release as a
result of swelling of the PDMS mold by the
TMPTA prior to curing. In contrast, those
replicates made from the PFPE-based mold
look identical to the master with no tear out
(Figure 2C and G) because it is not swollen
by the organic-soluble TMPTA photopoly-
mer resin. Additionally, the PFPE-based
mold was extremely easy to peel away from
the micromolded TMPTA, presumably
because of the extremely low surface
energy of the PFPE-based mold[24] and its
elastomeric nature. The intrinsically oleo-
phobic nature of this fluoropolymer-based
mold material enables for the first time

imprint lithographic applications of com-
monplace organics using soft elastomeric
mold materials.

In addition to the intrinsic swelling
problems illustrated above for PDMS-
based materials, previous attempts to per-
form 1:1 sub 1-micron patterning using
PDMS-based elastomers, such as Syl-
gard 184, does not give replicas of high
fidelity. Indeed, accurate replication of
patterns using molds of features less than
1-micron in size with PDMS-based elasto-
mers has had only limited success[1,4, 10] even
when using elaborate pre-treatment meth-
ods to reduce the interfacial adhesion
between the object being molded and the
PDMS-based replica.

To test the viability of PFPE-based
elastomers to perform accurate nanome-
ter-scale molding we chose to fabricate
replica molds from a patterned silicon-
wafer master with features having a width

of 140 nm, a depth of approximately 50 nm, and a separation
of 70 nm (Figure 3A). We found we could cast excellent
molds using the PFPE-based fluoroelastomer materials with
exact preservation of the nanoscale features of the patterned
silicon-wafer master (Figure 3B). The features on the PFPE-
based mold had an average height of 51 nm which was in
excellent agreement with a measured height of 54 nm for the
features in the silicon master. The widths of the features on
the PFPE-based molds seem to vary from the top of the

Figure 2. Images of a silicon master with 2-mm features (A), PFPE and PDMS molds made from this
master (B, E), and replicate molds of TMPTA using the corresponding stamps (C, D, F, G). While
both elastomers produced molds of high quality, the TMPTA replicate made with the PDMS mold con-
tains residual PDMS that was ripped from the mold presumably because of adhesion (F, G). In con-
trast, the low surface-energy PFPE mold was easily released from the TMPTA replicate (D). The sub-
micron striated features on the replicate in (D) are present on the silicon master and are a result of
multiple etching steps used during its fabrication.

Figure 3. High-resolution AFM images of A) a silicon master with lines of 140 nm width
separated by 70 nm (a, a’), B) PFPE mold with 70-nm wide lines separated by 140 nm (b,
b’), C) replicate made with PFPE mold with 140-nm wide lines separated by 70 nm (c, c’).
Beneath each picture is a representative height profile (a’’, b’’, c’’).
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channel through to the bottom (Figure 3B). This is presum-
ably due to some slight relaxation of the polymeric material
upon release of its confinement from the patterned silicon
wafer master. In contrast, attempts to fabricate PDMS-based
molds from the same silicon master failed (Figure 4). The
features on the PDMS molds are irregular, rounded, and only
5–10 nm in height.

The ability of these soft elastomeric replica molds to be
useful in the patterning of nanoscale features using NCM
imprint lithographic techniques was explored (see Figure 3).
The high-fidelity PFPE-based molds having 70-nm wide lines
separated by 140-nm spaces (see Figure 3B) were used to
contact mold the TMPTA photopolymer resin in a manner
identical to that used above for imprinting micron-sized
features. Remarkably, when using between 5 and 25 psi of
pressure on the PFPE-based mold, we were able to easily
imprint a drop of TMPTA photopolymer resin to generate
patterns (Figure 3C) having nanometer-sized features that
looked identical to the original patterned silicon wafer master
(Figure 3A). In addition, the PFPE-based mold was easy to
peel off of the nano-molded TMPTA replicates presumably
because of the flexibility and low surface-energy of the PFPE-
based elastomer and its oleophobic nature which prevented
adsorption of the TMPTA into the mold. When using quartz
molds, such release processes can take from tens of seconds to
minutes and requires large separation forces that often result
in delamination failures.

In summary, we have demonstrated the capabilities of
PFPE-based elastomers to be used as ideal materials for
advanced, high-performance imprint lithographic applica-
tions. Such highly fluorinated materials enable both soft
lithographic techniques as well as more demanding sub-
micron imprint techniques. They are easily fabricated, have
the ability to make conformal contact, have a remarkably low
surface energy, are resistant to swelling by small organic
molecules, and endure multiple printing procedures. We have
shown that while replica molds with 2-mm features can be

generated from both PFPE-based and PDMS-based elasto-
mers, only the PFPE-based materials could be used as molds
to imprint and mold desirable organic-soluble materials
because of the intrinsically oleophobic nature of such highly
fluorinated materials. Furthermore, these PFPE-based mate-
rials were able to replicate sub-100-nm sized features with no
indications of limits to going to even smaller in size. In
addition, the low surface energy of the PFPE-based materials
allows for unprecedented ease of release from both silicon
masters as well as from patterned replicates-without the need
for complex surface functionalization-making it good mate-
rial to use in the routine fabrication of nanometer-scale
structures and devices.
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Bioorganic Chemistry

Photocontrol of Smad2, a Multiphosphorylated
Cell-Signaling Protein, through Caging of
Activating Phosphoserines**

Michael E. Hahn and Tom W. Muir*

The ability to activate proteins with spatial and temporal
control inside live cells allows for quantitative kinetic
measurements of protein function to be made in a biologically
relevant context. Proteins that contain photolabile protecting
groups appended to functionalities required for biological
activity can be activated by light and provide a means to
enable such analyses. Few reports of these reagents, known as
caged proteins, have appeared in the literature because of
difficulties in the preparation of such complex macromole-
cules.[1] Herein, we describe a semisynthetic route to the
preparation of caged phosphoproteins. This strategy has been
applied to the cellular signaling protein Smad2.

Smad2 is a key element of the intracellular response to
cytokines of the transforming growth factor b (TGF-b) super-
family, which are involved in a myriad of normal and disease
processes, including development, tissue homeostasis, and
cancer.[2] Binding of TGF-b to its cognate receptor complex
results in phosphorylation of the last two serine residues of
the C-terminal sequence CSSMS of Smad2 (residues 463–
467).[2] These phosphorylation events activate Smad2, which
then disengages from the cytosolic retention factor SARA

(Smad anchor for receptor activation), thus rendering the
protein competent to both homotrimerize and interact with
Smad4, a binding partner required for downstream func-
tions.[2, 3] Activated Smad2 accumulates in the nucleus, where
it regulates transcriptional programs by interacting with a
host of other proteins and target promoters.[2]

These differential protein–protein interactions and the
localization of Smad2 provide a basis for understanding how
this molecule functions in a cell. However, these descriptions
are static and do not adequately describe the dynamics
underlying these signaling events. Little is known about where
many of these protein–protein interactions are initiated and
for how long they exist. The kinetics of nuclear import and
export as well as the importance of signal strength, duration,
and localization are all poorly understood. We therefore
targeted Smad2 for caging because the ability to activate this
protein with temporal and spatial control allows one to
directly address some of these fundamental issues.

Our caging strategy takes advantage of protein phosphor-
ylation, the post-translational modification most often used to
regulate protein activity.[4] Much recent effort has been
directed at the preparation of caged analogues of phospho-
peptides and phosphoproteins.[5, 6] We used expressed protein
ligation (EPL) as the center point of a semisynthetic scheme
for the preparation of Smad2 whose activating phosphory-
lated residues were caged (Figure 1).[7] This approach offers
several advantages, including the ability to produce caged
proteins of any size in quantities sufficient for various
biological applications without the need for mutagenesis.[7]

Additionally, EPL readily allows for the installation of

multiple caged phosphate groups in a homogenous
manner.[7,8] This characteristic is of significant importance
since many proteins, including Smad2, are controlled by
multisite phosphorylation.[9]

In this study we chose to work with the MH2 domain of
Smad2 (residues 241–467, MW= ca. 25 kDa), since its size
enables precise characterization by chromatography and
electrospray mass spectrometry (ESMS). The MH2 domain
mediates many of the functions of Smad2, including receptor
recognition, homo- and hetero-oligomerization, and nuclear
import.[2] Full-length semisynthetic Smad2 has previously
been prepared by EPL[3] and, therefore, we expect that the
caging strategy outlined herein will translate effectively to the
complete molecule.

Figure 1. Semisynthesis of caged Smad2-MH2. Expressed protein ligation was used to ligate a recombinant Smad2-MH2-a-thioester/SARA-SBD
protein complex to the doubly caged phosphopeptide 1 to give the caged Smad2-MH2/SARA-SBD heterodimer. Caged Smad2-MH2 is activated by
exposure to UV light and subsequently releases SARA-SBD and forms a homotrimer. Smad2-MH2 is shown in globular form, SARA-SBD is shown
in orange, phosphorylated residues are symbolized by yellow circles, and caging groups are symbolized by red crescents.
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Preparation of the caged phosphoprotein commenced
with the synthesis of the corresponding doubly caged
phosphopeptide 1 by using the 9-fluorenylmethoxycarbonyl
(Fmoc) strategy (Scheme 1). Key to the synthesis was
1) orthogonal trityl (Trt) protection of the side chains of the
two serine residues to be phosphorylated and 2) incorpora-
tion of the N-terminal cysteine (Cys) group required for EPL
as tert-butoxycarbonyl-1,3-thiazolidine-4-carboxylic acid
(Boc-Thz). The latter allowed for the thiol group of Cys to
be protected during the critical phosphorylation step and
provided a convenient method for deprotection of the Cys
residue following cleavage of the peptide from the solid
support.[10] Following chain assembly and selective unmasking
of the two serine residues, the resulting peptidyl resin 2 was
dried extensively and treated with O-1-(2-nitrophenyl)ethyl-
O’-b-cyanoethyl-N,N-diisopropylphosphoramidite,[5] which
contains the 2-nitrophenylethyl (NPE) caging group. tert-
Butylhydroperoxide was then used to oxidize the intermedi-
ate phosphites to the desired phosphates, thus yielding 3.
Notably, the undesired oxidation of the thioether of methio-
nine to the sulfoxide was largely avoided (< 5%) by limiting
the oxidation time to 20 minutes (see the Supporting Infor-
mation). Attempted on-resin removal of the b-cyanoethyl
protecting groups from two juxtaposed phosphates resulted in
significant amounts of b-elimination of the protected phos-
phate moiety.[11] Interestingly, this side reaction was not found
to occur when the deprotection step was carried out in
solution following cleavage from the resin. This observation
suggests that the elimination was facilitated by the C-terminal
ester linkage between the peptide and the solid support.
Smooth removal of the b-cyanoethyl groups was therefore
carried out under optimized conditions in solution using the
hindered amidine 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).

Methoxylamine was then added in situ to convert Thz into
Cys. The crude product contained one major compound
(ca. 75% by reversed-phase high-performance liquid chro-
matography (RP-HPLC), see the Supporting Information),
which was subsequently purified to homogeneity to give the
desired peptide that was caged on two phosphorylated serine
residues (1) in 10% yield.

The caged peptide 1 was labeled with fluorescein-5-
maleimide (thus generating peptide 1-Fl)[12] and subjected to
low-intensity UV irradiation (312 nm, 2 mWcm�2) followed
by RP-HPLC to determine the kinetics and quantum yield of
uncaging. Photolysis followed first-order kinetics with a rate
constant of 4.9 C 10�3 s�1, which corresponds to a quantum
yield of uncaging of 0.16 per caging group (Figure 2).
Interestingly, both possible singly caged peptides were
observed in approximately equal amounts after irradiation
for an intermediate length of time, thus indicating that the
efficiency of photolysis was equivalent for both caging groups
(see the Supporting Information). Brief (< 5 s) exposure of
the peptide to the output of a He-Cd laser (325 nm,
4.74 Wcm�2) resulted in near quantitative conversion
(> 97%) into the uncaged peptide (see the Supporting
Information).

A recombinantly expressed Smad2-MH2 domain (resi-
dues 241–462) bearing a C-terminal thioester was prepared as
previously described.[3] A complex of this protein with the
minimal Smad binding domain of SARA (SARA-SBD,
residues 665–721) was formed by incubation with excess
SARA-SBD and purified by cation-exchange chromatogra-
phy. The resulting pure protein complex was concentrated to
0.25 mm and a fourfold molar excess of the caged peptide 1
was added to initiate the ligation reaction (Figure 1). The
reaction was monitored by RP-HPLC, ESMS, and sodium

Scheme 1. Synthesis of doubly caged phosphopeptide 1. a) 1. O-1-(2-nitrophenyl)ethyl-O’-b-cyanoethyl-N,N-diisopropylphosphoramidite, 4,5-dicya-
noimidazole, DMF (anhydrous); 2. 1m tBuOOH, CH2Cl2 (anhydrous); b) 92.5% TFA, 2.5% EDT, 2.5% TIS, 2.5% H2O; c) 1% DBU, DMF then
0.5m MeONH2·HCl, H2O. TFA= trifluoroacetic acid, EDT=1,2-ethanedithiol, TIS= triisopropylsilane.
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dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-
PAGE) and was complete after 12 h. The caged protein was
purified by preparative size-exclusion chromatography (SEC)
and its identity was confirmed by ESMS (Figure 3c).

To be deemed effective, the caged protein should behave
as if it was nonphosphorylated in the absence of UV light and
should display all the properties of the active, doubly
phosphorylated Smad2-MH2 when uncaged by UV light.
We therefore proceeded with studies designed to determine
the oligomerization state of the caged protein before and after
UV irradiation. Gratifyingly, the caged protein mimicked
nonphosphorylated Smad2-MH2, since it bound SARA-SBD
in a 1:1 molar ratio (Figure 3a). This heterodimeric arrange-
ment of Smad2-MH2 and SARA-SBD was verified by SEC
coupled with multi-angle laser light scattering (MALLS)
detection at a loading concentration of 5 mm (see the
Supporting Information).[13] MALLS analysis indicated that

the caged protein had a slight residual tendency to form
homotrimers at higher loading concentrations (25–50 mm ; see
the Supporting Information). Indeed, in preliminary studies
where only one caging group was installed on either
phosphoserine 465 or 467, this tendency to oligomerize was
even more pronounced (data not shown). Importantly, the
tendency of the doubly caged protein to homo-oligomerize is
concentration-dependent, such that at physiologically rele-
vant concentrations (< 5 mm)[14] this behavior is no longer
observed. Brief irradiation (< 5 s) of the caged protein with
the output of the He-Cd laser followed by SEC, RP-HPLC,
and ESMS demonstrated that the caging groups were
quantitatively removed from the protein and that SARA-
SBD was released from Smad2-MH2 in favor of homotrime-
rization (Figure 3).

As a step toward our ultimate goal of using caged
phosphoproteins in live cells to study the kinetics of biological

Figure 2. Photolysis kinetics of doubly caged phosphopeptide 1 labeled with flourescein-5-maleimide (1-Fl). a) A solution of 1-Fl at 10 mm was irra-
diated with low-intensity UV light (312 nm, 2 mWcm�2) for the times indicated and subjected to RP-HPLC for quantitation of the doubly caged
(L ), singly caged (&), and uncaged forms (~). The percentage of each is plotted versus time of irradiation. b) The fraction of caging groups
remaining was calculated and the natural logarithm at each time point plotted versus time of irradiation, along with a line of best fit, which
yielded a first-order rate constant for photolysis of 4.9L10�3 s�1 and an r2 value of 0.99. The mean of two experiments is plotted for both (a) and
(b), and the standard deviation is represented by error bars in (a).

Figure 3. Characterization of caged (top panels) and uncaged (bottom panels) Smad2-MH2. Caged Smad2-MH2 was converted into uncaged
Smad2-MH2 by irradiation for 5 s with a He-Cd laser (325 nm, 4.74 Wcm�2). a) The ratio of caged and uncaged Smad2-MH2 to SARA-SBD was
determined by subjecting the caged and uncaged proteins to RP-HPLC with detection at 214 nm and integrating the peaks corresponding to
SARA-SBD (*) and Smad2-MH2 (**). The peak area ratio of caged Smad-MH2:SARA-SBD is 4:1, which at 214 nm indicates a 1:1 molar ratio.
b) The homo-oligomeric status of caged and uncaged Smad2-MH2 was assessed by SEC with detection at 280 nm. The elution positions of
doubly phosphorylated Smad2-MH2 (2P) and nonphosphorylated Smad2-MH2 (0P) controls are indicated. c) The reconstructed molecular weight
from ESMS indicates that the caged protein (calcd MW=25818 Da) was assembled successfully. ESMS of the uncaged protein (calcd
MW=25519 Da) indicates quantitative removal of the caging groups after laser irradiation. Observed molecular weights are also shown.
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signaling and transport processes, we set out to determine the
behavior of caged Smad2-MH2 in a nuclear import assay.
When incubated with digitonin-permeabilized HeLa cells in
the presence of SARA-SBD, nonphosphorylated Smad2-
MH2 (OP) is excluded from the nucleus, whereas phosphory-
lated Smad2-MH2 (2P) accumulates in the nucleus
(Figure 4).[14] UV irradiation had no effect on the localization

pattern of phosphorylated and nonphosphorylated Smad2-
MH2 control proteins (Figure 4). In the same assay we found
that caged Smad2-MH2 was excluded from the nucleus,
whereas uncaging of the protein with UV light led to dramatic
nuclear accumulation (Figure 4). This demonstrates that the
caged and uncaged proteins behave as desired in a biological
context.

In summary, we have prepared Smad2-MH2 caged on two
activating phosphate residues by a semisynthetic route. The
molecule described represents the first report of a protein
caged on a phosphate group. In principle, this approach can
be applied to the construction of a caged version of any
protein activated by phosphorylation. We are currently
investigating this and other strategies of molecular photo-
control over protein function with live cell-imaging techni-
ques.[15] These studies are expected to yield quantitative
insight into the kinetics of Smad2 nuclear import and export.
Additionally, we plan to address fundamental questions
regarding the importance of signal strength and duration in
biological processes.
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Figure 4. Nuclear import assay of Smad2-MH2 variants labeled with
Texas Red C2–maleimide. Nonphosphorylated (OP), doubly phosphory-
lated (2P), and caged Smad2-MH2 before (top panels) and after UV
(bottom panels) laser irradiation (as in Figure 3) were incubated sepa-
rately at 1.5 mm with digitonin-permeabilized HeLa cells for 20 minutes
at room temperature in the presence of 4.5 mm GST-SARA-SBD
(GST=glutathione S-transferase), an ATP-regenerating system, and
1 mgmL�1 bovine serum albumen (BSA). After the import reaction,
cells were washed, fixed, and analyzed by confocal microscopy for the
localization of each Smad2-MH2 variant. A control experiment was
performed in which the import reactions were carried out on ice. This
treatment prevented nuclear accumulation (data not shown), which is
consistent with nuclear import of Smad2 being an energy dependent
process, as previously demonstrated.[14]
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DNA Superstructures

Self-Assembly of Cyclic Metal–DNA
Nanostructures using Ruthenium Tris(bipyridine)-
Branched Oligonucleotides**

Debbie Mitra, Nicolas Di Cesare, and
Hanadi F. Sleiman*

One of the promises of nanoscience is the creation of ordered
structures that contain addressable molecular components,
which are designed to accomplish complex operations.[1]

However, whereas many functional molecular components
have already been constructed, methods to assemble them in
a deliberately designed manner on the nanometer scale have
yet to be devised.[1,2] In this respect, DNA has emerged as a
promising template to accomplish this task because of its
uniquely selective self-assembly, ready programmability, and
facile synthesis.[3–5] In principle, short (10–30-bases long)
strands of DNA can rapidly self-assemble into relatively rigid,
programmable, higher-order DNA structures.[5] Pioneering
work by Seeman demonstrated the use of modified Holliday
junctions as oligonucleotide-based vertices in the assembly of
complex two- and three-dimensional nanostructures.[3a–c]

DNA nanostructures have also been constructed[3] through
the use of oligonucleotide–gold colloidal particles,[3d–f] biotin–
avidin interactions,[3g] guanine quartets,[3h,i] and organic verti-
ces.[3j–l]

We are interested in the creation of cyclic transition-
metal–DNA nanostructures that contain short DNA duplexes
as arms and transition-metal centers as vertices. In these well-
defined supramolecular structures, DNA serves as a nano-
scale rigid molecule to spatially position addressable tran-
sition metals, which have intrinsic properties such as lumi-
nescence and redox activity,[6] into an ordered array. Whereas
transition metals have been used to generate 3D DNA
networks,[4a–c] linear DNA arrays,[4d] and metalated DNA,[4g–h]

to our knowledge, discrete cyclic metal–DNA structures have
not been previously accessed.[4] Herein, we report the syn-
thesis and properties of a branched ruthenium(ii)–DNA
complex, in which two parallel DNA strands are linked to a

relatively rigid RuII tris(bipyridine) center.[9] Self-assembly of
this molecule leads to the formation of a discrete metal–DNA
cyclic nanostructure, which contains two DNA duplexes and

two redox- and photoactive [Ru(bpy)3]
2+ centers (bpy=

bipyridine). Furthermore, we show that branched oligonu-
cleotides based on the non-metalated ligand undergo less-
selective association, which illustrates the role of the tran-
sition metal in this self-assembly process.
In a preliminary report,[10] we described the synthesis of an

oligonucleotide-branched transition-metal complex through a
convergent, solid-phase approach. In its initial design, a
ruthenium(ii) center was linked to two d[T10] DNA strands
through flexible six-carbon spacers and two monodentate
imidazole ligands. To better control the self-assembly of these
complexes, we needed to expand this solid-phase strategy to
access relatively rigid, branched DNA complexes with mixed
DNA sequences.[11] The vertex used here was based on the
complex, cis-[Ru(bpy)2(4,4’-bis(hydroxymethyl)-2,2’-bipyri-
dine)][PF6]2 (2, see Scheme 1),

[8] which exhibits both lumi-
nescence and redox activity. Examination of a number of X-
ray crystal structures reported for related complexes indicates
that the ruthenium center should orient the 4,4’-carbon
centers at an angle of � 708 (C···Ru···C), whereas in the free
ligand the carbon centers are directed in a transoidal
fashion.[9] Complex 2 was first converted into the bis(phos-
phoramidite) derivative 3 by reaction with chloro(cya-
noethyl)-N,N-diisopropylphosphoramidite.[7] In parallel, a
number of DNA sequences were synthesized on a high-
density controlled-pore glass (CPG, 56–64 mmolg�1) support
(Scheme 1). After the removal of the protecting dimethoxy-
trityl groups from the DNA sequences, the ruthenium
complex 3 was added to the oligonucleotide-functionalized
CPG support. After oxidation, the DNA-linked Ru com-
plexes were then cleaved from the support.[7]

The products of this convergent synthesis were isolated by
using denaturing polyacrylamide gel electrophoresis (PAGE),
and their structures were analyzed by using PAGE, anion-
exchange HPLC, and MALDI-TOF mass spectrometry. The
fastest moving band in the gel was identified as unmodified
DNA, and the next band was identified as the mono(DNA)-
functionalized Ru complex 4 (Scheme 1), which resulted from
the coupling of the ruthenium vertex 3 to only one oligonu-
cleotide strand on the solid support. The slowest moving
species was confirmed as the desired DNA-branched ruthe-
nium conjugate 1 by MALDI-TOF MS. In parallel to the
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generation of the ruthenium–DNA conjugates,
DNA-branched bipyridine conjugates 5d–e
were also prepared by a similar solid-phase
convergent strategy and were isolated and
purified by denaturing PAGE (Figure 1).[7]

The UV/Vis absorption spectra of the Ru–
DNA conjugates 1 exhibited transitions at l =

260 nm which are characteristic of the hetero-
cyclic DNA bases. The bipyridine p–p* and
metal-to-ligand charge-transfer (MLCT) tran-
sitions were observed at l� 280 and 454 nm,
respectively.[7] Upon irradiation at l = 454 nm,
the fluorescence spectra of the ruthenium–

oligonucleotide conjugates 1 showed an
emission peak at l = 615 nm which was
identical to that of the unconjugated Ru
complex 2 (Figure 2c).[7] Thus, the fluores-
cence properties of the ruthenium–bipyri-
dine species are retained in the DNA-
branched Ru conjugates.
Because of the branched architecture of

the Ru–DNA complexes 1, it was important
to assess the propensity of the DNA arms to
form stable duplexes upon hybridization with
their complementary partners. Thermal
denaturation experiments of complex 1b in
the presence of two equivalents of the
complementary oligonucleotide c showed
the conventional sigmoidal melting-temper-

Scheme 1. Convergent synthesis of the mono- and branched oligonucleotide–Ru(ii) com-
plexes; a) tetrazole, room temperature, 2 h; b) I2, pyridine, H2O, then conc. NH4OH, 12 h,
55 8C.

Figure 1. a) Denaturing with 24% PAGE: lane 1) 11-mer control DNA, d; lane 2) 21-mer control
DNA; lane 3) crude mixture of 1d ; lane 4) [Ru(bpy)3]

2+–bis(DNA) 1d. b) Denaturing with 24%
PAGE: lane 1) bpy–bis(DNA) 5d ; lane 2) bpy–bis(DNA) 5e. n=DNA nucleotide.

Figure 2. a) Thermal denaturation curves for complex 1: relative absorbances at l =260 nm of the control duplex b–c (c) and the oligonucleo-
tide-branched ruthenium complex 1b with two equivalents of the single-stranded oligonucleotide c (g). b) CD spectra of the oligonucleotide-
branched ruthenium complex 1b hybridized to 2 equivalents of the complementary oligonucleotide c (c) and the control duplex, b–c (a) in
TMS (Tris, 50mm ; MgCl2, 10mm; NaCl, 100 mm ; pH 8) buffer solutions. c) Steady-state emission spectra of the conjugate 1b (a) and 1b hybri-
dized with 2 equivalents of complement c (c) in TMS buffer solutions at 5 8C. d) Native PAGE image (TMS buffer): lane 1) 10–330 base-pair
ladder; lane 2) Ru–bis(duplex) 6 ; lane 3) control duplex d–e ; lane 4) oligonucleotide-branched ruthenium complex 1d. bp=base-pair.
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ature curves for a DNA duplex (Figure 2a).[7] Interestingly, a
slight increase (1–4 8C) in the melting temperature was
observed for the oligonucleotides in the Ru–DNA conjugates
1 relative to the melting temperature of the Watson–Crick
control duplex.[5] Thermal denaturation experiments were
also carried out for the mono(DNA)-functionalized Ru
complexes 4, which do not possess a branched architecture.
These complexes exhibited a similar enhancement in duplex
stability (melting temperatures were increased by 4 8C) which
indicates that the positively charged Ru center is likely
responsible for this effect in both the mono- and the branched
DNA–RuII complexes.[7] Further evidence for the formation
of a B-DNA duplex was obtained by circular dichroism (CD)
spectroscopy (Figure 2b).[12]

Figure 2d shows an image from the native PAGE analysis
of the hybridization product of complex 1d with two
equivalents of a complementary DNA, e (Scheme 2). This

gives rise to a band with electrophoretic mobility similar to
that of a duplex that contains 40 nucleotides in the molecular-
weight marker ladder. This band can thus be assigned to the
Ru–bis(duplex) conjugate 6 (that contains 44 bases,
Scheme 2).[13] Molecular modeling studies of complex 6
show no apparent steric barrier to the formation of two
duplex arms at the 4,4’-positions of the bipyridine ligand.[7]

Ru–bis(duplex) 6 was examined by fluorescence spectros-

copy; upon excitation at 454 nm, an emission at l = 616 nm
was observed which showed a � 6% decrease in its intensity
relative to that of the unhybridized DNA–Ru complex 1
(Figure 2c).[14] Thus, upon hybridization with their comple-
mentary partners, the branched RuII complexes form stable
bis(duplex) systems and retain their fluorescence properties.
In light of the ability of complexes 1 to form stable

duplexes, we explored the self-assembly of two complemen-
tary RuII-branched oligonucleotides. In principle, this associ-
ation can result in either discrete cyclic structures or linear
oligomeric/polymeric species.[15] We anticipated that the
relative rigidity of the ruthenium vertex in complexes 1
would result in a more efficient formation of cyclic products.
Self-assembly was first examined by heating equimolar
solutions of the DNA-branched Ru complex 1d and its
complement 1e to 90 8C, followed by slow cooling of the
mixture to 4 8C (1.8 8Cmin�1, 12 h). PAGE analysis revealed
the formation of products of extremely slow mobility which
correspond to at least 330 base-pairs for the molecular-weight
marker (Scheme 2, Figure 3a). This points to the formation of

linear polymeric DNA–Ru species 7 (Figure 3a). Interest-
ingly, when the self-assembly of 1d with 1e was carried out
under milder conditions (4 8C, 12 h), one major discrete
product formed along with small amounts of polymeric
species. The mobility of this Ru–DNA structure corresponds
to a 44-base molecular-weight marker and is consistent with
the formation of a dimer, 8, which contains two DNA
duplexes (44 nucleotides) and two [Ru(bpy)3]

2+ vertices
(Scheme 2, Figure 3b). To determine whether this dimer
was an open, linear product or a cyclic molecule, enzymatic
digestion with Mung Bean Nuclease was conducted.[16] This
enzyme is selective to the degradation of single-stranded
DNA. It is thus expected to degrade open, oligomeric species
that contain single DNA strands, but to leave closed, cyclic
species that contain double DNA strands intact. Under
conditions that cause the degradation of single-stranded

Scheme 2. a) Discrete [Ru(bpy)3]
2+–DNA nanostructures through the

self-assembly of 1, and b) discrete bpy–DNA nanostructures from 5.

Figure 3. Native PAGE analyses: a) Hybridization from 90 to 4 8C over-
night: lane 1) 10–330 base-pair ladder; lane 2) solution of 1d–1e
(20 mm) in TMS; lane 3) solution of 1d–1e (40 mm) in TMS. b) Hybridi-
zation at 4 8C overnight: lane 1) solution of 1d–1e (40 mm) in TMS;
lane 2) solution of 1d–1e (20 mm) in TMS; lane 3) 10–330 base-pair
ladder.
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DNA, the dimer 8 remained unmodified by the enzyme.[7]

Thus, the self-assembly of the DNA-branched Ru complexes
1 generates a discrete metal–DNA cyclic nanostructure.[17]

To probe the role that the transition-metal ion plays in the
self-assembly process, a hybridization experiment was carried
out with the unmetalated bipyridine–bis(DNA) conjugates 5.
The DNA-branched bipyridine molecules 5 are expected to
show a higher flexibility than the DNA-branched Ru
complexes 1 and a twist of the two DNA strands into a
transoidal arrangement.[9] Samples 5d and 5e were combined
under similar hybridization conditions (4 8C, 12 h, Scheme 2,
Figure 4). In addition to a band that was assigned to a dimeric

species 9, which contains two bipyridine moieties and two
DNA duplexes, several bipyridine assemblies that ranged
from tetramers to significant amounts of higher-order
oligomers/polymers were observed (Figure 4, Scheme 2).
Enzymatic digestion of the hybridized products did not
affect the discrete bands that correspond to the dimer and
tetramer, which indicates that they therefore correspond to
cyclic products. These results are in contrast to the behavior of
the DNA-branched Ru complexes 1, which form the dimer 8
as the sole cyclic product, and illustrate the active role of the
transition-metal ion in the self-assembly of these higher-order
DNA structures.
Finally, to create hybrid DNA structures that contain both

[Ru(bpy)3]
2+ units and unfunctionalized bipyridine vertices,

the self-assembly of the DNA-branched Ru complex 1d with
the DNA-branched bipyridine 5e was examined (4 8C, 12 h,
Scheme 2). This led to the formation of a cyclic dimer 10,
which contains two DNA duplexes and one ruthenium–
bipyridine and one bipyridine vertex, along with higher
molecular-weight oligomeric species (Figure 4, Scheme 2).
The cyclic nature of the dimer 10 was also confirmed by
enzymatic digestion with Mung Bean Nuclease. As they

contain a bipyridine ligand as one of their vertices, structures
9 and 10 can potentially be further functionalized with other
transition-metal ions (such as Cu+, Ag+, and Zn2+), and thus
they have the potential to form hybrid multimetallic DNA
nanostructures and networks.[4]

In conclusion, we have demonstrated the solid-phase,
convergent synthesis of DNA-branched RuII complexes 1 and
their self-assembly into the first cyclic metal–DNA nano-
structures.[18] These supramolecular structures contain two
DNA duplex arms and two relatively rigid photo- and
electroactive [Ru(bpy)3]

2+ vertices. We have also shown that
branched DNA complexes with unmetalated bipyridine

vertices undergo less-selective self-assembly,
which illustrates the role of the transition metal
in this process. The transition-metal units in these
nanostructures are readily addressable by means
of light or electrical energy. Thus, this study
represents a new method to use the selective
association of DNA to organize functional molec-
ular components on the nanometer scale. Efforts
towards understanding the factors that govern the
self-assembly process, the isolation of these cyclic
structures and the study of their properties, as well
as scanning probe microscopy experiments are
currently underway.
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DNA Superstructures

Ru(ii) Tris(bipyridyl) Complexes with Six
Oligonucleotide Arms as Precursors for the
Generation of Supramolecular Assemblies

Kristen M. Stewart, Javier Rojo, and
Larry W. McLaughlin*

Nucleic acids can assemble into higher-order structures on the
basis of complementary Watson–Crick base pairing. This self-
assembly process has been exploited by a number of
researchers[1–4] in the “bottom-up” approach to the generation
of nonbiological structures of nanoscale dimensions.[5] In
some studies, these assemblies have been based solely upon
complementary DNA hybridization in which branch points
are created by double-crossover structures[6,7] (generated as
immobile junctions[8–10]) that are similar to those of DNA
recombination intermediates; higher-order DNA networks
can be made by this approach.[11,12] In other cases, DNA
sequences have been tethered to multifunctional organic
cores[13, 14] or inorganic complexes[15–19] that are capable of self-
assembling into more-complex networks such as dendrim-
ers.[20,21] Oligonucleotides have been tethered to gold nano-
particles,[2,22,23] and complementary hydrogen bonding
resulted in the formation of large assemblies that were used
for diagnostics.[24,25] Nucleic acids can also be functionalized
by conjugation, and this approach has led to the development
of nanostructures and devices,[26,27] DNA–protein conju-
gates,[24] and the assembly of two- and three-dimensional
networks. DNA-based nanoscale assemblies have been used
for the construction of nanowires.[28,29] Herein we describe the
preparation of six-oligonucleotide-armed ruthenium(ii) tris-
(bipyridyl)-centered complexes as precursors for the gener-
ation of supramolecular nanoscale assemblies.

In the present monomer design, we chose [Ru(bpy)3]
2+

with a RuII ion bound to three bipyridine (bpy) ligands as a
core, and the DNA arms were tethered at the 4- and 4’-
positions of each bipyridine ligand (Figure 1). Although
[Ru(bpy)3]

2+ exists in two enantiomeric forms, substitution
at all three 4 and 4’ sites results in an octahedral arrangement
of the substituents in both enantiomers. First, enantiomeri-
cally pure DNA–[Ru(bpy)3]

2+ conjugates should be attainable
by appropriate chromatographic resolution of the Ru com-
plexes as has been described for related ruthenium com-
plexes,[30–32] followed by their incorporation into DNA con-
jugates. However, such chromatographic separations are not
yet routine, and successful isomer resolution still depends in
part upon the nature of the complex. The choice of sequences
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Department of Chemistry, Merkert Chemistry Center
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for the present building blocks is quite general, but self-
assembly of monomers into higher-order structures requires
either monomers that tether self-complementary sequences,
or two or more monomers that tether complementary
sequences.

Modeling studies suggested that a linker was required
between the octahedral core and the DNA duplex to reduce
steric crowding between the six termini of the tethered
duplexes. A RuII complex 1 with six nine-carbon-atom linkers
was prepared and then incorporated into a single, support-
bound DNA sequence (Scheme 1). Subsequent extension of
the remaining five linkers by solid-phase DNA synthesis
completed the assembly of the monomers (Scheme 1). To
generate a complex with six arms of the same sequence and

uniform polarity, we synthesized the initial sequence on a
solid support in the conventional 3’ to 5’-direction
(Scheme 1). The RuII complex was then incorporated into
the support-bound 20-mer by a reverse-coupling proto-
col.[33,34] Synthesis of DNA in the unconventional 5’ to 3’-
direction by using the reverse nucleoside monomers[35] (3’-
dimethoxytrityl, 5’-phosphoramidites) allowed the function-
alization of the remaining five linkers at the metal complex.
During this latter process, the reaction times for the coupling
reactions were extended to 60 min. With six hydroxy-termi-
nated linkers present in 1 (see Scheme 1), it is conceivable
that cross-linking of the synthesis support might occur; that is,
one RuII complex could react with two (or more) support-
bound DNA sequences. We believe this to be, at most, a
minor reaction pathway, but for the described complexes it is
also relatively unimportant with respect to the nature of the
final product. Because all six sequences attached to the Ru
tris(bipyridyl) center are identical both in sequence and
polarity, complexes formed by either a single coupling or a
cross-linking event to the support-bound sequence are all
identical after deprotection. Control reactions with the Ru
tris(bipyridyl) complex confirmed that [Ru(bpy)3]

2+ was
stable to the basic conditions encountered during the
deprotection of the DNA sequences.

The desired six-arm complexes 2 and 3 were purified by a
combination of HPLC and PAGE (polyacrylamide gel
electrophoresis) techniques. The reversed-phase HPLC

traces typically resulted in three peaks (see Supporting
Information). The third peak (37.9 min) corresponded
to an orange-colored species and contained the
product, namely 2 or 3 (see Scheme 1). The first
peak (22.7 min) contained DNA without any ruthe-
nium which resulted from the growth of DNA strands
that had not coupled with the Ru complex 1, whereas
the second peak (33.1 min) remains unidentified. The
desired complexes were isolated by HPLC with a C18

fast-flow Poros column, which gave essentially the
same peak pattern as the analytical HPLC traces but
broader peaks.

Isolation by PAGE was necessary to resolve the 5-
arm and 6-arm DNA–Ru(bpy)3 monomers because
the eluted fraction corresponding to the third peak
during HPLC isolation comprised both species. The
identity of the two conjugates was tentatively assigned
from their relative migration in the gel, and this
assignment was confirmed by using a hybridization
assay (see below). The ratio of the 6-arm to 5-arm
complex varied for each synthesis, but it was always at
least 2:1. Yields of the 6-arm complex varied typically
from 5–10 A260 units (absorbance units measured at
260 nm). This relatively low yield is at present largely a
result of the need to use wide-pore (2000 D) supports
in the synthesis of the DNA; the initial DNA loading
on these supports was generally no more than
8 mmolg�1. Furthermore, the reverse coupling step
used to incorporate the Ru tris(bipyridyl) complex 1
into the DNA strand is not the high yielding reaction
typical of phosphoramidite couplings. The six-arm
DNA–RuII complex was characterized by MALDI-

Figure 1. A [Ru(bpy)3]
2+ center with six DNA sequences tethered at the

4 and 4’ positions.

Scheme 1.
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TOF mass spectrometry and UV/Vis and fluorescence spec-
troscopies.

The number of DNA arms present in the isolated Ru-
centered monomers was confirmed by stepwise hybridization
with the complementary 20-mer (Figure 2). The desired six-
arm complex (Figure 2, left panel) exhibited six hybridization
products, each leading to a stepwise reduction in the mobility.

The hybridization bands on the gel are thought to correspond
to six-arm-monomer complexes that have from one to six
arms hybridized to the complementary 20-mer. Besides the
identified six-arm complex, a second complex with slightly
greater electrophoretic mobility was also isolated. The
hybridization assay of this complex with the complementary
20-mer indicated that this material contained only five arms
(Figure 2, right panel). These hybridization assays not only
confirm the number of arms present, but they also confirm the
ability of the arms to participate in hybridization reactions
and exist as duplexes. Thermal melting studies were less
helpful in the characterization of the hybridization products
as a single transition resulted for all six duplexes.

The PAGE analyses of the DNA hybridization products in
Figure 2 were complicated by migration anomalies. Migration
of the hybridized complexes was only effective upon reduc-
tion of the cross-linking in the gels by using a 75:1
acrylamide:bisacrylamide mixture in place of the more
conventional 19:1 mixture. However, even with reduced
cross-linking, and presumably the presence of larger gel pores,
the complexes appeared to migrate anomalously. The com-
plex with six single-stranded arms exhibited a minimal
anomaly of 1.13 (Table 1, 0 duplex arms): a moderate effect
which suggests that the complex is still relatively flexible and
that the geometry of placing six DNA arms about a central
core does not significantly alter the nature of the gel
migration. That is, the complex appears to be flexible
enough to pass through the pores in a similar fashion to
single- or double-stranded (ss or ds) DNA even though the
geometry of the DNA complex is more starlike rather than
linear. The observed small anomaly might be explained by the

presence of the ruthenium metal ion and the additional mass
of the bipyridine ligands and the six nine-carbon-atom linkers.
However, the migration anomaly becomes greater with
increasing numbers of hybridized arms; that is, as the single-
stranded sequences are converted into duplexes, the com-
plexes migrate more slowly than expected for the lengths of
the sequences. One 20-mer hybridization event increases the
size of the initial 120-residue complex to 140 residues, but the
140-mer complex migrates as a 190-mer (a migration anomaly
of 1.36). With each subsequent hybridization event the
sequence size increases by 20 residues, but the apparent size
increases by 110, 175, 253, 291, and 398 residues relative to its
actual size. The fully hybridized complex is a 240-mer but it
migrates as a 638-mer—a migration anomaly of 2.66
(Table 1). This phenomenon may reflect a greater extent of
entanglement in the gel fibers by the “starshaped” RuII–bpy–
DNA-duplex complexes relative to the linear shapes of ss and
dsDNA or even relative to the more flexible nature of the
single-stranded DNA–Ru conjugates. The dramatic migration
anomalies observed with an increase in the number of
duplexes tethered to the Ru tris(bipyridyl) center suggest
that the hybridization events generate a complex that displays
a greater rigidity than the unhybridized six-stranded complex;
the more rigid the multi-arm complex, then the more
entanglement there will be between the complex and the
gel, and thus the more difficulty the complex will have in
migrating through the matrix. The rigidity of the monomer
has been suggested[4] as an important parameter for the
formation of higher-order DNA assemblies.

In this first study of a Ru center that tethers six DNA
strands, we employed a nine-carbon-atom linker between the
DNA duplexes and the [Ru(bpy)3]

2+ center. The linker and
the [Ru(bpy)3]

2+ moiety taken together have a maximum
extension of � 15 D from the center of the complex, whereas
the diameter of the duplex DNA is � 20 D. The length of the
linker may introduce some floppiness to the system, but even
at this length, rotation of the DNA duplexes about the linker
relative to one another can still result in significant restrictive
steric or electronic effects with neighboring helices. To
examine a more restrictive system, we prepared the
[Ru(bpy)3]

2+ center with six hydroxyethyl (two-carbon-
atom) linkers and attempted to prepare the corresponding
complex that tethers six DNA sequences. However, we were
unable to obtain any material that contained all six DNA
sequences tethered to the Ru–bipyridyl center. The optimal
length of the linker for complexes of this type therefore lies
between the 9-carbon-atom linker with which the target
complex was obtained and the 2-carbon-atom linker that was
unsuccessful.

Figure 2. Nondenaturing PAGE analysis of DNA–[Ru(bpy)3]
2+ conju-

gates (�25 nm) that result from the synthesis of 3. Left panel, hybridi-
zation results for the 6-arm conjugate; right panel, hybridization
results for the 5-arm conjugate. Lane a: 20 bp ladder; lane b: isolated
6-arm conjugate; lanes c–i: 6-arm conjugate with increasing amounts
of the complementary 20-mer; lane j: isolated 5-arm conjugate;
lanes k–q: 5-arm conjugate of lane 10 with increasing amounts of the
complementary 20-mer. bp=base-pairs.

Table 1: Migration Anomalies for [Ru(bpy)3]
2+ Complexes that Tether up

to Six DNA Duplexes.[a]

DNA Duplex Arms 0 1 2 3 4 5 6
Sequence Size 120 140 160 180 200 220 240
Apparent Size[b] 135 190 270 355 453 511 638
Migration Anomaly[c] 1.13 1.36 1.69 1.97 2.27 2.32 2.66

[a] Ratio of acrylamide to bisacrylamide 75:1. [b] Apparent size relative to
a 20 bp standard ladder. [c] Migration anomaly=apparent size/
sequence size.
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A second hybridization assay (in an agarose gel) was
performed with the monomers 2 and 3 (see Scheme 1), each
of which contained six identical DNA arms that were
complementary to those of the other monomer. As size
markers, the respective hybridization products of 2 and 3 with
six equivalents of the corresponding complementary 20-mer
were used. These samples (Figure 3, lanes a and e, respec-
tively) each provided a species with 240 residues (6 I 20 bp)
that binds ethidium bromide to yield intensely fluorescent

bands in the gel. The hybridization assay was performed with
varying ratios of 2 :3. When both 2 and 3 were present, much
of the resulting DNA was present as high-molecular-weight
assemblies that did not migrate from the gel wells (Figure 3).
In the presence of ethidium bromide, the DNA in the gel wells
was intensely fluorescent which suggests the presence of
conventional duplexes that are capable of intercalative bind-
ing. When either of the monomeric complexes was present in
excess (Figure 3, lanes b and d), the excess unhybridized
monomer was observed at the bottom of the gel with a greater
mobility than those of the hybridized standards present in
lanes a and e. However, the fluorescence intensity of the
starting materials was significantly reduced relative to the
standards in lanes a and e because they contain single-
stranded arms that do not bind ethidium bromide as
effectively. These observations suggest that the high-molec-
ular-weight assemblies in lanes b–d were not simply non-
specific aggregates. The absence of any low-molecular-weight
species (dimers, trimers, etc.) in lanes b–d (Figure 3) may
indicate that the assembly process, which involves multiple
hybridization events for each monomer, may mimic crystal-
lization processes in which the monomers readily assemble
into a macroscopic system after initiation by a seed structure.
We cannot determine at this time whether the assemblies
formed by hybridization have an ordered (i.e., cubic)
geometry or whether they contain significant amounts of
linear hybridization products or other types of nonspecific
assemblies such as those resulting from interpenetration.

In conclusion, this study suggests that multi-arm DNA
complexes might be useful for the assembly of regular DNA
lattices of nanoscale dimensions.
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Heterogeneous Catalysis

The Catalytic Activity of “Naked” Gold
Particles**

Massimiliano Comotti, Cristina Della Pina,
Roberto Matarrese, and Michele Rossi*

Themetal–support interaction in catalysis is of relevance both
for academic studies and for industrial applications, and
theoretical concepts have contributed to understanding the
basic principles behind this interaction.[1] In most cases,
however, the metal–support interaction is only described in
terms of catalytic behavior and its nature often remains
debatable. In recent years interest in gold catalysts for various
applications in organic and inorganic chemistry[2] has
increased and, our and other research groups have inves-
tigated the liquid-phase oxidation of polyol,[3–7] aminoalco-
hols,[8] and glucose[9] to carboxylates, and the gas-phase
oxidation of alcohols to the corresponding carbonyl deriva-
tives[10] using metal particles supported on different materials.

In liquid-phase applications, carbon was found to be the
support of choice, and in the case of ethane-1,2-diol oxidation,
by comparing different commercial carbons, a tentative
hypothesis of metal–support interactions, connected to the
density of phenolic groups at the carbon surface, was
formulated.[11] However, the synergism between gold particles
and carbon was not demonstrated and this point remained
unresolved.

Although gold colloids have widely been employed to
prepare supported gold catalysts, no report of particles
derived from colloidal dispersion being used as catalysts has
appeared. We have now found that, under controlled
conditions, water-dispersed gold sol exhibits a surprising
activity when used as “naked particles”, that is, in the absence
of common protectors as polyvinylalcohol (PVA), polyvinyl-
pyrrolidone (PVP), tetrahydroxymethylphosphonium chlo-
ride (THPC). As a model reaction, we have investigated the
aerobic oxidation of glucose to gluconate which occurs under
mild conditions.

As shown in the conversion–time plot (Figure 1), naked
gold particles having a mean diameter of 3.6 nm behave as an
active catalyst allowing 21% glucose conversion in the first
200 s.

These particles are produced as a colloidal sol by reducing
HAuCl4 in the presence of a large excess of glucose acting
either as reagent or protector. From the initial rate, a specific
molar activity of 18043 molgluconate [mol Au]�1 h�1 (calcu-

lated with respect to the total gold) can be derived. Under
similar conditions, Cu, Ag, Pd, and Pt colloidal particles of
similar dimension (3–5 nm) were scarcely active. During the
catalytic test, gold coagulated into larger particles owing to
the formation of sodium gluconate that, as is common with
other electrolytes, promoted sol coagulation leaving a color-
less, inactive solution after about 400 s. The growth of gold
crystallites during the reaction has been followed by X-ray
diffraction (XRD) analysis at various time intervals, after
sol immobilization on carbon (Figure 2).

Gold particles are also poisoned by sulfur compounds,
such as sulfides and sulfites, and inhibited by protecting
molecules, such as polyvinyl alcohol. Although the short life
of the gold sol does not allow its use as a practical catalyst, its
activity is of relevance both for assigning the catalytic role in
the oxidation reaction and for evaluating metal–support
interactions. For the latter purpose, a 0.5% w/w gold-on-
carbon catalyst II was prepared by contacting the gold sol I
with carbon powder. The size of gold particles remained
unchanged after immobilization on carbon, as derived by

Figure 1. The activity of different metal particles in glucose oxidation.
[Metal]=10�4m, [glucose]=0.4m, T =303 K.

Figure 2. Growth of gold particles during glucose oxidation.
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XRD. Under kinetic control, and using the same amount of
gold, the curve of glucose oxidation with supported particles
is quite similar to that of unsupported particles during the first
100 s (Figure 3a). This result means that both catalytic

systems are similarly efficient and, therefore, metal–support
interactions, if present, are negligible in terms of enhancing
gold activity. However, a benefit was obtained by using the
supported gold particles as their morphology and activity
were preserved for long time allowing the total conversion of
glucose (Figure 3b). In particular, the gold dimension
resulted unchanged at the end of the first catalytic cycle.

In principle, the knowledge of particle size in the sol
allows the calculation of the turnover frequency (TOF) of
gold. For this purpose, a series of experiments were under-
taken to better characterize the kinetics of glucose oxidation
with gold sol. Using colloidal particles having a mean
diameter of 3.6 nm, a linear correlation between gold
concentration (10�5–10�6m) and catalytic activity was found
(Figure 4), which indicates that the rate is not limited bymass-
transport phenomena.

Furthermore, colloidal particles of different size have
been produced by changing the chloroauric concentration
from 50 to 600 mgL�1, and the mean dimension of coherent
scattering crystallites was determined by XRD (using the
Scherrer equation[11]) after immobilization on carbon. For
comparing activity with size, this technique allows a better
correlation than that obtained by TEM where a broad
distribution is observed in the case of larger particles (5–
10 nm) owing to the formation of aggregates after deposition
on carbon. These aggregates, however, retain their XRD
identity. The chemical nature of gold particles under reaction
conditions has been investigated by X-ray photoemission
spectroscopy (XPS) after deposition on carbon. The presence
of a sharp peak centered at 83.9� 0.2 eV, relative to the
Au 4f7/2 signal, suggests the existence of the metallic state
only.[12] By using gold particles of different size in the range 3–
6 nm, we observed a catalytic activity inversely proportional
to the diameter at the total gold concentration of 3.2 D 10�5m
(Figure 5). Particles larger than 6 nm deviate from linearity
and a sharp cut off is observed at approximately 10 nm. We
have no arguments that give a satisfactory interpretation for
the sudden loss of activity. However, discontinuity at the
nanometric scale has been observed in the case of other
physicochemical properties of gold, for example, the sharp

Figure 3. a) Initial rate of glucose oxidation with naked (gold sol) and
supported gold particles (preformed Au/C). [Au]=10�4m, [gluco-
se]=0.4m, T =303 K. b) Rate of glucose oxidation with naked (gold
sol) and supported gold particles (preformed Au/C). [Metal]=10�4m,
[glucose]=0.4m. T =303 K.

Figure 4. Conversion versus [Au]; t =100 s, [glucose]=0.1m.
T =303 K.

Figure 5. Conversion versus particle dimension; t =100 s,
[glucose]=0.38m ; glucose:Au=12000.
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decrease of the melting point, related to the transition from
nonmetallic to metallic bonding, which occurs at a lower sizes,
approximately 1–2 nm.[2] For particles smaller than 6 nm the
observed correlation between activity and diameter agrees
with the concept that only exposed atoms are catalytically
active. By using the simple model of spherical particles, the
total surface area, and therefore the number of exposed
atoms, at a given metal amount, is in inverse proportion with
particle diameter. By assuming in the first instance uniform
particles of 3.6 nm present in the gold sol, 0.288 nm being the
atomic diameter, the fraction of atoms lying at the surface
should be approximately 36%.[2,13] Therefore, considering the
initial specific activity of 18043 mol of gluconate formed per
mol of total gold per hour, the initial TOF calculated for gold
in the glucose oxidation is 50120 h�1. Further investigation,
based on a more appropriate model and using detailed
particle size distribution in the liquid matrix, would give a
more accurate result. A high activity can be preserved for a
long time during the oxidation of glucose with the supported
particles (Figure 3b). The estimated TOF value for carbon-
supported particles should be similar to the unsupported
particles, considering the similar catalytic efficiency (Fig-
ure 3a), and observing that dimension and form are in both
cases identical (as derived by TEM), whereas diffusion in the
carbon-supported catalyst is not a rate-limiting factor. This
latter point has been experimentally verified by observing a
linear increase of the reaction rate either on increasing the
amount of catalyst (0.5% Au on C) or on increasing the
loading of gold (0.1–1%) on the carbon.

The catalytic behavior of unsupported gold nanoparticles
which interact with dissolved oxygen and glucose under
conditions which are at the boundary between homogeneous
and heterogeneous conditions, is also of interest for making
comparisons with homogeneous catalysis. In fact, homoge-
neous enzymatic systems, containing the oxidase-catalase
proteins derived from Aspergillus Niger mould, are the basis
of the industrial process for the production of gluconate.[14]

Catalytic tests were carried out, in the same apparatus as for
the gold reactions, using a commercial enzymatic system
(hyderase, Amano) containing 1.3 D 10�6 molg�1 (hydrase) of
flavine-adenine dinucleotide (FAD) as the rate-limiting
factor. Operating at 303 K and 101.3 kPa, the pH value was
fixed at 7 and a glucose/FADmolar ratio of 6.7 D 105 was used
for optimizing the activity.

Under these conditions, the enzymatic system was about
one order of magnitude more active than gold, its initial TOF
value being 7.0 D 105 h�1 referenced to FAD (Figure 6)
compared to 5.0 D 104 h�1 for the inorganic catalysis refer-
enced to the exposed gold.

Despite the higher molecular efficiency of the enzymatic
catalysis, for practical application gold seems to be a
competitive alternative for glucose oxidation owing to the
simplicity of catalyst manufacturing, nontoxicity of the metal
and possibility of recycling.

In conclusion, the catalytic role and the properties of
unsupported gold nanoparticles towards glucose oxidation
have been investigated, allowing the evaluation of the specific
activity of the metal which resulted comparable to that of
enzymatic systems.

Experimental Section
A colloidal dispersion of gold I, was prepared by treating a 1.25 D
10�4m aqueous solution of gold (as HAuCl4) with NaBH4

(NaBH4:Au= 5:1) under N2 atmosphere, in the presence of a large
excess of glucose (0.35m). The resultant brown sol contained metal
particles, stable for several hours in the absence of dioxygen, having a
mean diameter of 3.6 nm, as determined by TEM performed on a
drop of dispersion evaporated on copper grid. In a similar manner Cu,
Ag, Pd, and Pt colloidal particles (3–5.5 nm) were prepared.
Supported 0.5% (w/w) gold on carbon catalyst, II, was prepared by
contacting 2 g of carbon powder (X40S, Camel, 1200 m2g�1) with sol I
containing the appropriate amount of Au. Inductively coupled plasma
(ICP) analysis showed total depletion of gold from the solution in a
few minutes, and the residue material collected by filtration was used
for the catalytic test without washing.

Hyderase: a glucose oxidase preparation produced byAspergillus
Niger fermentation (Amano Enzyme Co.) contained 1 mgg�1 of FAD.
The oxidation of glucose was carried out in a thermostatted,
magnetically stirred reactor (80 mL) purged with dioxygen at
atmospheric pressure. The reaction was started by adding the catalyst
to the O2 saturated solution. Gluconic acid was continuously titrated
at fixed pH value (9.5 for gold and 7 for hyderase) with NaOH, using
a GPD 751 Titrino apparatus (Metrohm). Catalyst amount, stirring
speed (1600 rpm), gas flow (60 Lh�1), and temperature (303 K) were
chosen to carry out the test under catalyst-controlled kinetics. As the
reaction product only gluconate was detected by HPLC as previously
reported.[8]
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Figure 6. Rate of glucose oxidation with hyderase. [Glucose]=1m,
[FAD]=1.5A10�6m, T =303 K.
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Host–Guest Systems

An Aromatic Anion Receptor:
Anion–p Interactions do Exist**

Paul de Hoog, Patrick Gamez,* Ilpo Mutikainen,
Urho Turpeinen, and Jan Reedijk*

Noncovalent supramolecular interactions involving aromatic
rings play a significant role in both chemical and biological
recognition.[1] For example, p-stacking interactions between
the aryl rings of nucleobase pairs help to stabilize the DNA
double helix.[2,3] It is well known that cation–p interactions
are of great importance for many biological systems.[4,5] Thus,
the binding of the agonist acetylcholine to its receptor is very
selective and involves cation–p interactions between a
quaternary ammonium group and a tryptophan amino acid
residue.[6] Design and preparation of supramolecular host–
guest compounds involving neutral or cationic entities have
therefore received much attention during the last two
decades.[7] In contrast, the chemistry of noncovalent anion–
p interactions is much less developed.[8, 9] This is most likely

due to the electron-donating character of anions, which is
expected to lead to repulsive interactions with aromatic p

clouds. However, in the last few years, an increasing number
of aryl hosts for anionic guests have been studied, probably
because of their potential medicinal and biological applica-
tions.[8] Indeed, more than 70% of enzyme substrates and
cofactors are anions.[10]

Interactions between p-electron-poor aromatic moieties
and anions were first demonstrated by NMR studies.[11–13]

Several recent articles have reported theoretical investiga-
tions on the binding of halides with electron-deficient p

systems such as fluorobenzene derivatives,[14–16] fluoro-s-
triazine[17] and s-tetrazine derivatives,[18] and tetrafluoroe-
thene.[19] All calculations clearly indicated an energetically
favorable noncovalent interaction between halide and p

system.[20] Lately, the first crystallographic evidence was
reported for such interactions, between the 1,3,5-triazine
group of the ligand 2,4,6-tris(di-2-pyridylamino)-1,3,5-tri-
azine[21,22] and chloride and tetrachlorocuprate[23] anions.

In the course of research on the preparation of triazine-
based coordination polymers[24,25] and their physical and
catalytic properties,[26,27] the dendritic octadentate ligand
N,N’,N’’,N’’’-tetrakis{2,4-bis(di-2-pyridylamino)-1,3,5-tri-
azinyl}-1,4,8,11-tetraazacyclotetradecane (azadendtriz) was
synthesized.[27]

Layering an aqueous solution of CuCl2 (2 mL, 32 mm)

with a solution of azadendtriz in dichloromethane (2 mL,
3.6 mm) gave blue prismatic crystals of [Cu4(azadend-
triz)Cl4](Cl)4(H2O)13 (1) in 54% yield by slow diffusion of
the ligand into the aqueous phase, which gradually turned
from colorless to dark blue (see Supporting Information).

The structure of 1 (Figure 1) shows a cationic tetranuclear
copper moiety formed by one dendritic ligand, where the four
s-triazinyl groups stack two by two in a parallel fashion.
Consequently, the copper ions are coordinated by two 2,2’-
dipyridylamino units belonging to two different s-triazine
rings. The coordination spheres of the square-pyramidal (t =

0.11, 0.13, 0.11, and 0.13 for Cu1, Cu2, Cu3, and Cu4,
respectively)[28] metal centers are completed by a chloride
anion at the apical position at a distance varying from 2.406(6)
to 2.431(5) <. The Cu�N distances of 1.991(9)–2.056(12) <
can be considered normal for square-pyramidal CuII ions. In
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addition, four chloride anions and thirteen water molecules
are located in the crystal lattice. Some of these noncoordi-
nated entities are disordered, for example, two carbon atoms
of the azacrown group. The triazine rings are p–p stacked in
pairs with nearly perfect face-to-face alignment (Figure 1),
which is quite a rare phenomenon.[23,29] The distances between
the triazine centroids of 3.65 (rings A) and 3.60 < (rings B)
are slightly longer than the usual values for p–p interactions
(ca. 3.5 <). However, such elongation is commonly observed
with N-heteroaromatic ligands, especially when the nitrogen
atoms of one ring face the nitrogen atoms of the other, which
leads to unfavorable electrostatic interactions.[3] A shorter
distance has been observed with a less repulsive N/C face-to-
face alignment between two s-triazine rings.[30]

The most fascinating feature of this supramolecular
species is its ability to encapsulate two chloride anions.
Indeed, Cl5 and Cl6 are the guests of two host cavities formed
by four pyridine rings of the ligand (Figure 1). The cen-
troid···Cl� distances vary from 3.521(6) to 3.559(5) < for Cl5,
and from 3.466(5) to 3.697(5) < for Cl6. These distances are
longer than the values calculated for the model s-triazine
anion.[17, 19] Unfortunately, no theoretical investigations are
yet available for the pyridine ring, which is a much less
electron deficient aromatic ring, but one would reasonably
expect longer ring–anion bonds. The anion–p interactions
observed here are favored by the fact that the pyridine rings
involved are coordinated to copper ions, which enhances their
electron-poor character. In addition to the p interaction, the
chloride ions are close to the neighboring triazine rings.
Indeed, the Cl5···N92 and Cl6···N106 distances of 3.013(12)
and 3.119(13) <, respectively, suggest some electrostatic
interactions between the guest anions and the electron-
deficient triazine rings. The combination of both electronic
effects confers electrophilic character on the host cavity. The
angles of the Cl�···centroid axis to the plane of the different
pyridine rings are 78 and 808 for Cl5, and 74 and 828 for Cl6.
The ideal anion–aromatic plane angle of the extensively
studied s-triazine moiety is 908. However, again, no theoret-
ical calculations have been performed on the pyridine ring,
and thus the optimal angle has not yet been determined.

In summary, the first coordination compound of the ligand
azadendtriz is reported. The supramolecular copper complex
1 shows unusual intramolecular p–p interactions between
1,3,5-triazine rings. Furthermore, this tetranuclear complex
exhibits host–guest properties, and the first encapsulation of a
chloride anion by four pyridine rings is described, which
demonstrates the possible existence of anion–p interactions.
The encapsulation of the bromide anion is currently being
investigated. A theoretical approach to study this non-hydro-
gen bonding artificial anionic receptor is also proposed.
Understanding how nature can selectively bind, functionalize,
and transport anionic species in biological systems would
undoubtedly be of great importance for the design of new
drugs.
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Nanostructures

Nanofiber Formation in the Chemical
Polymerization of Aniline: A Mechanistic
Study**

Jiaxing Huang and Richard B. Kaner*

Polyaniline is unique among conducting polymers because of
its simple nonredox doping/dedoping chemistry based on
acid/base reactions.[1, 2] The conventional chemical oxidative
polymerization of aniline is carried out in an aqueous solution
in which aniline is dissolved in a strong acidic solution (for
example, 1m HCl) at about 0 8C and the polymerization is
initiated by adding an oxidant (for example, ammonium
peroxydisulfate) into the solution.[1] Polyaniline nanostruc-
tures, such as nanofibers/-wires/-rods/-tubes, can be made by
introducing “structural directors” into the chemical polymer-
ization bath. These structural directors include “soft tem-
plates” such as surfactants,[3] organic dopants,[4,5] or polyelec-
trolytes[6] that assist in the self-assembly of polyaniline
nanostructures, and “hard templates” such as porous mem-

branes[7] or zeolites[8] where the templated polymerization of
aniline occurs in the 1-D nanochannels. Films containing
polyaniline nanofibers can also be made by using electro-
spinning[9] or electrochemical methods to control the poly-
merization rate.[10–12] Nanostructures of polyaniline are of
great current interest since they combine the properties of
low-dimensional organic conductors with high surface area
materials. This situation can lead to enhanced properties in
applications such as chemical sensors.[13–16]

Recently we have developed a general chemical route to
polyaniline nanofibers by using interfacial polymerization at
an aqueous/organic interface.[15,17] The reactants—aniline,
ammonium peroxydisulfate, and a doping acid such as
HCl—are separated by the interface between an organic
solvent containing aniline and an aqueous phase containing
the oxidant plus the doping acid. The polyaniline product,
polymerized at the interface, contains almost exclusively
nanofibers with relatively uniform diameters. The nanofiber
diameter is determined by the doping acid used in the
polymerization.[17] This synthesis is very general and does not
require any template, special dopant, or specific solvent.
Careful analysis of polyaniline made in a conventional single-
phase polymerization reaction by microscopy have shown the
presence of a small amount of nanofibers.[17] This observation
indicates that the formation of nanofibers is not necessarily
determined by the interface but more likely by the nature of
the oxidative polymerization of aniline. To more fully under-
stand the formation mechanism of polyaniline nanofibers,
several important questions need to be addressed. These
include: 1) Why does interfacial polymerization produce
“pure” nanofibers while conventional synthesis produces
irregularly shaped particles? 2) Why can small amounts of
nanofibers be found in polyaniline made by conventional
synthesis? 3) Why does polyaniline form such extended,
elongated fiberlike nanostructures? Herein we provide
answers to these questions by reporting experimental results
on the factors affecting the morphology of chemically
polymerized polyaniline.

To address the first question we studied the morphological
evolution of polyaniline during traditional chemical oxidative
polymerization. A solution of the oxidant ammonium peroxy-
disulfate dissolved in 1m HCl was fed continuously into a
solution of aniline dissolved in 1m HCl by using a syringe
pump at a preset flow rate. This procedure is analogous to the
“drop by drop” titration used in traditional synthesis
(Figure 1) but with a precisely controlled feeding rate. The
reaction vessel was kept in an ice bath at between�5 and 0 8C.
Small amounts of product for transmission electron micro-
scopy (TEM) studies were periodically extracted from the
reaction bath as soon as the green color of polyaniline was
visible. At this point, the samples were immediately diluted
with distilled water, cast onto TEM grids, and dried in air to
quench the polymerization. Polyaniline nanofibers form at an
early stage in the polymerization process (Figure 2a). These
nanofibers have average diameters of 30–35 nm, which is
consistent with those obtained using interfacial polymeriza-
tion.[17] As more ammonium peroxydisulfate is fed into the
reaction, the nanofibers become scaffolds for secondary
growth of polyaniline (Figure 2b) and finally turn into
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irregularly shaped agglomerates containing nanofibers and
particulates (Figure 2c). The whole process is illustrated
schematically in Figure 1. Therefore, if secondary growth can
be suppressed, the yield of nanofibers in the final product
could be greatly increased.

Interfacial polymerization represents one effective
method to suppress secondary growth (Figure 3).[17] Since
the monomer aniline and the initiator ammonium peroxydi-
sulfate are separated by the boundary between the aqueous
and the organic phase, polymerization occurs only at this
interface where all the components needed for polymeriza-
tion come together.[14, 15,17] Polyaniline then forms as nano-
fibers. Since these newly formed nanofibers are in the doped
emeraldine salt form, they are hydrophilic and can rapidly
move away from the interface and diffuse into the water layer
(Figure 3b). In this way, as the nanofibers form they are
continuously withdrawn from the reaction front, thus avoid-
ing secondary growth and allowing new nanofibers to grow at
this interface. This effect explains why nanofibers are
obtained no matter which solvent is used as the organic
phase in interfacial polymerization. Hence, the interface
between the immiscible aqueous/organic layers does not
contribute directly to the formation of nanofibers; it simply
separates nanofiber formation from secondary growth.

With the knowledge that the key to synthesizing polyani-
line nanofibers is preventing secondary growth, we have now
designed a new, even simpler method to make pure polyani-
line nanofibers (Figure 4). The idea is that if all the reactants
can be consumed during the formation of nanofibers,
secondary growth will be greatly suppressed since no
reactants will be available for further reaction. To achieve
this goal, the initiator solution (ammonium peroxydisulfate in
1m HCl) was added into the monomer solution (aniline in 1m
HCl) all at once (Figure 4a), rather than slowly feeding it in
by titration or syringe-pumping. Sufficient mixing can be
achieved with a magnetic stirrer or shaker to evenly distribute
the initiator and monomer molecules before polymerization

(Figure 4b). As the polymerization begins, the initiator
molecules induce the formation of nanofibers by rapidly
polymerizing aniline monomers in their vicinity. Therefore, all
the initiator molecules are consumed to form polyaniline
nanofibers, thus suppressing the secondary growth of polyani-
line. The product from a fast-mixing reaction in an ice bath is

Figure 1. Schematic diagram illustrating the formation of polyaniline
agglomerates during conventional chemical synthesis. a) The oxidant
(open circles) dopant solution is added slowly to the aniline (solid cir-
cles) dopant solution. b) Polyaniline nanofibers form as soon as the
polymerization begins. Since the nanofibers are exposed to aniline and
oxidant, they are subject to secondary growth. c) Agglomerates of poly-
aniline particles plus a few nanofibers are found because of severe sec-
ondary growth.

Figure 2. Typical TEM images showing the morphological evolution of
polyaniline during chemical oxidative polymerization in 1m HCl at
about 0 8C. The samples were extracted: a) as soon as the green color
of polyaniline became visible, b) after 25 minutes, and c) after
100 minutes.
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almost exclusively polyaniline nanofibers of uniform sizes as
observed using scanning electron microscopy (SEM; Fig-
ure 5a). The nanofibers formed are similar to those obtained
by interfacial polymerization. In contrast, agglomerates of
nanofibers and irregular particulates are produced by using
traditional slow-mixing reactions (Figure 5b). Comparable
results are obtained when monomer solution is fed into the
initiator solution.

Reactions that are rapidly mixed using other doping acids,
including sulfuric, camphorsulfonic, and perchloric acids also
produce “pure” nanofibers with comparable shapes and sizes
to those made by interfacial polymerization.[17] Fast-mixing
reactions carried out at different temperatures, including in an
ice bath (ca. 0 8C), at room temperature (ca. 20 8C), and at
100 8C, all yield high-quality nanofibers. When the reactant
concentrations are increased, the induction time of the
reaction is reduced, but no apparent difference in the
morphology of the product is observed. It is now clear that
nanofibers of polyaniline form naturally during chemical
oxidative polymerization in aqueous solutions. By suppress-

ing the secondary growth of irregular particles, either through
interfacial polymerization or rapid-mixing reactions, essen-
tially pure polyaniline nanofibers can be obtained without the
need for any templates or seeds.[18] Nanofibers appear to be a
basic morphological unit for chemically polymerized polyani-
line as they are for polyacetylene.[19]

The next question is why does polyaniline favor an
elongated, well-extended 1-D nanofiber morphology in
water? The successful rapid-mixing reaction route to
making polyaniline nanofibers in water is also applicable to
other solvents, which is difficult to do using interfacial
polymerization. Figure 6 shows the morphology of polyani-
line obtained through rapid-mixing reactions in water,
ethanol, and isopropanol at room temperature. Well-defined,
relatively long nanofibers are created in water (Figure 6a).
The product formed in ethanol is a mixture of short nano-
fibrils with many irregular particles attached to them (Fig-
ure 6b). The reaction in isopropanol produces only agglom-
erates of 100–300-nm particulates with no discernable nano-

Figure 3. A schematic illustration of the synthesis of polyaniline nano-
fibers by using interfacial polymerization. a) An interface is set up
between an organic phase containing dissolved aniline (solid circles)
and an aqueous phase containing the oxidant (open circles). b) Poly-
aniline nanofibers form at the interface, where aniline meets the oxi-
dant and diffuse into the water phase. Note that this carries the nano-
fibers away from the reactive interface so they are not subject to fur-
ther secondary growth. c) As the polymerization proceeds, nanofibers
accumulate in the aqueous phase.

Figure 4. A schematic illustration of the synthesis of polyaniline nano-
fibers in a rapidly mixed reaction. a) The oxidant (open circles) dopant
solution is quickly added into the aniline (solid circles) dopant so-
lution and mixed. b) A homogenous solution is obtained where all the
aniline and oxidant molecules are evenly distributed, thus leading to
fast polymerization across the entire solution. c) Since all the reactants
are consumed in the formation of nanofibers, secondary growth is sup-
pressed.

Figure 5. SEM images showing the morphology of polyaniline synthe-
sized from a) a rapidly mixed reaction and b) a slowly mixed reaction.
High-quality nanofibers are obtained in the rapidly mixed reaction,
while irregular agglomerates form in the slowly mixed reactions.
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fibers. Note that since the as-prepared polyaniline is in its
doped, hydrophilic emeraldine salt form, the affinity of the
polyaniline salt for the solvent will decrease from water to
ethanol to isopropanol as the polarity decreases. Therefore, it
is not surprising that polyaniline favors more compact
morphologies in ethanol and isopropanol, while in water
elongated 1-D nanofibers form.

In summary, polyaniline preferentially forms as nano-
fibers in aqueous solution during chemical oxidative polymer-
ization. The nanofibers produced in the early stage of
polymerization during slow-feeding reactions are subject to
secondary growth, which leads to the large agglomerates
containing irregularly shaped particles and nanofibers. Pure
nanofibers can be obtained by preventing the secondary
growth. In interfacial polymerization secondary growth is
suppressed when freshly formed nanofibers diffuse away from
the reactive interface. Secondary growth is limited in rapid-
mixing reactions by quickly consuming the reactants during
the initial polymerization. Rapid-mixing reactions in less-
polar solvents produce less-perfect nanofibers, which indi-
cates that water is the best solvent for the synthesis of
nanofibers. The rapid mixing reaction route is an even simpler
method than interfacial polymerization to make polyaniline
nanofibers, especially on a laboratory scale where sufficient
mixing can be easily achieved by stirring or shaking before the
polymerization starts. This mechanistic study may offer
important insights into the synthesis of other conducting
polymer nanostructures. It may also help to explain the
variation in the properties of polyaniline made in different
reactions, since the rate of addition of reactants affects the
final morphology, thus resulting in different fractions of
nanofibers in the final product.

Experimental Section
Synthesis and purification:All chemicals were of analytical grade and
used as received. Reactions were generally carried out in 20-mL vials.
Typically, an aqueous solution of aniline (3.2 mmol) in 1m doping acid
(10 mL) and another solution of ammonium peroxydisulfate
(0.8 mmol) in the same doping acid (10 mL) were prepared and
mixed using a syringe pump. HCl was used as the dopant unless
otherwise mentioned. The feeding rate of one solution into another
was set at 5 mLh�1 so that it took 2 h to completely feed into the
solution. Reactions were carried out at different temperatures:
ca. 0 8C (using an ice bath), ca. 20 8C (at room temperature), and at
ca. 100 8C (using boiling water). Sulfuric acid was used as the dopant
for reactions at ca. 100 8C because of its thermal stability. Rapid-
mixing reactions were performed by pouring the two solutions
together and immediately stirring or shaking to ensure sufficient
mixing before polymerization begins. Polymerization can be observed
when the characteristic green color of polyaniline emeraldine salt
became visible. More reactions were carried out by increasing or
decreasing the reactant concentrations by 10 times; in all cases
uniform nanofibers were observed. For reactions in ethanol and
isopropanol, the monomer and ammonium peroxydisulfate solutions
were prepared in the solvent. Solutions of 1m HCl in ethanol and
isopropanol were prepared by diluting a concentrated aqueous
solution of HCl (12.1m) with the corresponding alcohols. The
products were purified by centrifugation using the reaction solvent
until the suspension reached a neutral pH value.

Morphology : The morphologies of the product were examined by
TEM (JEOL 100CX) and SEM (JEOL 6700). For the morphological
evolution experiments (Figure 2), samples (0.1 mL) were extracted
from the reaction at different times and diluted immediately in
distilled water (0.5 to 2 mL). An appropriate amount of this
suspension was then cast onto copper TEM grids (Formvar coated,
300 mesh, Ted-Pella Inc.). The grids were placed on filter paper to
absorb any extra suspension and facilitate rapid drying, therefore
quenching the polymerization. Other TEM samples were prepared by
diluting the purified products and casting suspensions onto TEM

Figure 6. Typical TEM images showing the morphology of polyaniline
obtained in different solvents through rapidly mixed reactions in
a) water, b) ethanol, and c) isopropanol.
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grids. Samples for SEM experiments were made on conducting stages
and observed without gold coatings.
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Natural Products Synthesis

Total Synthesis of Apicularen A through
Transannular Pyran Formation**

Andreas F. Petri, Alexander Bayer, and
Martin E. Maier*

Natural products that show cytotoxic effects are important in
cancer treatment. As resistance can occur, and not all tumor
cells are equally sensitive to a certain drug, there is a need for
compounds that have novel modes of action. Such compounds
include the benzolactone enamides,[1] for example, apicular-
en A (1) and salicylihalamide A (2). Salicylihalamide A was

isolated from the sponge Haliclona sp.,[2] whereas apicular-
en A has been found in various myxobacteria strains.[3] Both
compounds were shown to be selective inhibitors of mamma-
lian V-ATPases, which are important as proton pumps for
regulating intracellular pH.[4] Depending on the cell type
studied, other downstream effects were observed, such as the
phosphorylation of mitogen-activated protein kinases, which
results in apoptosis.[5, 6] The structure of apicularen A is
characterized by the salicylic acid portion, a trans tetrahy-
dropyran embedded in a macrolactone, and an enamide side
chain. Several total syntheses of apicularen A,[7] formal total
syntheses,[8] and synthetic studies[9,10] have been reported.

Some time ago we proposed that the pyran ring of
apicularen A is probably formed by a transannular reaction of
a macrolactone precursor through the opening of an epoxide
or addition to an enone.[10a] Herein we describe the applica-
tion of the transannular etherification strategy for the total
synthesis of apicularen A (1).

As described previously,[10b] the dithiane 3, the epoxides 4
and 5, and trimethylsilylacetylene (6) were combined in a
four-component coupling[11,12] to give the alkyne 7
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(Scheme 1). Hydrolysis of the dithiane and desilylation
yielded a b-hydroxyketone, which was converted by syn
reduction and acetalization into the alkyne 8.

The conversion of the alkyne 8 into a suitable vinyl metal
species for cross-coupling turned out to be quite challenging
(Scheme 2). For example, the palladium-catalyzed hydro-

stannylation[13] of 8 gave an inseparable mixture of the
internal and terminal stannane. The hydrostannylation under
radical conditions led to the tetrahydrofuran 9 through an
atom-transfer and cyclization process. This difficulty was
overcome by generation of the vinyl borane 10[14] followed by
transmetalation to the stannane 11.[15] In this way the vinyl
stannane was obtained exclusively as the E isomer in excel-
lent yield.

The subsequent cross-coupling reaction of the triflate
12[10a] with the stannane 11 proceeded smoothly to furnish the
salicylate 13 in excellent yield (Scheme 3). Hydrolysis of the
acetal and ester functionalities then gave the dihydroxy acid
14. As we had observed in this and related cases,[10] the size-
selective macrolactonization under Yamaguchi conditions[16]

gave selectively the larger of the two macrolactones, but the
chemical yield was only in the range of 50%. Therefore, the
method of Trost and Chisholm was investigated.[17] In this
case, an ethoxyvinyl ester, prepared by the ruthenium-
catalyzed addition of the carboxylic acid 14 to ethoxyacety-
lene, serves as the precursor. The best results for the
macrolactonization were obtained at 80 8C (5 mm, 63%

yield). In contrast to the results of our previous model
study,[10a] the treatment of the macrolactone 16 with N-
(phenylseleno)phthalimide left the starting material
unchanged.[18] Eventually, it was found that treatment with
mercuric trifluoroacetate in dichloromethane gave the
cyclized organomercurial intermediate within minutes. To
suppress the undesired retrocyclization[19] of the mercurial
intermediate during the reductive demercuration, it was
necessary to change the solvent from CH2Cl2 to THF and to
perform the reduction with LiBH4 in the presence of Et3B.[20]

The origin of the high selectivity in the transannular ether-
ification has not yet been clearly ascertained. However, on the
basis of previous work, we believe that the transition state of
the kinetically controlled reaction is productlike, thus leading
to the less strained product.[8d,10a]

The synthesis continued with the cleavage of all ether
protecting groups with 9-iodoborabicyclononane (9-I-9-BBN;
Scheme 4).[21] A sequence of complete silylation and selective
desilylation generated the primary alcohol 20, which was
oxidized to the aldehyde 21[7c] with tetra-n-propylammonium
perruthenate (TPAP).[22] The stage was set for the attachment
of the enamide side chain.[23] The addition of the aluminum
carboximidoate derived from the amide 22[23b] and diisobutyl-
aluminum hydride[24] to the aldehyde 21 provided the hemi-
aminal 23 in 86% yield (1:1 mixture of diastereomers). When
a solution of the hemiaminal 23 in THF was heated at reflux
in the presence of acetic anhydride and pyridine, the enamide
24 was obtained as a separable E/Z mixture (E/Z= 75:25).
The removal of the silicon protecting groups from (E)-24 with

Scheme 1. Synthesis of the alkyne 8 by a four-component coupling
strategy. Bn=benzyl, TBDMS= tert-butyldimethylsilyl.

Scheme 2. Synthesis of the vinylstannane 11 via an intermediate vinyl
borane: a) nBu3SnH, AIBN (cat.), toluene, reflux (56%);
b) (C6H11)2BH, THF, 0 8C, 1 h; c) NaOH, [Cu(acac)2] (cat.), nBu3SnCl,
�15!23 8C (>93%).

Scheme 3. Cross-coupling, size-selective macrolactonization, and
transannular etherification to yield the building block trans-18 :
a) P(furyl)3, [Pd2(dba)3], LiCl, NMP, 60 8C, 48 h (93% from 8); b) 80%
AcOH, 23 8C, 80 min (99%); c) LiOH, MeOH/H2O, 60 8C, 72 h (99%);
d) [{RuCl2(p-cymene)}2], ethoxyacetylene, toluene, 0 8C; e) CSA, tolu-
ene, 80 8C (63% from 14); f) Hg(O2CCF3)2, CH2Cl2, 23 8C, 30 min, then
NaCl, 23 8C; g) Et3B, LiBH4, THF, �78 8C, 1 h (89% from 16). CSA=
camphorsulfonic acid, NMP=1-methyl-2-pyrrolidinone, Tf= trifluoro-
methanesulfonyl.
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TASF[25] gave pure apicularen A (1). Another method for the
conversion of an aldehyde into the corresponding enamide
via a bisamide derivative through a base-induced elimina-
tion[26] proved unsuccessful in the case of apicularen.[7b,c]

In summary, we have developed a concise total synthesis
of apicularen A, featuring a number of key transformations:
a) a four-component coupling that combines a 1,3-dithiane, a
terminal epoxide, an acetylide, and epichlorohydrin, b) a
Stille cross-coupling reaction with the vinylstannane gener-
ated from a vinylborane, c) a size-selective macrolactoniza-
tion of an ethoxyvinyl ester, d) a transannular etherification,
and e) formation of the enamide from a hemiaminal. This
successful strategy underscores the close relationship between
salicylihalamide and apicularen.

Received: May 24, 2004
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48 h ((E)-24 : 46%, (Z)-24 : 15%); g) TASF, DMF, 23 8C, 21 h (75%).
DIBAL=diisobutylaluminum hydride, DMF= N,N-dimethylform-
amide, NMO=4-methylmorpholine N-oxide, TASF= tris(dimethyl-
amino)sulfonium difluorotrimethylsilicate.
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C�N Activation

Unusual Reactivity of a Nickel N-Heterocyclic
Carbene Complex: tert-Butyl Group Cleavage
and Silicone Grease Activation**

Stephen Caddick,* F. Geoffrey N. Cloke,*
Peter B. Hitchcock, and Alexandra K. de K. Lewis

During the past decade there has been considerable interest
in N-heterocyclic carbene ligands (NHCs), particularly as
alternative to phosphanes for both palladium-[1] and ruthe-
nium-mediated[2] catalysis of a range of organic transforma-
tions. Recently, the use of NiII/imidazolium salt/base or Ni0/
NHC combinations for catalytic aminations, in which the
active catalyst is believed to be a Ni0–NHC complex, has also
been described.[3] Our interest in this area to date has focused
on the use of isolated, two-coordinate bis(NHC) palladium(0)
complexes for catalytic amination[4] and mechanistic studies;
in the latter context we have recently reported a detailed
mechanistic study on the oxidative addition of 4-chloroto-
luene to bis(1,3-bis-tert-butylimidazol-2-ylidene)palladium.[5]

Thus we were interested in extending such studies to the
nickel analogue, and herein we report the highly unusual
reactivity associated with the attempted conventional syn-
thesis of bis(1,3-bis-tert-butylimidazol-2-ylidene)nickel.

We have already reported the preparation of [Ni{C(Nt-
BuCH)2}2] (1) by metal vapor synthesis (MVS), although the
compound was not structurally characterized at that time.[6]

We have now determined the structure of 1 (Figure 1).
Ardeungo et al. have reported the molecular structure of

an analogue of 1 derived from 1,3-bis-mesitylimidazol-2-
ylidene, synthesized by the treatment of [Ni(1,5-cod)2]
(COD= cyclooctadiene) with the free NHC.[8] Comparison
of 1 with the former shows that both structures display linear
geometry around the nickel center, although the nickel–
carbene bond length is slightly longer in 1 (1.874(2) = for 1,
compared to 1.827(6) =). However, they differ in that the
planes of the ligands in 1 are twisted 758 from coplanarity
whereas in the Arduengo complex the twist angle is 538. The
bonding in such compounds is predominantly s in nature, with
minimal p bonding,[9] so the twist angle is almost certainly

governed by subtle steric interactions and/or crystal packing
forces in the solid state. In solution, NMR spectroscopy
studies on asymmetrically substituted bis(NHC)-Group 10M0

indicate rapid rotation about the metal–carbene bond on the
NMR timescale down to �908.[10]

Since we wished to develop a conventional, solution-
phase route to 1, [Ni(1,5-cod)2] was treated with an excess of
1,3-bis-tert-butylimidazol-2-ylidene in THF in a Schlenk tube
sealed with a greased stopper. After a two-week reaction
time, work-up and crystallization from hexane afforded
purple crystals of [{Ni[C(NtBuCH)2][O(Me2SiOSiMe2)-m-
O]}2] (2 ; Figure 2) in low yield.

The structure reveals a dinuclear nickel(ii) complex, with
distorted square-planar geometry about nickel, in which the
two metal centers are bridged by disiloxane units derived
from silicone grease (see Scheme 1). The central Ni2(m-O)2
core is folded by 218 out-of-plane about the O–O axis, with
the bond lengths of the asymmetric m-O bridges, Ni–O(1)
1.958(4), Ni–O(1’) 1.896(4) =, comparable to those found in
the m-O unit in [{Ni[C(SiMe3)(2-SiMe2C5H4N)(SiMe2O)]}2]
(1.918(4), 1.891(45) =);[11] the non-bridging oxygen–nickel
bond length in 2 (Ni–O(3) 1.839(4) =) is very close to that in
[Ni(h2-OCHMeCH2NMe2)2] (1.829(3) =).[12] The nickel–car-
bene Ni(1)–C(1) bond length (1.883(6) =) in 2 is identical to
that in 1 (within estimated standard deviations (esds)),

Figure 1. ORTEP diagram of 1 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [!] and angles[8]: Ni-C(1) 1.874(2); N(1)-
C(1)-N(1) 102.25(15).[7]

Figure 2. ORTEP diagram of 2 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [!] and angles [8]: Ni-C(1) 1.883(6), Ni-O(1)
1.958(4), Ni-O(1’) 1.896(4), Ni-O(3) 1.839(4); N(1)-C(1)-N(2)
105.2(15).[7]
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despite the change in nickel oxidation state. Serendipitous
activation of silicone grease by lanthanides and early tran-
sition metals is not uncommon, but rare for late transition
metals and unprecedented for nickel.[13]

The reaction of [Ni(1,5-cod)2] with 1,3-bis-tert-butylimi-
dazol-2-ylidene in THF was repeated in greaseless apparatus
for two weeks, which resulted in the isolation of deep blue,
crystalline 3 (see Scheme 1), whose X-ray structure is shown
in Figure 3.

Compound 3 is a second binuclear species (the first being
2), in which the two nickel centers are ligated by terminal
NHC ligands and symmetrically bridged by tert-butylimida-
zol-2-ylidene ligands arising from tert-butyl group cleavage
from the parent NHC (see Scheme 1). The Ni–Ni separation
of 2.4354(9) = is consistent with a Ni–Ni single bond,[14] and
the compound is accordingly diamagnetic by NMR spectros-
copy.[15] The geometry about the nickel centers is square
planar with the terminal NHC ligands lying perpendicular to
the plane of the Ni2C2N2 central core. The terminal NHC–Ni
bond lengths (Ni(1)–C(1) 1.960(5), Ni(2)–C(12) 1.954(5) =)
are considerably longer than that in 1, owing to the increased
steric bulk around the metal centers. Within the bridging
NHC-derived ligands, the nickel–nitrogen bond lengths
(Ni(1)–N(6) 1.900(5), Ni(2)–N(8) 1.904(5) =) are in the
range of other reported Ni�N single bonds (e.g. [Ni(t-
Bu2PC2H4PtBu2){N(Ar)H}], 1.881(2) =;[16] [NiCp*(PEt3){N-
(tol)H}], 1.903(5) =[17] (Cp*=C5Me5)) whilst the carbene
carbon–nickel distances (Ni(1)–C(30) 1.922(5), Ni(2)–C(23)
1.927(5) =) are comparable to those for the terminal NHC
ligands in 3 (within esds). The sum of bond angles around the
amido nitrogen atoms N(6) and N(8) are essentially 3608.

The reaction to generate 3 was repeated, but halted after
five days; work-up afforded mainly starting materials but also
a low yield of a new, yellow compound 4 (see Scheme 1).
Crystals suitable for X-ray diffraction were obtained from a
hexane solution of 4 (Figure 4).

Compound 4 is a 16-electron Ni0 complex in which the
nickel center is ligated by one NHC ligand and two h2-
cycloocta-1,3-diene ligands in a distorted trigonal-planar
arrangement. The nickel–olefin bond lengths range between
2.012(5) and 2.046(5) =, slightly shorter than those in the
[Ni(1,5-cod)2] precursor (2.117(5)–2.130(9) =),[18] but identi-
cal (within esds) to those in [Ni(PCy3)(h

2-C2H4)2].
[19] As is the

case for [Ni(PCy3)(h
2-C2H4)2], in 3 the coordinated C=C axis

and the NHC–Ni axis are coplanar. The NHC–Ni bond length
(Ni–C(1) 1.951(4) =) in 4 is significantly longer than that in 1,
and 4 is highly unstable, particularly in solution. NMR
spectroscopy studies show that 4 rapidly converts into a new
compound 5, accompanied by the appearance of free 1,3-
COD; nOe experiments and mass spectrometry suggested the
structure for 5 shown in Scheme 1, resulting from 1,3-COD
loss, C�H activation of a tert-butyl substituent on the NHC
and subsequent H-atom transfer to the bound 1,3-COD to
form a cyclooctenyl ligand (Scheme 1). Isolation of orange
crystals of 5, suitable for X-ray diffraction confirmed the
structure (Figure 5).

Compound 5 has a distorted square-planar geometry and
is a 16-electron diamagnetic NiII complex. The Ni–C1 bond
length (1.905(4) =) is slightly shorter than that in the
precursor 4 (1.951(4) =) owing to the change in oxidation
state and the metal center being less sterically crowded. The
bond between Ni and the central allylic carbon C13 is
1.963(3) =, which is shorter than those between Ni and C12
and C14 (2.108(3) = and 2.034(4) respectively), as expected.
These values are very similar to those of the reported bis(h3-
methallyl)nickel and the C12-C13-C14 bond angle
(123.4(3) =) is only slightly more obtuse than the idealized
value of 1208.[20] The Ni�C bond in the C�H activated tert-
butyl group (Ni�C5, 1.958(3) =) is identical (within esds), to
the Ni�CH3 bond length (1.965(5) =) in [Ni(tBu2PC2H4-
PtBu2)Me2].

[21]

The successful isolation of complexes 4 and 5 suggests a
mechanism for the formation of 3, summarized in Scheme 1.
The reaction to form the intermediate 4 clearly involves
isomerization of 1,5-COD to 1,3-COD, presumably initiated
by sunlight—this reaction does not work in the dark and
[2+2] cycloaddition of 1,5-COD by radical formation readily
occurs under UV irradiation).[22] The conversion of 4 into 5

Figure 3. ORTEP diagram of 3 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [!] and angles [8]: Ni(1)-C(1) 1.960(5),
Ni(2)-C(12) 1.954(5), Ni(2)-C(23) 1.927(5), Ni(1)-C(30) 1.922(5),
Ni(1)-N(6) 1.900(5), Ni(2)-N(8) 1.904(5), Ni(1)-Ni(2) 2.4354(9); N(1)-
C(1)-N(2) 102.9, N(6)-C(23)-N(5) 105.9; �angle N(5) 360.0, �angle N(6)
359.7, �angle N(7) 359.8, �angle N(8) 359.7.[7]

Figure 4. ORTEP diagram of 4 (thermal ellipsoids set at 50 % probabil-
ity). Selected bond lengths [!] and angles [8]: Ni-C(1) 1.951(4), Ni-
C(12) 2.046(5), Ni-C(13) 2.012(5), Ni-C(21) 2.045(5), Ni-C(20)
2.024(4); N(1)-C(1)-N(2) 103.3(3).[7]
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proceeds by rapid loss of a 1,3-COD ligand (detected by
NMR spectroscopy) and subsequent activation of a tert-butyl
group, probably by classic C�H activation to generate a Ni�H
species (although no resonance signals for Ni�H were
detected by NMR spectroscopy during the reaction) followed
by hydride migration to the 1,3-COD ligand. The final
formation of 3 then requires addition of 1,3-bis-tert-butylimi-
dazol-2-ylidene, elimination of isobutene, and loss of the
cyclooctenyl ligand. Evidence for this hypothesis was
obtained by treating isolated 5 with excess 1,3-bis-tert-
butylimidazol-2-ylidene. The reaction was monitored by
1H NMR spectroscopy. Heating the mixture to 70 8C led to
the clean formation of 3 and isobutene; however, although the
spectrum contained additional peaks in the olefinic and
aliphatic regions, the fate of the cyclooctenyl fragment could
not be unambiguously deduced.

In conclusion, attempted conventional synthesis of 1 by
ligand substitution of [Ni(1,5-cod)2] with 1,3-bis-tert-butyli-
midazol-2-ylidene leads to tert-butyl group cleavage from the
NHC via the novel, highly reactive monocarbene bis(olefin)
complex 4 ; in the presence of vacuum grease, the product is

the disiloxane bridged dimer 2, an unprecedented example of
activation of silicone grease by nickel. Improved synthetic
routes to 4 and a study of its reaction chemistry are in
progress.

Experimental Section
2 : [Ni(1,5-cod)2] (100 mg, 0.4 mmol), 1,3-bis-tert-butylimidazol-2-
ylidene (144 mg, 0.8 mmol), THF (35 mL), and a stir bar were
added to a Schlenk (100 mL), which was sealed with a stopper coated
with silicone vacuum grease. The mixture was left to stir for two
weeks at room temperature. The THF was then removed in vacuo;
the remaining solid was dissolved in hexane, and the resultant
solution collected by filtration, concentrated, and cooled to �25 8C to
afford bright, purple crystals of 2. Yield approximately 5%. 1H NMR
(300 MHz, 20 8C, [D6]benzene): d = 6.33 (4H, s, CH), 3.05 (36H, s,
tBu), 0.13 (6H, s, SiCH3), �0.16 ppm (6H, s, SiCH3);

13C NMR
(75 MHz, [D6]benzene): d = 143.8 (NiC(NtBuCH)2), 118.6 (NiC(Nt-
BuCH)2), 59.4 (CCH3), 32.8 (CCH3), 2.4 (SiCH3), 1.0 ppm (SiCH3).
Elemental analysis (%) calcd for C30H64N4Ni2O6Si4: C 44.67, H 8.00,
N 6.94; found C 44.31, H 7.43, N 7.47.

3 : [Ni(1,5-cod)2] (100 mg, 0.4 mmol) and 1,3-bis-tert-butylimida-
zol-2-ylidene (432 mg, 2.4 mmol) were added to an ampoule (50 mL)
equipped with a greaseless stopcock, THF (35 mL) was added
through a cannula, and the reaction mixture left to stir for two
weeks on the window sill. The THF was removed in vacuo and excess
1,3-bis-tert-butylimidazol-2-ylidene removed by sublimation in vacuo
onto a liquid nitrogen cooled probe. The remaining solid was
dissolved in hexane, and the resultant solution collected by filtration,
concentrated, and cooled to �25 8C to afford deep blue crystals of 3.
Yield 55 mg, 38% in two crops. 1H NMR (300 MHz, 20 8C, [D6]ben-
zene): d = 6.72 (4H, s, CH), 6.37 (2H, d, J= 1.5 Hz, CH), 5.76 (2H, d,
J= 1.5 Hz, CH), 2.42 (36H, s, tBu), 1.30 ppm (18H, s, tBu); 13C NMR
(75 MHz, [D6]benzene): d = 193.3 (NiC(NtBuCH)2), 161.9 (NiC(Nt-
BuCHCHN)), 127.5 (NiC(NtBuCHCHN)), 116.8 (NiC(NtBuCH)2),
111.7 (NiC(NtBuCHCHN), 57.7 (CCH3), 54.6 (CCH3), 32.5 (CCH3),
31.8 ppm (CCH3). Elemental analysis (%) calcd for C36H62N8Ni2: C
59.70, H 8.63, N 15.46; found C 59.55, H 8.73, N 14.87.

4 : the synthesis of 3 was repeated, but terminated after 5 days.
Extraction with hexane, filtration, concentration, and cooling to
�25 8C yielded a mixture of starting materials; further cooling of the
mother liquors yielded 4 as a yellow, crystalline solid in small amounts

Scheme 1. Formation of compounds 2–5. Proposed mechanism for the formation of 3 via 4 and 5.

Figure 5. ORTEP diagram of 5 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [!] and angles [8]: Ni-C1 1.905(4), Ni-C5
1.958(3), Ni-C13 1.963(3), Ni-C14 2.034(4), Ni-C12 2.108(3); N1-C1-
N2 103.5(3).[7]
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(ca. 10 mg). The extreme thermal instability of 4 precluded further
characterization, other than by low-temperature (173 K) X-ray
diffraction studies.

5 : concentration and further cooling (�25 8C) of the mother
liquors from the isolation of 3 (see above) afforded orange crystals of
5 in modest (20%) yield. 5 was also obtained quantitatively from
decomposition of a solution of 4 in [D6]benzene at 20 8C over 1 h.
1H NMR (300 MHz, 20 8C, [D6]benzene): d = 6.53 (1H, d, J = 1.8 Hz,
CH), 6.40 (1H, d, J= 1.8 Hz, CH), 5.15 (1H, t, J= 8.4 Hz,
CHCHCH), 3.81–3.72 (1H, q, J = 8.4 Hz, CHCHCH), 3.40–3.34
(1H, q, J = 8.4 Hz, CHCHCH), 2.46–2.24 (10H, br m, CH2), 2.30 (1H,
d, J= 10.7 Hz, C(CH3)2CHH), 1.76 (1H, d, J= 10.7 Hz,
C(CH3)2CHH), 1.67 (3H, s, C(CH3)2CH2), 1.47 (3H, s,
C(CH3)2CH2), 1.45 ppm (9H, s, tBu); 13C NMR (75 MHz, [D6]ben-
zene): d = 184.4 (NiC(NtBuCHCHNC(CH3)2CH2)), 117.1 (NiC(Nt-
BuCHCHNC(CH3)2CH2)), 114.2 (NiC(NtBuCHCHNC(CH3)2CH2)),
106.8 (NiCHCHCH), 73.9 (NiCHCHCH), 66.1 (C(CH3)3), 59.1
(NiCHCHCH), 56.7 (NiCH2), 34.6 (C(CH3)2CH2), 32.9 (CH2), 32.4
(CH2), 32.2 (C(CH3)2CH2), 30.9 (CCH3), 30.4 (CH2), 29.9 (CH2),
24.2 ppm (CH2). MS (EI): 346 [M+], 238 [M+�cyclooctenyl), 182
[M+�tBu and cyclooctenyl]. Elemental analysis (%) calcd for
C19H32N2Ni: C 65.73, H 9.29, N 8.07; found C 65.24, H 9.46, N 8.25.
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Multilayer Assemblies

Surface-Confined Metalloporphyrin Oligomers**

Hal Van Ryswyk,* Erin E. Moore, Neel S. Joshi,
Rebecca J. Zeni, Todd A. Eberspacher, and
James P. Collman*

The ability to control charge transfer over long distances is an
important aspect of nanometer-scale fabrication. Early work
on molecular wires utilized metalloporphyrin oligomers,[1,2]

whereas more recent work with these materials has been
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directed towards the production of supramolecular rods.[3,4]

Metalloporphyrin oligomers in various forms can be used as
self-assembling blocks to make discrete, ordered arrays.[5,6]

These are then combined with other molecules to create
supramolecular structures,[7] which have applications as
sensors[8] or as nanoporous materials,[9,10] or which exhibit
electronic properties that are unique to fully p-conjugated
systems of this size.[11,12] We recently developed a modular
method for the assembly of metalloporphyrins on surfaces.[13]

Herein we report the preparation of surface-confined, axially-
linked metalloporphyrin oligomers and aspects of the elec-
tronic coupling along the oligomer backbone.

Our experimental approach is outlined in Figure 1 and is
detailed in the Experimental Section. In this modular scheme,
we used a monolayer of decanethiol, which contained a low

mole fraction of 11-mercaptoundecylisonicotinate (1), as the
substrate for the chemisorption of a sub-monolayer of
metalloporphyrin. Bis(acetonitrile)-meso-tetratolylporphyri-
natoruthenium(ii) (2) or bis(acetonitrile)octaethylporphyri-
natoruthenium(ii) (3) were anchored to the surface by the
exchange of an axial acetonitrile group for the monolayer-
bound isonicotinate group. After attachment of the metal-
loporphyrin, the remaining axial acetonitrile group was
exchanged for a linking bidentate ligand such as trans-1,2-
bis(4-pyridyl)ethylene (4) or pyrazine (5). The oligomer was
extended by repeating the treatment of the surface-bound
conjugate with 2 or 3, followed by linking with 4 ; in such a
manner, we prepared oligomers that were up to five repeat
units long.

The underlying monolayer of the alkanethiolate and the
first monolayer of metalloporphyrin have been characterized
extensively by a range of techniques, which include optical
ellipsometry, contact angle goniometry, X-ray photoelectron
spectroscopy, grazing-angle FT-IR spectroscopy, UV/Vis
spectroscopy, and scanning tunneling microscopy.[14] The
modular assembly of linkers and metalloporphyrins on top
of this substrate was monitored with cyclic voltammetry
measurements. Figure 2 shows the cyclic voltammograms of

ruthenium-based oxidation and reduction processes in the
surface-bound monomer, trimer, and pentamer of 2 linked
with 4. The formal potential of each additional conjugate as
another metalloporphyrin is added to the oligomer is similar
to that of the original isonicotinate-bound monomer. Inte-
gration of the charge under the wave at E= ++ 0.35 Vallowed
the surface coverage of this one-electron couple to be
calculated. The surface coverage of 2 in Figure 2a corre-
sponds to 3.4 mCcm�2, that is, 50% of a compact, non-
overlapping metalloporphyrin monolayer.[13] The surface
coverage of the first layer of chemisorbed metalloporphyrin
was controlled by the variation of the mole fraction of 1 in the
underlying alkanethiol monolayer. After a further four cycles
of the modular assembly process (Figure 2c), five tiers of
metalloporphyrin were present on the surface. The resulting
coverage, which is based on the total number of immobilized
metalloporphyrins in the stacks, corresponded to 225% of the
coverage for a single close-packed monolayer.

A control experiment was performed in which an
electrode was subjected to five sequential treatments of 2
according to step a in Figure 1 without intervening treatment
with the linker (step b). This showed that further added
metalloporphyrin units formed oligomer stacks, rather than
inserting into unoccupied 1 sites on the underlying mono-
layer. As illustrated in Figure 3, the final surface coverage of
the five-layer control assembly of 2 was identical to that of the
monomer. This control experiment shows that further elec-

Figure 1. Schematic representation of the modular assembly of ruthe-
nium—porphyrin, (POR)Ru, oligomers onto 1, which is supported
within an alkanethiol monolayer on a Au surface. a) Immersion in a so-
lution of 2 or 3 (1 mm) in toluene for 20 min; b) immersion in a so-
lution of the linker (L), 4 or 5 (1 mm), in toluene for 5 min; steps a)
and b) may be repeated to extend the oligomer.

Figure 2. Cyclic voltammograms (E versus SCE) of a) the monomer
Au–1–2–4 (c); b) the trimer Au–1–2–4–2–4–2–4 (a); and c) the
pentamer Au–1–2–4–2–4–2–4–2–4–2–4 (g). Scan rate: 0.8 Vs�1.
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troactive material arised from the elongation of the oligomer,
rather than from an increased coverage in the chemisorbed
metalloporphyrin monolayer or by the physisorption of the
metalloporphyrin onto the original chemisorbed layer.

The electrochemical properties of the oligomer are
strongly influenced by the mole fraction of 1 in the underlying
alkanethiol monolayer and by the choice of the linking ligand.
At higher mole fractions of 1, a second oxidation wave at E=

+ 0.65 V becomes more prominent which eventually yields an
integrated area of � 30% of the larger peak observed at E=

+ 0.35 V. The increased prominence of this secondary oxida-
tion peak at higher surface coverages of the metalloporphyrin
is attributed to the incomplete electrostatic screening of the
charge on the oxidized metalloporphyrins in the solvent of
low dielectric constant employed here. At higher surface
coverages, a greater fraction of unoxidized, neutral metal-
loporphyrins have a large number of oxidized, cationic
nearest-neighbors during the oxidation process; the electro-
static work required to oxidize a neutral metalloporphyrin in
an environment of poorly screened positive charge is greater
than that required to oxidize an isolated neutral metal-
loporphyrin.

By the use of a shorter linking ligand such as pyrazine (5),
a similar effect was observed. Incomplete screening and
neutralization of the charge along the backbone of the
oxidized metalloporphyrin led to an additional wave of
fractional area at more-positive potential. In the case of 5-
linked homogeneous trimers, we observed up to three addi-
tional waves. Similar additional waves were observed in the
solution-based cyclic voltammetry analysis of axially-linked
metalloporphyrin oligomers of undefined length.[1, 2, 15,16]

Whereas the observation of these waves has been taken as
evidence of multivalence effects,[15] we believe that these
additional waves result from electrostatic artifacts.

Heterogeneous surface-confined metalloporphyrin
dimers can also be produced with our modular assembly
method. Figure 4 shows the near-identical cyclic voltammo-

grams for the Au–1–2–4–3–4 and Au–1–3–4–2–4 dimers. The
waves at E= ++ 0.14 and + 0.36 V correspond to ruthenium-
based redox chemistry at 3 and 2, respectively. The surface
coverage of each of the metalloporphyrins is � 1.9 mCcm�2,
which corresponds to 25% of a compact monolayer. In both
cases 3 is oxidized before 2, regardless of their relative
positions in the stack. In a similar fashion, on the return scan 2
is always reduced before 3. Let us consider the Au–1–2–4–3–4
dimer under an oxidative scan: The first electron-transfer
event corresponds to the tunneling of an electron from the
outer metalloporphyrin 3 through the linking ligand, the inner
metalloporphyrin, and the backbone of the alkane chain to
the underlying Au surface at the formal potential of 3. This
event is independent of the identity or the oxidation state of
the inner metalloporphyrin 2. In other words, neither of these
structures exhibits current rectification, which is observed in
less-tightly coupled systems;[17,18] these structures are not
viable redox-switched molecular diodes.

Whereas the present solvent system is not ideal for
studying the kinetics of the electron-transfer processes, the
minimal splitting of the peak at elevated scan rates suggests
facile electron-transfer kinetics. Also, it suggests that the
electronic coupling along the backbone of the alkanethiolate
is at least as strong as that of [Ru(NH3)5]

2+ coordinated to
pyridine-terminated alkanethiolates of a comparable length
to those employed here.[19–21] Furthermore, the lack of any
marked decrease in the rate of transfer of an electron from the
outer metalloporphyrin relative to the inner metallopor-
phyrin argues that the coupling between the two metal-
loporphyrins by the fully conjugated linker is significantly
stronger than that offered by an alkane chain of similar
length. For reference, fully conjugated, ferrocene-terminated
oligophenylenevinylenes display no decrease in their rates of
electron-transfer owing to electronic coupling over distances
up to 2.8 nm.[22]

As shown in Figure 2, any differences in the formal
potentials for metalloporphyrins within the homogeneous
oligomer linked with 4 are smaller than we can resolve with
cyclic or square-wave voltammetry. On the basis of the

Figure 3. Correlation of the charge under the wave at E =++0.35 V with
the number of treatments with the metalloporphyrin in Figure 1,
step a; *: metalloporphyrins linked with 4 using steps a) and b); &:
control experiment under the same conditions, but in the absence of a
linker—step a) only.

Figure 4. Cyclic voltammograms (E versus SCE) of Au–1–2–4–3–4
(c) and Au–1–3–4–2–4 (g) dimers. Scan rate: 0.4 Vs�1.
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minimal peak broadening (as measured by the full width at
half maximum) that is observed upon moving from the
monomer to the pentamer, we estimate the differences in
formal potential to be less than 0.06 V, which corresponds to
an upper limit of 10 for the conproportionation constant[23]

associated with the reaction (POR represents the porphyrin
and L represents the linker):

RuIIðPORÞ�L�RuIIðPORÞ þRuIIIðPORÞ�L�RuIIIðPORÞ Ð
2RuIIðPORÞ�L�RuIIIðPORÞ

ð1Þ

This means that the electronic coupling contribution
between the metal centers in the dimer is small and it falls into
the Robin–Day class I or a weak-interaction regime.[24]

However, as the outer metalloporphyrin can be oxidized
regardless of the oxidation state of the inner metallopor-
phyrin (see Figure 4), the electronic communication along the
backbone of the oligomer chain from the outer metallopor-
phyrin, through the inner metalloporphyrin, along the sup-
porting alkane chain, and into the underlying gold substrate
can still be considered as substantial.

In conclusion, we have presented a modular method for
the assembly of surface-confined metalloporphyrin oligomers.
Such structures exhibit electronic communication along their
backbone and offer the potential to control charge transfer
over long distances. This is of interest for materials or sensing
applications, especially when interfacing with a surface is a
concern.

Experimental Section
Compounds 1,[25] 2, and 3[14] were prepared according to reported
methods. Polycrystalline Au electrodes were evaporated onto tita-
nium-coated silicon substrates, and then the conjugates were cleaned
by immersion in a solution of H2SO4:30% aqueous H2O2 (3:1 v/v) for
10 s and rinsed with deionized water and ethanol, immediately before
use. Supported monolayers of 1 were formed by the immersion of the
clean Au electrodes into a solution of decanethiol (1.25 mm) and 1
(0.2 equiv) in ethanol. The electrodes were rinsed with ethanol and
blown dry with nitrogen prior to transfer to a glove box. The first
monolayer of 2 or 3 was chemisorbed to the electrodes in a solution of
the metalloporphyrin (1–3 mm) in toluene for 20 min under a nitrogen
atmosphere, and the assembly was rinsed with toluene. The distal
axial ligand was exchanged in a solution of 4 (1 mm) or pyrazine (5,
1 mm) in toluene for 5 min, and the assembly was again rinsed in
toluene. Subsequent additions to the oligomer were performed in a
similar fashion. Electrochemistry was performed on the benchtop
under air with a Princeton Applied Research model 263 potentiostat
and model 250 software by using a cell that was formed by pressing a
bored-out cone of poly(tetrafluoroethylene) against the electrode. A
platinum counter electrode and a silver quasi-reference electrode
were used with a solution of tetrabutylammonium hexafluorophos-
phate (0.1m) as the supporting electrolyte in CH2Cl2. Potentials were
checked periodically with a saturated calomel reference electrode
(SCE), which was sheathed in the supporting electrolyte and
separated from the cell by a cracked-bead junction.
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Metallocryptands

Arsenic–p Interactions Stabilize a Self-Assembled
As2L3 Supramolecular Complex**

W. Jake Vickaryous, Rainer Herges, and
Darren W. Johnson*

The self-assembly of supramolecular coordination com-
pounds has resulted in structures with a diverse range of
properties, shapes, sizes, and stoichiometries, including heli-
cates (M2L2, M2L3, etc.), triangles (M3L3), squares (M4L4),
rings (e.g., M6L6), and polyhedra (M4L4, M4L6, M6L6, M8L12,
etc.).[1] These assemblies almost exclusively contain metals
with square-planar, tetrahedral or octahedral coordination
geometries. Metals that can exhibit more peculiar coordina-
tion geometries have typically been avoided as components
for a supramolecular design strategy,[2] most likely because of
their variable coordination spheres. Herein we describe a
supramolecular design strategy for forming arsenic-based
assemblies, which relies on the self-assembly of arsenic(iii)
with thiol ligands—and hence the reversibility and lability of
arsenic–sulfur bonds—and we report the first member of this
class, [As2L3] (H2L= a,a’-dimercapto-para-xylene). The
design strategy incorporates the unusual, yet predictable
trigonal-pyramidal coordination geometry of AsIII featuring a
stereochemically active lone pair when coordinated by sulfur-
based ligands (Figure 1a).[3–6]

We selected arsenic(iii) as a design component because of
its unusual coordination geometry and a general lack of
specific and powerful chelators for this highly toxic ion.[7]

Arsenic compounds are legendary for their toxicity, and
hydrated AsIII is recognized as a known human carcinogen.
Arsenic is abundant in the earth2s crust and is all-too-
frequently present as an environmental health hazard;[8–10]

however, specific chelators for environmental and in vivo
remediation and sensing applications are lacking. Further-
more, the stereochemically active lone pair of AsIII adds a
novel feature to the targeted supramolecular assemblies: for
instance, lone pairs directed into the cavity would provide a
unique soft, Lewis-basic cavity environment (Figure 1b).[11]

Figure 1 illustrates the design strategy for forming C3h-
symmetric [As2L3] assemblies, which is based on rigid, twofold

symmetric dithiols capable of acting as bridging ligands.
Dithiol ligandH2L

[12] (Scheme 1) was the initial bridging ligand
investigated, because it is easily prepared and thiolates show a
well-known affinity for AsIII.[12] Using a ligand such as H2L
allows for two possible orientations of the arsenic lone pairs:
into or out of the cavity of the complex. Molecular models
(CAChe, MM3) indicated that the lone pairs would be directed
into the cavity with an As�As distance of about 6 :.[13]

H2L, synthesized by a literature procedure,[12] forms a
yellowish white solid in 52% yield when treated with
stoichiometric amounts of AsCl3 and KOH in THF/methanol
mixtures. The product has very simple 1H and 13C NMR
spectra, indicative of formation of the desired high-symmetry
C3h complex, and the parent ion peak [H{As2L3}]

+ is present in
the electrospray ionization mass spectrum. Interestingly,
[As2L3] also forms in the absence of any base; however, the
dominant product under these conditions is a mixture of
[As2L2Cl2] macrocycles (Scheme 1), which are presumably
kinetically stable intermediates on the self-assembly pathway
to forming [As2L3].

[14]

A single crystal X-ray diffraction study performed on
crystals grown by diffusing pentane into a CHCl3 solution of
[As2L3] at �4 8C confirms the solid-state structure of the
supramolecular assembly (Figure 2).[15] [As2L3]·CHCl3 crys-
tallizes in space group C2/c with eight molecules per unit cell.
Therefore, one complex makes up the asymmetric unit and
the discrete structure has no crystallographic symmetry.
However, [As2L3] has very nearly C3h symmetry. Consistent

Figure 1. a) Top: Representation of the preferred trigonal coordination
geometry of AsIII with sulfur-based ligands; the stereochemically active
lone pair on arsenic is highlighted. Bottom: Structure of [As(thiophe-
nol)3] from a single crystal X-ray structure analysis adapted from the
Cambridge Structure Database showing an example of this trigonal
coordination geometry. b) Two examples of how this AsIII coordination
geometry could be used to form As2L3 assemblies with rigid, twofold
symmetric dithiolate ligands (solid rods). The arsenic lone pairs can
be directed either into or out of the cavity.

Scheme 1. Synthesis of [As2L3] assemblies.
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with predictions from molecular models, the arsenic lone pairs
indeed are directed into the cavity of the complex. The two
AsIII ions are coordinated in a tripodal fashion by the three
thiolate ligands, with the stereochemically active lone pairs
directed at each other in the cavity.

The arsenic atoms in [As2L3] are quite a bit closer together
than molecular models indicated; they are separated by
5.03 : (models predicted 6 :). The average As�S distance is
2.25 : and the angles between the mean planes of the phenyl
rings are 57.38, 64.28, and 58.68 showing the complex has very
nearly threefold symmetry. Furthermore, the As�CAryl dis-
tances are quite short, with six close contacts between 3.18
and 3.33 :, suggesting an attractive interaction between the
phenyl rings of the ligands and the arsenic ions helps stabilize
the assembly.

Previous work by Schmidbaur et al. has shown that AsIII

and other heavier main group elements with stereochemically
active lone pairs can form close contacts with arene rings in
the solid state.[16–18] To analyze this attractive interaction, DFT
calculations were performed on the AsCl3–benzene dimer.[19]

These studies revealed a lower limit for the binding energy of
7.4 kcalmol�1 for the arsenic–arene interaction, with C�As
distances of 3.2–3.4 :. Furthermore, although the preferred
geometry of the interaction orients the arsenic lone pair at a
688 angle to the phenyl ring, this structure is only 0.5 kcal -
mol�1 more stable than the two C3v-symmetric arrangements.
This suggests that, while this interaction is quite strong, its
geometry is flexible. Calculations at a higher level of theory to
include dispersion energy (Moeller–Plesset and coupled
cluster) are currently underway as are efforts to quantify
the strength of this interaction in solution.

Figure 2c shows that the orientation of the methylene
groups provides a “twisted” arrangement of the sulfur atoms
around the arsenic atoms. These twists have opposite
directions at the two arsenic centers in one complex, which
results in a meso static structure with C3h symmetry. The
1H NMR spectrum (CDCl3) of [As2L3] shows one singlet in
the aromatic region for the phenyl rings of the ligands and one
singlet for the methylene protons, both shifted relative to the
signals of the free ligand. That the methylene resonance is a
singlet shows that the twisted orientations interconvert
quickly on the NMR timescale, otherwise the methylene
protons would be inequivalent because they are diastereo-
topic with one proton closer to the arsenic center than the
other. Therefore, the [As2L3] structure determined in the solid

state is stable in solution on the NMR timescale. Further-
more, the NMR spectrum does not change down to �80 8C,
indicating that none of the possible dynamic solution
behavior of this assembly is frozen out at this temperature.
This is markedly different from the behavior of analogous
organic p-prismands and bicyclophanes. Gleiter et al.
reported that torsional motion in related nitrogen-based
systems is frozen out at �20 8C and the rotation of the
p systems ceases at �82 8C.[20]

[As2L3] is remarkably robust in solution, suggesting this
self-assembled compound is indeed the thermodynamic
product of the reaction between AsIII and H2L. No ligand
exchange occurs between [As2L3] and excess ligand on the
NMR timescale, [As2L3] is air- and water-stable, and it is even
stable to a variety of competing metal ions (including AgI,
CuI, PdII, and ZnII). Remarkably, even extended heating in
CHCl3 at reflux in the presence of an excess of trifluoroacetic
acid or p-toluenesulfonic acid gave neither decomposition nor
protonation of [As2L3] according to 1H NMR spectroscopy.

The robustness of the [As2L3] assembly is exciting for
several reasons. Firstly, this provides the first proof of
principle for the design strategy to form supramolecular
assemblies using AsIII as a building block, and reveals that the
coordination chemistry of arsenic–sulfur interactions is suffi-
ciently labile to allow for the self-assembly of discrete species
to occur. This is an unusual use of arsenic(iii) as a metalloid in
coordination chemistry, rather than as a phosphine ligand
analogue. Secondly, the intriguing observation that the
arsenic lone pairs are oriented into the cavity of the complex
hints at exciting host–guest applications. Because guests in
encapsulation complexes experience a nonpolar, asymmetric
environment, providing functionality to them in a synthetic
receptor is challenging. Exposing functional groups to the
cavities of synthetic receptors has also been referred to as
“endohedral” and “introverted” functionality, and the pres-
ence of the arsenic lone pairs inside the cavity is an excellent
first step in introducing functionality to a guest from its host
shell.[11b,21]

That [As2L3] forms in a nonoptimized yield of 52%
suggests this reaction indeed occurs by a self-assembly
mechanism. It is quite unlikely that six arsenic–sulfur bonds
would spontaneously form to yield a discrete species as a
kinetic product, and in fact the yields of the stepwise
syntheses of related organic p-prismands are much lower.[20]

The isolation of an intermediate [As2L2Cl2] macrocycle in the
absence of base sheds light on the mechanism of this self-
assembly reaction. Presumably, this stable macrocycle, which
is preorganized for an incoming ligand L to bridge the two
arsenic ions to form [As2L3], forms as one of the many
possible intermediates. Favorable arsenic–p interactions
likely add further stability to the resulting assemblies and
suggest that this interaction may help preorganize the arsenic
atoms near the sulfur atoms to facilitate formation of the As�
S bonds.

We have presented a self-assembled inorganic analogue of
the bicyclophanes and,[22] specifically, the p-prismands.[20,23]

The self-assembly strategy allows for increased yields in the
macrobicyclization reaction and is a proof of principle of the
design strategy to form arsenic-based supramolecular assem-

Figure 2. Structure of [As2L3] in the crystal. a) ORTEP representation
with 50% thermal ellipsoids. b) and c) Wireframe representations with
arsenic atoms shown as space-filling spheres, the view in (c) is along
the pseudo-threefold axis of the assembly showing the twist directions
of the methylene groups being of opposite configurations at the two
arsenic centers.
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blies from simple, identical starting compounds. The success
of this strategy augurs well for the formation of larger arsenic-
based capsules resulting from expanded two- and threefold
symmetric ligands. We are pursuing these studies, as well as
attempting to prepare host–guest complexes of [As2L3].

Experimental Section
General: All NMR spectra were measured using a Varian
INOVA 300-MHz spectrometer. Single crystal X-ray diffraction
studies were performed on a Bruker SMARTAPEX diffractometer.
Mass spectra were recorded on an Agilent 1100 LC/MSD mass
spectrometer.

[As2L3]: H2L (0.763 mmol, 130 mg) was added to a degassed
solution of THF (80 mL) and KOH (2.43 mmol, 136 mg) in MeOH
(24 mL). This solution was heated to 50 8C and AsCl3 was added
dropwise. The reaction was stirred under N2 for 2.5 h. The resulting
white precipitate was removed by filtration and the filtrate was dried
in vacuo (yield 87 mg, 52%). Crystals suitable for X-ray diffraction
were grown by pentane diffusion into a chloroform solution of AsCl3
and H2L at �4 8C. 1H NMR (300 MHz, CDCl3, 25 8C): d = 7.09 (s,
12H, CH), 3.81 ppm (s, 12H, CH2);

13C NMR (75 MHz, CDCl3,
25 8C): d = 137.5 (C), 128.9 (CH), 35.0 ppm (CH2); API-ES MS: m/z
(MH,%): 655.2 ([H{As2L3}]

+ 654.9 calcd, 23%), 715.2 ([H{As2L3} +
AcOH]+, 714.9 calcd, 27%).
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DNA Structures

yDNA: A New Geometry for Size-Expanded
Base Pairs**

Haige Lu, Kaizhang He, and Eric T. Kool*

Previous studies have explored whether it is possible to
replace the information-encoding part of DNA—the bases
and base pairs—with other molecular replacements, and
whether such new base pairs might function in recognition
and in replication processes, two of the defining character-
istics of the natural genetic system.[1–6] Many of these studies
have been aimed at designing base pairs that can function
within the content of the natural genetic system, for
expansion of nature%s genetic alphabet. However, recent
studies have moved beyond the purine–pyrimidine frame-
work of the natural system. Examples of this new approach
include metal-bridged base pairs,[4] nonpolar base pairs,[2,4]

and pairs containing more than the three different types of
hydrogen bonds found in nature.[5] We recently adopted a
different strategy and described a molecular design in which
the dimensions of the natural pairs are stretched by insertion
of a benzene ring into the natural heterocycles, thus rendering
base pairs 2.4 . wider than the natural ones.[6] Such broad
alterations of the natural design are not necessarily expected
to be compatible with the natural genetic system. Rather, such
studies are useful as a test of researchers% understanding of
how genetic systems function in general, and they may also
lead to useful new applications in biotechnology and in self-
assembling nanostructures.

Herein we evaluate whether size-expansion of DNA base
pairs can be carried out using a new geometry. Our previous
design of expanded DNA-like bases (xDNA) involved a
linear extension of pyrimidines and purines by addition of a
benzene ring to each of the four DNA base heterocycles.[6]

However, examination of models suggested that at least one
other design strategy involving benzohomologation also
appeared to allow for reasonable base-pair geometries and
stacking with neighboring pairs. This new design, termed
“yDNA” (an abbreviated form of “wide DNA”; Scheme 1)
involves a different extension vector, but yields a similar
degree of perturbation from the framework formed by the
natural pair. Analogous designs for the other three nucleo-
bases can be envisioned (not shown). In this initial study we

tested the concept with one example, that of the expanded
adenine base analogue (yA) and the corresponding deoxy-
riboside (dyA), both of which were previously unknown.

We developed a synthetic route to prepare the phosphor-
amidite derivative of the new nucleoside analogue dyA in
10 steps (6% overall yield on a gram scale, Scheme 2).
Methylation of indole 1 at the 5 position was achieved by
addition of three equivalents of methylmagnesium chloride to
the unprotected indole 1, followed by ring oxidation to
restore aromaticity.[7] The transformation of methylindole 3[8]

to indole-5-carboxaldehyde 4 was a key step; tris(dimethyla-
mino)methane converted 3 into the enamine intermediate
which was then oxidized by KMnO4 in one pot to afford
compound 4.[9] The protected 2’-deoxyriboside 7 was formed
in three subsequent steps from the indole-5-aldehyde 4.
Conventional methods were then used to convert the
deoxyriboside 7 into the amidine-protected dyA phosphor-
amidite 11.

Studies showed that the yA base is fluorescent, where as
its natural congener is not. The yA free nucleoside was found
to have absorption maxima at 262 and 355 nm in methanol. A
fluorescence spectrum in methanol revealed that the nucleo-
side emits blue fluorescence (lmax = 433 nm) with a quantum
yield of 0.12 (Figure 1). Thus the yA fluorescence is red-
shifted by about 40 nm relative to the xA analogue.[6]

We prepared a short oligomer of sequence 5’-TyAT-3’ to
confirm that dyA could be incorporated intact into a DNA by
automated DNA synthesis. The expected trimer structure was
confirmed by 1H NMR spectroscopy and electron spray
ionization (ESI) mass spectrometry after deprotection with
concentrated ammonium hydroxide and partial purification
by dialysis.

We then investigated the stacking and pairing properties
of dyA in the context of natural DNA oligonucleotides.
Thermodynamic data from thermal denaturation studies
(Table 1) showed that yA (like xA)[6] stacks more strongly
than natural A at the terminus of the duplex formed by 5’-

Scheme 1. a) Structures of the free deoxyribonucleosides yA and natu-
ral A; b) proposed base-pair pattern for yA·T (left), compared with the
natural A·T base pair (right). The arrow shows the extension vector for
the yA base which adds about 2.4 # to the length of natural adenine
base.
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CGCGCG-3’. This result may be a consequence of the
expanded surface area and higher hydrophobicity of the new
analogue. We then tested the pairing properties of yA
opposite natural bases in DNA (Table 1, entries 4–15). With
a single substitution in DNA, yAwas found to be destabilizing
to some extent, which may be a result of the distortion of the
DNA backbone caused by the increased size of yA relative to
A. Interestingly, when yA was paired with T, the duplex was
less destabilized by 1.5–2.1 kcalmol�1 than when yA was
paired opposite A,G, and C. This result suggests that, despite
some destabilization, yA may be able to form a selective
hydrogen-bonded pair with T in the natural duplex.

Although the yA·T pair was found to be destabilizing in
natural DNA, probably because of backbone distortions, we
expected that such strain might be avoided if all pairs were
expanded in a homologous way. Thus, further studies were
performed to test whether it is possible to construct fully
expanded helices composed of yA·Tand T·yA base pairs. This
was tested in two contexts. The first one contained a self-
complementary sequence (Table 1, entry 16) and the second
one (Table 1, entry 18) contained a non-self-complementary
pair of oligonucleotides. Both assays showed distinct cooper-
ative transition curves in thermal denaturation experiments
(see Supporting Information). In the first case, the non-
natural helix displayed a higher melting temperature (Tm, by
25 8C) and more favorable free energy (by 4.1 kcalmol�1 at
37 8C) relative to the natural helix of the analogous sequence.
Similarly, the helix formed with the second sequence gave a
Tm value 23 8C higher and a free energy 4.9 kcalmol�1 higher
than the natural helix. We hypothesize that the added stability
of these helical complexes arises from the strong stacking of
the larger base pairs; further experiments will be needed to
better understand this.

Circular dichroism spectra of the duplex formed in the
second case (Table 1, entry 18) suggest an overall helical form
resembling that of B-DNA of the analogous sequence (see
Supporting Information), but with positive and negative
bands red-shifted by 5–20 nm, presumably as a consequence
of the extended p system of yA. Interestingly, the single
component strands of the putative yDNA duplex also show
similar spectra, which is indicative of strong helical stacking in
the single-stranded state.

Our study has demonstrated that the new geometric
design for benzo-fused bases is successful for at least one such
base analogue (yA), and the data show that yA·T and T·yA
pairs can self-assemble into cooperative helices that are
considerably more stable than natural DNA. Thus, yDNA

Scheme 2. Reagents and conditions: a) 1. CH3MgCl,THF,�25 8C; 2. Pb(OAc)4, CH2Cl2, 42%; b) 1. NaOH, CH2Cl2; 2. ClSO2Ph, 87%; c) 1. DMF,
CH(NMe2)3, 105 8C; 2. KMnO4, THF/H2O 10:1, 70%; d) Na2S2O4, THF/H2O=2:1; e) MeCONMe2, guanidine carbonate, 150 8C, 61% over two
steps; f) 1. NaH, CH3CN, RT; 2. Hoffer’s chlorosugar, 0 8C, 92%, b/a>20:1; g) NaOMe, MeOH, 91%; h) CH(OMe)2NMe2, pyridine; i) DMTrCl,
pyridine, DIPEA, 62% over two steps; j) chlorodiisopropyl-cyanoethylphosphoramidite, CH2Cl2, DIPEA, 70%. DMTr=4,4’-dimethoxytriphenyl-
methyl, DIPEA= N,N-diisopropylethylamine, Tol= tolyl.

Figure 1. Emission and excitation spectra of the free nucleoside yA in
methanol.

Angewandte
Chemie

5835Angew. Chem. Int. Ed. 2004, 43, 5834 –5836 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


may be a candidate for a new genetic system, distinct from the
recently described xDNA design.[6,10] Like xDNA, it appears
that the sugar–phosphate backbone in yDNA can tolerate the
stretched size of bases and the altered pairing direction, while
retaining the structure of the duplex. However, beyond the
hypothesized base pairing, the structure of yDNA is unknown
and needs to be studied. Also unknown is whether other
analogously expanded bases and base pairs could be con-
structed; studies are underway to test these.

Received: June 22, 2004
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Table 1: Melting temperatures and free energies for DNA helices containing yA bases and base pairs.

Duplex[a] Tm [8C][b] �DG
o

37 [kcalmol�1][c]

1 64.4 13.2�0.5

2 52.6 10.2�0.1

3 43.8 9.2�0.4

4 38.7 8.8�0.1

5 29.2 6.8�0.1

6 31.0 7.1�0.1

7 32.2 7.3�0.1

8 33.9 7.7�0.1

9 35.2 7.9�0.1

10 25.9 5.8�0.1

11 27.5 6.3�0.1

12 28.0 6.4�0.1

13 27.5 6.3�0.1

14 41.4 9.5�0.1

15 35.4 8.0�0.1

16 44.7 8.7�0.1

17 19.5 4.6�0.2

18 44.1 9.5�0.3

19 20.9 4.6�0.2

[a] f in entries 8 and 13 denotes an abasic tetrahydrofuran site. [b] Entries 1, 2, 15, 16: the buffer
contained 1m NaCl and 10 mm Na2HPO4 at pH 7.0; DNA concentration: 5.0 mm ; error in the Tm value:
�0.5 8C or less. Entries 3–14, 17, 18: buffer contained 100 mmNaCl, 10 mmMgCl2, and 10 mm sodium
1,4-piperazinediethanesulfonate at pH 7.0; DNA concentration: 5.0 mm. Error in the Tm value: �0.5 8C
or less. [c] Data were obtained by averaging free energies from curve fits and a van’t Hoff plot. The
van’t Hoff data were obtained by plotting 1/Tm versus ln(C/4) (where C is the total oligonucleotide
concentration) with data from five concentrations. Curve fits data were averaged from fits of five
denaturation curves.
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C�S Bond Cleavage

Phosphine-Promoted Conversion of
Oxo(dithiolato)rhenium(v) into
Thio(thiolatoalkyl)rhenium(v) Compounds**

Ming Li, Arkady Ellern, and James H. Espenson*

The cleavage of C�S bond is the most important step for
removing sulfur from petroleum feedstocks.[1] The common
strategies include thermal decomposition,[2] photolysis,[3]

reduction and/or protonation[4] of sulfur-containing metal
complexes. We have now found that reaction under mild
conditions between oxo(dithiolato)rhenium(v) complexes
and triphenylphosphine cleaves a C�S bond, giving a
thio(thiolatoalkyl)rhenium(v) product. This reaction, to our
knowledge, is unprecedented.

Treatment of 1a or 1b with triphenylphosphine leads to
2a or 2b, as in Equation (1). The reaction follows second-

order kinetics; k1a = 3.61(2) , 10�3 and k1b = 2.61(5) ,
10�4 Lmol�1 s�1 (benzene, 25.0 8C). In the reaction in Equa-
tion (1) the Re�O bond is cleaved and P=O and Re�S bonds
are formed at the expense of a CH2-S-Re bond, and a new
Re�C bond is formed; consequently, the six-membered
chelate ring becomes a five-membered one.

1 að1 bÞ þ PPh3 ! 2 að2 bÞ þ Ph3PO ð1Þ

On the other hand 1c does not undergo this reaction, thus
avoiding formation of a four-membered chelate ring. Addi-
tionally, but incidental to the new chemistry, all three versions
of 1 exchange PAr3 for PPh3, as do their methyl analogues
[MeReO(dithiolato)PPh3].

[5]

Both 2a and 2b were characterized spectroscopically and
analytically (Experimental Section). The methylene reso-
nance signals shift downfield: d = 4.95 and 3.30 ppm for 1b as
compared to d = 5.89 and 3.61 ppm for 2b. Further, the nReO

frequencies change from the typical values for oxorhenium(v)
complexes,[6] 947 cm�1 (1b) to nReS 500 (2a) and 510 cm�1

(2b).[7] The 31P NMR spectrum in C6D6 showed the slow
disappearance of the resonance signal of 1b at d = 19.0 ppm
and the growth of new signals for 2b at d = 34.8 ppm and for
Ph3PO at d = 26.0 ppm. Compounds 2a and 2b were also
characterized by X-ray crystallography.[8] Their molecular
structures are based on a square pyramid with an apical thio
ligand (Figure 1). The rhenium–element bond lengths are

comparable to those found in related rhenium(v) com-
plexes,[7,9] save for reported Re�O bonds of 168(3) pm,
compared to the Re�S bonds of 208 pm in 2a, 2b. Note that
in 1b the phosphorus atom and the phenolic sulfur are in trans
positions whereas in the product 2b they lie cis to one another
(see below).

On the basis of the data obtained, we suggest the
mechanism shown in Scheme 1. The first step comprises
nucleophilic attack on the oxo group of 1a, a process which is
reasonable given the formal charges, Re��O+; moreover,
attack of phosphine at a terminal oxo group has precedent.[10]

The resulting intermediate is assisted to the product by the
Re�=S+Ph resonance form. The intervention of this reso-
nance form may be the ultimate reason for the failure of
[MeReO(dithiolato)PPh3] complexes to undergo parallel

Figure 1. Molecular structures of 2a and 2b (thermal ellipsoids set at
50 % probability). Selected bond lengths [pm]: 2a, Re-S(2) 208.08(15),
Re-S(1) 228.49(15), Re-S(3) 228.98(15), Re-C 214.0(6), Re-P
241.56(14); 2b, Re-S(3) 208.83(9), Re-S(2) 229.50(9), Re-S(1)
229.12(8), Re-C 215.6(3) Re-P 242.02(8).

Scheme 1. Proposed mechanism for the conversion of 1a into 2a.
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reactions. Reaction of 1a or 1b with PAr3 always leads to PAr3

products analogous to 2a or 2b, because phosphine exchange
in 1 occurs more rapidly than the reaction in Equation (1). We
have found no precedent for the reaction in Equation (1),
although certain features are common to an organic rear-
rangement.[11]

Finally, there is an issue for 2b not accounted for by the
mechanism shown in Scheme 1, namely that the crystal
structure establishes that the PhS group lies trans to the
phenolic sulfur atom (S1), opposite to its location in 1b.
Isomerization is not an issue for the reaction of 1a, of course,
because it has equivalent sulfur atoms. It has been shown that
geometrical isomerization accompanies the bimolecular,
associative ligand substitution reactions between [MeR-
eO(mtp)PPh3] and PAr3, Equation (2).[5] This precedent
constitutes the basis for 2b not being obtained the same
isomer as 1b ; it leaves unanswered the question as to whether
2b, as isolated, is the more stable geometric isomer.

Experimental Section
2a : As a mixture of [{PhSReO(pdt)}2] (the precursor of 1a[12] (165 mg,
0.20 mol) and PPh3 (484 mg, 1.85 mmol) in toluene (100 mL) was
stirred for two days, the solution changed gradually from brown to
yellowish. During removal of the solvent a yellowish solid precipi-
tated. This solid was dissolved in the minimum volume of CH2Cl2,
loaded onto a silica gel column, and eluted with diethyl ether/hexanes.
Yield 71%; 1H NMR (400 MHz, CD2Cl2): d = 7.77 (b, 6H), 7.56 (dd,
J= 7.2 Hz, 2H), 7.52–7.43 (m, 9H), 7.30 (t, J= 7.6 Hz, 2H), 7.23 (t,
J= 7.6 Hz, 1H), 5.40 (dd, J= 13.6 Hz, 1H), 3.37–3.33 (m, 1H), 3.24–
3.18 (m, 1H), 3.02–2.90 (m, 1H), 2.39–2.31 (m, 1H), 1.74–1.66 ppm
(m, 1H), 31P NMR (162 MHz, external reference 85% aq. H3PO4,
CD2Cl2): d = 31.2 ppm, IR (KBr pellet) 500 cm�1. Elemental analysis
(%) calcd for C27H26S3PRe·0.5(C2H5)2O:C 49.69, H 4.46, S 13.72;
found: C 50.17, H 4.05, S 12.98. Crystals of C27H26S3PRe·0.5C6H6

suitable for diffraction were grown from benzene solutions of 2a.
2b : The analogous procedure was used to prepare the brown

compound 2b in 61% yield, from 1b[12] (50 mg, 0.07 mmol) and PPh3

(92 mg, 0.35 mmol) in toluene (20 mL). Yield 61%, 1H NMR
(400 MHz, CD2Cl2): d = 7.83 (b, 6H), 7.61–7.56 (m, 3H), 7.52–7.45
(m, 11H), 7.30 (t, 1H), 7.22 (d, 1H), 7.07 (t, 1H), 6.99 (t, 1H), 5.89
(dd, J1 = 1.2 Hz, J2 = 17 Hz, 1H), 3.61 ppm (dd, J1 = 9 Hz , J2 = 17 Hz,
1H), 31P NMR (162 MHz, external reference 85% aq. H3PO4,
CD2Cl2): d = 34.4 ppm (34.8 ppm in C6D6). IR (KBr pellet),
510 cm�1 (m, nRe=S). Elemental analysis (%) calcd for
C31H26S3PRe·0.5C7H8: C 54.73, H 3.99, S 12.69, P 4.09; found: C
55.67, H 3.76, S 11.52, P 3.25. the solvent contained in the powdered
sample for analysis was detected by 1H NMR spectrosocpy. The red-
brown single crystals of C31H26S3PRe that were grown from toluene-
hexanes solutions of 2b contained no solvent of crystallization.
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Protein Synthesis

Solid-Phase Synthesis of Lipidated Peptides**

Goran Kragol, Maria Lumbierres, Jose M. Palomo, and
Herbert Waldmann*

The Ras proteins serve as central molecular switches in
biological signal transduction cascades regulating cell growth
and differentiation.[1] They incorporate both acid-labile
farnesyl thioethers and base-sensitive palmitic acid thioesters,
which are required for biological activity and terminate in a
cysteine methyl ester (Scheme 1).

For the efficient and rapid synthesis of tailor-made
lipidated peptides representing the characteristic partial

structures of their parent proteins[2,3] a flexible solid-phase
technology is required. Ideally such a technique would:
1. give access to peptides carrying different combinations of

acid- and base-labile lipid groups; this requires the
application of a set of suitable orthogonally stable
protecting groups and a linker to the solid support, all of
which can be cleaved under the mildest conditions;[3]

2. allow for the introduction of additional reporter and/or
linking groups required for application of the target
peptides in further biological investigations;

3. allow for release of the peptide as a methyl ester, or—if
required—equipped with a different functional group, for
example, a fluorophore at the C-terminus.[2d]

The only method currently available for this purpose[4]

requires a large excess of lipidation reagent, is not readily
automatable, and is not suitable for the preparation of longer
peptides. Thus attempts to prepare peptides with
> 10 amino acids by this method failed in our hands.

Here we describe the successful development of a solid-
phase synthesis method that meets the demands and over-
comes the drawbacks described above. It employs pre-
lipidated amino acid building blocks together with the base-
labile 9-fluorenylmethyloxycarbonyl (Fmoc) group as a
blocking function for the N-terminus, and the oxidation-
labile hydrazide linker for anchoring to the solid support.

The lipidated building blocks required for the new solid-
phase method were synthesized in high overall yields as
shown in Scheme 2 employing in part transformations descri-
bed earlier.[5] Notably only one equivalent of farnesyl chloride
and, in particular, of the N-methylanthraniloyl (Mant)-
functionalized farnesyl analogue GerMantCl were employed.

Building blocks 2 and 4 were then used in the solid-phase
synthesis of H- and N-Ras peptides 9 and 10 (Scheme 3). The
hydrazide unit[6] was employed as a linker to the solid support
since it can be cleaved under mild oxidative conditions and
gives access to lipopeptide esters and acids.[4] Fmoc-hydrazi-
nobenzoic acid functionalized aminomethyl polystyrene resin
is commercially available (NovaBioChem). In order to avoid
racemization of cysteines DIC/HOBt or HBTU/HOBt/TMP
cocktails in CH2Cl2/DMF 1:1 were used for coupling the
cysteine building blocks.[7]

Coupling of Fmoc-Cys(Far)OH and Fmoc-Cys(Pal)OH
proceeded with > 90% efficiency if a coupling time of 4 h was
allowed and if for Fmoc-Cys(Pal)OH a double coupling was
performed (monitored by Fmoc determination employing the
established UV-based method). After oxidative cleavage with
Cu(OAc)2 and release from the resin by treatment with

Scheme 1. Structure of the C-termini of the N-Ras and the H-Ras
protein.
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CH3OH followed by filtration of the crude product
through a short silica cartridge, the peptide methyl
esters corresponding to immobilized peptides 9 and
10 were obtained in overall yields of 69% and
60%, respectively, and with > 90% purity.

For further elongation of the peptide chain the
central problem of the entire method had to be
solved. After removal of the Fmoc group from the
N-terminal S-palmitoylated cysteine a rapid S!N
acyl shift had to be feared,[8] and, in addition, the
base-labile Fmoc group had to be removed under
conditions that leave the thioester intact, although
this group is very sensitive to nucleophilic attack.[2]

Substantial experimentation revealed that the desired
elongated and S-palmitoylated peptides can be obtained in a
very practical and efficient manner if the Fmoc group is
cleaved by treatment with a solution of 1% DBU in DMF[9]

for 2 A 30 s followed each time by fast washing with DMF (6A
5 s) and immediate coupling for 2 h employing five equiv-
alents of preactivated (10 min) amino acid building block, five
equivalents of HATU, and twenty equivalents of diisopropyl-

Scheme 2. Synthesis of lipidated building blocks 2, 4, 6, and 8.
a) 5% TFA, 3% TES, CH2Cl2, 1 h, RT; b) TMSCl (1.1 equiv), 2 h,
reflux, CH2Cl2, then PalCl (3 equiv), Et3N (1.5 equiv) dropwise 3 h,
CH2Cl2, RT; c) FarCl (1 equiv), 4n NH3/methanol, 3 h, 0 8C, 1 h,
RT;[5a] d) FmocOSu (1.1 equiv), Et3N (1.1 equiv), CH2Cl2, 2 h, RT; e)
GerMantCl (1 equiv), 4n NH3/methanol, 3 h, 0 8C, 1 h, RT; f)
NBDCl, THF/methanol, 65 8C, 2 h.[5b] Far= farnisyl, Fmoc=9-fluore-
nylmethyloxycarbonyl, NBD=4-nitrobenzo-2-oxa-1,3-diazole, Pal=
palmitoyl, RT= room temperature, TES= triethylsilane, TFA= tri-
fluoroacetic acid, TMS= trimethylsilyl.

Scheme 3. Solid-phase synthesis of lipidated peptides employing pre-lipidated
amino acid building blocks. a) 1. 20% piperidine/DMF, 2. Fmoc-Cys(Far)-OH
(4 equiv), DIC/HOBt or HBTU/HOBt/TMP, CH2Cl2/DMF (1:1), 4 h; b) Standard
solid-phase synthesis: 1. 20% piperidine/DMF, 2. Fmoc-AA-OH (4 equiv), DIC/
HOBt or HBTU/HOBt/DIPEA, CH2Cl2/DMF (1:1) or DMF, 2 h; c) 1. 20% piperi-
dine/DMF, 2. Fmoc-Cys(Pal)-OH (4 equiv), DIC/HOBt or HBTU/HOBt/TMP,
CH2Cl2/DMF (1:1), 4 h for 10, overnight for 9 ; d) 1% DBU/DMF, 2J30 s;
e) Fmoc-AA-OH (5 equiv), HATU (5 equiv), DIPEA (20 equiv), CH2Cl2/DMF (4:1),
2 h; f) Cu(OAc)2, pyridine, acetic acid, methanol, CH2Cl2, oxygen atmosphere, 3 h.
DIC=1,3-diisopropylcarbodiimide, DIPEA= N,N-diisopropylethylamine,
DMF= N,N-dimethylformamide, HATU= O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium hexafluorophosphate, HBTU= N-[(1H-benzotriazol-1-yl)-
(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate
N-oxide, HOBt=1-hydroxybenzotriazole, TMP= tetramethylpiperidide.
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ethylamine in CH2Cl2/DMF 4:1 as solvent.
Under these conditions the desired elon-
gated peptides 12 and the analogue 13
resulting from S!N acyl shift were
formed in a ratio of 95:5.

In order to demonstrate the scope of the
method, the lipid-modified peptides shown
in Table 1 were prepared. In general, a resin
with a loading of 0.35–0.37 mmolg�1 was
employed, and the peptides were prepared
in 5- to 20-mg amounts. Immediately after
release from the resin and filtration through
a silica cartridge the peptides were > 80%
pure (determined by HPLC analysis; see
the Supporting Information).

The peptides shown in Table 1 display
different lipidation patterns; in other words,
they are mono- or dilipidated and corre-
spond to the C-termini of the H- or N-Ras
protein. In addition to the lipid groups they
incorporate a fluorescent label (NBD,
Mant) or a photoactivatable group (benzo-
phenone) and/or a maleimidocaproyl group
(MIC), and a biotin group or an unmasked
N-terminal cysteine which can be employed
for coupling to expressed proteins by
expressed protein ligation.[2e] Three pepti-
des (18–20) incorporating the GerMant
analogue of the farnesyl group were synthe-
sized. Due to the laborious preparation of
the GerMant residue (see above) in the
coupling steps employing Fmoc-Cys(Ger-
Mant)OH only 1.5 equivalents of the build-
ing block were employed to ensure efficient
use.

Finally, the applicability of the method
to the synthesis of long lipidated peptides
was investigated. To this end, decapeptide
27 and tetradecapeptide 28 were prepared,
which both mimic the C-terminus of N-Ras.
Both were obtained in milligram amounts
and characterized by 1H NMR spectroscopy
andmass spectrometry (27: ESI-MS:m/zcalcd
for [M+H]+ = 1887.0, m/zfound = 1887.3; 28 :
MALDI-MS (DHB): m/zcalcd for
[M+Na]+ = 2481.3, m/zfound = 2481.8;
m/zcalcd for [M+K]+: 2497.3, m/zfound =

2497.9). These peptides represent the lon-
gest S-palmitoylated and S-farnesylated
peptides synthesized so far. Both were not
accessible by the previously reported solid-
phase method,[4] which demonstrates the
superiority of the method reported in this
article.

In conclusion we have developed an
efficient solid-phase method for the syn-
thesis of differently lipidated and addition-
ally modified peptides. This methods meets
the requirements of a widely applicable

Table 1: Lipidated peptides synthesized by means of the solid-phase method.

Entry Cmpd. Structure[a] Yield [%]

1 14 28

2 15 38

3 16 30

4 17 28

5 18 31

6 19 23

7 20 25

8 21 45

9 22 25

10 23 32

11 24 20

12 25 37

13 26 25

14 27 30

15 28 12

[a] Structures to define the abbreviations used:
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potentially automatable methodology and overcomes the
limitations of earlier procedures. In terms of efficiency and
flexibility this solid-phase method is superior to the solution-
phase synthesis. It gives pure peptides more quickly and with
superior overall yield.
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Polymers

Analysis of Poly(carbon suboxide) by Small-
Angle X-ray Scattering**

Matthias Ballauff,* Sabine Rosenfeldt,
Nico Dingenouts, Johannes Beck,* and
Petra Krieger-Beck

Carbon forms different oxides, of which carbon monoxide and
carbon dioxide are among the most widely studied chemical
compounds. The most stable oxide with more than two
cumulative double bonds, known as carbon suboxide C3O2 (1;
Scheme 1), was synthesized for the first time nearly 100 years

ago. In 1906, Diels et al. discovered that the dehydration of
malonic acid with P4O10 yields a colorless, pungent gas which
they later identified as C3O2.

[1] The molecule, whose elec-
tronic structure suggests it to be linear, after intensive
spectroscopic studies, was found to be quasilinear with a

very small energy barrier of approximately 30 cm�1 for the
bending vibration of the central carbon atom.[2–4] Recently the
structural analysis has been carried out using crystalline
C3O2.

[5]

A specific property of carbon suboxide is its spontaneous
polymerization, which results in the formation of a red to
black solid, with an unaltered composition of C3O2.

[1] In spite
of a number of studies, the structure of poly(carbon suboxide)
(C3O2)n is not well understood at the atomic level. Owing to
the amorphous nature of the polymer, conventional diffrac-
tion methods cannot be employed. The polymerization is
highly exothermic (�136 kJ mol�1) and may result in explo-
sions.[6] The reaction follows first-order kinetics and can be
catalyzed by traces of water, acids, bases and g-rays.[7] In
absence of an initiator, the polymerization depends on the
nature of the surface of the reaction vessel.[8] The polymer is
paramagnetic, the susceptibility of which follows the Curie–
Weiss law. The spin density reaches a value of 1019 g�1,
although the polymerization does not follow a radical
mechanism.[9] The IR spectra show identical band patterns
independent of the way of preparation. Under highly
anhydrous conditions, the IR spectra show a band at
2180 cm�1, which can be assigned to the ketenyl group, C=

C=O. Exposure of the polymer to small quantities of humid
air results in the disappearance of the band along with the
paramagnetic moment.[7]

A number of proposed structures exist. Of which the
earlier hypothesis of poly(spirocyclobutanediones)[10] and of
an unordered, planar molecule, whose edges are occupied by
carbonyl and ketenyl groups,[11] were discarded on the basis of
spectroscopic findings.[12] In 1960 Ziegler[13] postulated for the
first time a poly(a-pyronic) structure, (2 ; Scheme 1) which
was later confirmed by other studies,[8,12] and has since found
its way into a number of textbooks. This proposed structure
has recently been questioned, since the acid–base titration of
the polymer shows the presence of two different weakly acidic
groups, which are attributed to the coexistence of a- and g-
pyrones.[14]

The discussion regarding the structure of (C3O2)n is not
complete, as the most important parameter in understanding
the structure, the degree of polymerization n is not yet well
defined. Prepared at temperatures below 100 8C poly(carbon
suboxide) is soluble in various solvents, such as, water,
dimethylsulfoxide (DMSO), or dimethylformamide (DMF).
The determination of molecular weight of the polymer
(C3O2)n was carried out by Haubenstock and co-workers,
who obtained a molecular weight of 311 to 358 gmol�1 in
DMF solution using vapor-pressure osmometry, and molec-
ular weight of 312 g mol�1 in DMSO using cryoscopy.[7] The
degree of polymerization n should therefore be very small,
about five units of C3O2. In the sixties, Blake et al. had
reported similar results, but with relatively high errors,
obtaining a value of n= 5 to 10 for amorphous solids by
using wide-angle X-ray diffraction.[12] Recent investigations
for the degree of polymerization of polymers treated with
NH3, by vapor-pressure osmometry in water, gave n= 6–8.[14]

According to the above results, (C3O2)n cannot be
represented as a polymeric substance. If the structure of
(C3O2)n is indeed as shown Scheme 1, then the polymerization

Scheme 1. Structure of monomeric carbon suboxide (1) and the
poly(a-pyronic) structure of poly(carbon suboxide) (2) as postulated
by Ziegler.
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process must result in higher molecular weights and the
degree of polymerization must be much greater than n= 5.

To explain the structure of poly(carbon suboxide) in
solution, and to arrive at a comprehensive and meaningful
conclusion, we have used small-angle X-ray scattering
method, which is suitable for the analysis of dissolved
polymers.[15] It is possible with the help of this method, to
determine the degree of polymerization and the shape of the
molecule. The details of such an analysis have been discussed
recently.[16] First, the scattering intensity I(q,c) of dilute
solutions of poly(carbon suboxide) is measured. The scatter-
ing vector q can be described by the scattering angle q and the
wavelength of the incident radiation (q= (4p/l)sin(q/2); l =

wavelength, q = scattering angle).[15] The weight concentra-
tions are typically 0.5–1% and the analysis of the data follows
according to Equation (1) where K is the optical constant,

Iðq,cÞ ¼ k cMw PðqÞ Sðq,cÞ ¼ k c IðqÞ Sðq,cÞ ð1Þ

which can be given through the partial molar volume of the
dissolved polymer (see Experimental Section). Mw is the
weight-average molecular weight to be determined and P(q)
is the form factor, which describes the intramolecular
interactions of the dissolved molecules and provides infor-
mation about the form of the polymer. The term S(q,c) is the
structure factor, which describes the effect of the intermo-
lecular interactions at finite concentrations. By extrapolating
I(q)/c to infinite dilution this effect can be eliminated, and the
scattering intensity I0(q) of a single dissolved molecule can be
obtained. According to GuinierDs law, in the region of small
scattering angles, an extrapolation to vanishing scattering
angles could be given as Equation (2)[15] , where Rg is the

IðqÞ=c ¼ kMw exp
�
�
R2

g q
2

3

�
; qRg < 1 ð2Þ

radius of gyration, which is a measure of the average
extension of the dissolved molecule under consideration.

Figure 1 shows the Guinier plot, where the scattering
intensities are extrapolated to infinite dilution. A mixture of
90% DMF and 10% water was used as solvent. Along with

the optical constant K, determined by the density measure-
ments (see Experimental Section), the y-axis intercept gives a
molecular weight Mw 2750� 600 gMol�1. In spite of the
relative error in the measurements, as a result of the weak
scattering intensities, it can be concluded that the value
obtained is approximately higher by one order of magnitude
than those obtained by Haubenstock et al. who obtained a
value of 311 gmol�1. The radius of gyration Rg, is found to be
1.7 nm, which is indicative of a polymeric structure. These
results suggest the polymer structure to be as shown in
Scheme 1.

The above analysis is not sufficient to prove the bandlike
structure for the poly(carbon suboxide). It is necessary to
carry out the analysis of the form factor P(q) at higher
scattering angles: first, the form factor must be corrected for
the finite diameter of the molecule, as the X-ray scattering
interferences, which contribute to the angle dependence of
I0(q), could also result from the finite cross-section of the
molecule.[16] The corrected form factor P0(q), which then
refers to an infinitely thin chain, in which there as only
intramolecular interactions along the chains, could then be
compared to the theoretical models. The main result of this
analysis is the persistence length a, which is a measure of the
stiffness of the polymer chain under consideration: if a is
smaller than the contour lengthLc of the chain, the polymer is
a flexible coil, whereas, if a is identical to Lc, then the
macromolecule is a rod.

Following Ref. [16] a plot of the scattering intensities I0(q)
measured at higher scattering angles can be carried out
according to Equation (3), where ML is the mass of the

I0ðqÞ
k c
! pML

q
exp½� 1

2
R2

c q
2� ð3Þ

polymer chain per unit length and Rc is the radius of gyration
across the chain, in which the interferences owing to the finite
cross-section are taken into consideration. The mass per unit
lengthML can be divided directly by the formula weight of the
repeating unit to obtain the length which then provides a good
consistence check for the analysis. The form factor P0(q)
corrected for the effect of the finite diameter, could then be
given as Equation (4).[16] This term can be compared directly
to the theoretical models.[16]

I0ðqÞ ¼ k cMW P0ðqÞ exp½� 1
2
R2

c q
2� ð4Þ

Figure 2 shows the plot of the scattering data according to
Equation (3). At higher q values a linear relationship was
found as expected, this allows a reliable estimation of ML and
Rc. From Figure 2 ML = 360� 20 gMol�1 nm�1 and Rc = 0.3�
0.05 nm. For the proposed structure 2 (Scheme 1) ML =

340 gMol�1 nm�1. The value obtained for Rc is exactly
equivalent to the cross-section, derived from the proposed
Structure.

The next step of this analysis is demonstrated in Figure 3,
which shows the Holtzer plot. KholodenkoDs model was used
for the theoretical description of P0(q), which in comparison
with simulations[16] has already been demonstrated to be the

Figure 1. Guinier plot showing the scattering intensities of dissolved
poly(carbon suboxide) extrapolated to infinite dilutions.
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optimal theory.[16] Fit-parameter of this model is the persis-
tence length a, as the contour length used for this model Lc =

7.7� 1 nm is given by the molecular weight Mw and the mass
per unit length ML as determined above. The breadth of the
molecular-weight distribution must be considered, this is
given from the ratio of the weight-average contour length LW

and the number-average contour length LN. Since no infor-
mation is available for LW and LN, the fit was carried out by
assuming LW/LN = 1.1 (dashed line in Figure 3) and with LW/
LN = 1.5 (solid line in Figure 3). As can be seen in Figure 3,
both the assumptions deliver identically good fits, which are
within the limits of error. The persistence length a= 1.5 nm
for LW/LN = 1.1, if LW/LN = 1.5 then a slightly smaller value
a= 1.3 nm is obtained.

In conclusion, small-angle X-ray scattering measurements
in solution allow us to fully confirm the suggested polypyronic
structure 2 (Scheme 1). The degree of polymerization n	 40,
is in contradiction to the earlier determination of the
molecular mass and confirms that (C3O2)n is a one-dimen-
sional bandlike polymer. Hence, a solution to the structure of
poly(carbon suboxide) has been obtained.

Experimental Section
1: C3O2 was obtained by the thermolysis of malonic acid bis(trime-
thylsilylester) in presence of P4O10 at 160 8C.[17] The gaseous carbon
suboxide was collected in a cold-trap thermostated at the temperature
of liquid N2 ,which was then purified by distilling two times using two
cold-traps in series.

2 : For the polymerization, C3O2 (1 to 2 mL) was condensed in
glass ampules of 15 cm length, with an inner diameter of 1.5 cm and a
wall thickness of 2 mm, and dry CCl4 (3 mL) was added. After
freezing with liquid N2, the ampule was evacuated and sealed. Storage
at room temperature for a few days led to a complete transformation
into the brown red polymer.[18] After opening the ampule under an
inert gas, CCl4 was first evaporated at room temperature for 24 h
under vacuum, and then for further 2 h at 50 8C. The red brown
powder was preserved in an argon filled glove box and weighed there
for the preparation of solutions.

Small-angle X-ray scattering: all the scattering intensities shown
herein, were obtained using a Kratky compact camera. The measure-
ments were carried out and analyzed analogously to experiments on
dissolved polymers reported elsewhere,[16] as was the extrapolation to
infinite dilutions and the desmearing of the scattering intensities,
which is necessary owing to the slit geometry of the X-ray beam
obtained with a Kratky camera.

The optical constant K could be given as Equation (5).[16]

NA Dz2
2 ¼ NA

�
ne

M0
� �nn2 10,e

NA

�2

ð5Þ

NA is the Avogadro number and Dz is the number of excess
electrons per mass of the dissolved polymer under consideration. The
term ne is the number of electrons per mass, which can be obtained
through the formula weight, and n̄2 is the partial specific volume,
which can be obtained through the density measurements of dilute
solutions. For the solutions studied here, in the mixture of 90% DMF
and 10% water a value of n̄2 = 0.61� 0.02 cm3 g�1 and K=
0.0204 molg�2 was obtained.
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Cyclophanes

Synthesis of Beltenes by Reactions of
5,6,11,12-Tetradehydrodibenzo[a,e]cyclooctene
with [CpCo(CO)2] Derivatives**

Bj�rn Hellbach, Frank Rominger, and Rolf Gleiter*

Paracyclophanes with [1.1] and [0.0] bridges are of consid-
erable interest due to their high strain energy and because the
p systems are strongly bent.[1] Tricyclohexaene 1 can be
looked at as either a superphane[2] with ethylene as the p

system or as a [0.0]-paracyclophane (Scheme 1). Hexaene 1

can be expanded by incorporating the peripheral double
bonds into four benzene rings, which leads to tetradehydro-
dianthracene 2.[3] Replacing the central double bond by a
cyclic conjugated p system such as a metal-stabilized cyclo-
butadiene moiety or a benzene ring leads to 3 and the
tetrabenzannelated 1,2,4,5-cyclophane (4), respectively. The
synthesis and structural properties of 4 were reported recently
(Scheme 1).[4] Extending the building units to two ortho-
substituted benzene rings and one conjugated system leads to
conjugated beltenes[1a,5] as indicated in 5 and 6. In this
communication we report the preparation of four beltenes
related to 5 which are the first examples of genuine
beltenes[1a] consisting of annelated conjugated four- and
eight-membered rings.

In our previous studies on nonconjugated beltlike macro-
cycles[6] we noticed that highly strained cyclic diynes such as 7
react with [CpCo(C2H4)2] preferentially under trimerization
to yield 8 (Scheme 2) or the corresponding tetramer.[6] When
the reaction of 7 was carried out with [Cp*Co(C2H4)2] (Cp* =

pentamethylcyclopentadienyl) the dimerization to give the
corresponding superphane was preferred.[6] This result was
ascribed to the larger size of the Cp* ligand relative to that of
Cp. From these experiments we concluded that the reaction of
the highly strained cyclodiyne (9)[7] with [CpCoL2] might lead
to a tri- or tetramer. Indeed, the irradiation of 9 at 254 nm in
the presence of [CpCo(CO)2] in decalin for three days gave a
yellow colored product in 14% yield (Scheme 3).

The assignment of the structure to the trimer 10 is based
on its spectroscopic data (see the Experimental Section), the
molecular weight determined by mass spectrometry, and X-
ray structural analysis[8] (Figure 1). The NMR data (three
singlets in the 1H NMR spectrum, five in the 13C NMR
spectrum) suggest D3h symmetry for 10 in solution. This
conclusion is supported by the X-ray diffraction data, which
show that substituents at the cyclobutadiene ring are bent by
about 118 out of the plane of this ring, away from the {CpCo}
unit. The phenyl rings are twisted out of the cyclobutadiene
plane around the interconnecting C�C bond by about 608.
This angle is larger than that reported for {CpCo}-stabilized
tetraphenylcyclobutadiene, which varies from 328 to 428.[9]

The strong twisting in 10 indicates a weak interaction between
the cyclobutadiene rings through the benzene bridges. The
distance of the centers of the cyclobutadiene rings to the
center of 10 amounts to 2.1 >. From this value an inner
diameter of 4.2 > was calculated. To probe possible inter-
actions between the {CpCoCb} units in 10, we have carried
out studies by means of cyclovoltammetry, which indicated an
irreversible oxidation.[10]

By using [Cp*Co(CO)2] instead of [CpCo(CO)2] we
hoped to favor the dimerization of the cyclic diyne 9 resulting
in superphane 12. Still the main product remained the trimer
11 besides traces of the dimeric product 12 which have not yet
been isolated. The yield of 11 (41%) in this one-pot
trimerization is quite remarkable. We were also able to
isolate single crystals of 11 suitable for X-ray structure
analysis. The data obtained for 11 resemble very much those
of 10[11] except the cyclic voltammogram of 11 revealed a
reversible redox process at 590 mV and 840 mV (vs. ferro-
cene/ferricinium in CH2Cl2). In further synthetic work, the
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trimers 13 and 14 were prepared by using [(CpCOOMe)-
Co(CO)2] and [(CpSiMe3)Co(CO)2].

To elucidate the mechanism of the one-pot reaction shown
in Scheme 3 we investigated the crude reaction products of
the synthesis of 11, 13, and 14 by means of mass spectrometry.
We found evidence for the presence of the Cp*, CpCO2Me,
and CpSiMe3 congeners of 15 and 16 based on HRMS data.
This let us postulate that first a cobalt-supported dimerization
of 9 to 15 takes place. In this intermediate the substituents at
the (Scheme 4) cyclobutadiene ring should be bent away from

Scheme 1. Correlations between 1, phanes 2–4, and beltenes 5 and 6.

Scheme 3. Preparation of beltene 10.

Figure 1. X-ray crystal structure of 10 (ball-and-stick model). Hydrogen
atoms are omitted for the sake of clarity.

Scheme 2. Preparation of the beltlike species 8.

Angewandte
Chemie

5847Angew. Chem. Int. Ed. 2004, 43, 5846 –5849 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


the CpCo moiety. The reaction of 15 with a third equivalent of
9 in the presence of CpCo(CO)2 leads to the product 16 which
will finally close the ring to 10. Crucial for the ring closure is
the adoption of a boat conformation of the heptacyclic ligand
as sketched in 15. Model calculations at the BP86/STO-3G
level[12, 13] on 15 are fully in line with these assumptions. They
predict a boat shaped conformation for the C32H16 ligand.

To sum up, we accomplished the synthesis of four
examples of the first conjugated beltenes consisting of
annelated rings. This was achieved by a one-pot reaction
between the diyne 9 and the corresponding cobalt templates.
In case of 10 and 11 we were able to obtain single crystals for
X-ray structural analysis. For the mechanism we assume a
stepwise annelation of {CpCo}-capped cyclobutadiene rings.

Experimental Section
The reactions were carried out under Ar in predried glassware using
Schlenk techniques. Decalin was distilled over Na and was transferred
under Ar. [CpCo(CO)2] and its derivatives were prepared according
to literature procedures.[14–16]

General procedure: A 250-mL irradiation flask was charged with
a solution of 9 (0.72 mmol) in decalin (225 mL). [CpRCo(CO)2]
(1.60 mmol) was then added. The solution was magnetically stirred
and cooled to 10 8C. After three days of irradiation the solvent was
evaporated in vacuo, and the residue was purified by column
chromatography (dichloromethane).

10 : Thin yellow crystals (plates) in 14% yield. 1H NMR
(500 MHz, CDCl3): d = 5.19 (s, 15H, HCp), 7.08 (t, 3J(H,H)=
4.41 Hz, 12H, Harom), 7.69 ppm (t, 3J(H,H)= 4.23 Hz, 12H, Harom);
13C NMR (125 MHz, CDCl3): d = 82.37 (CCb), 82.58(CCp), 126.88
(Carom), 131.70 (Carom), 133.93 ppm (Carom); MS (FAB + ): m/z= 973
[M++H], 972 [M+]; HRMS: m/z calcd for C63H39Co3: 972.1047,
found: 972.1094.

11: Yellow-orange crystals in 41% yield. 1H NMR (500 MHz,
CDCl3): d = 1.87 (s, 45H, HCp*), 6.94 (m, 12H, Harom), 7.37 ppm (t,
12H, Harom);

13C NMR (125 MHz, CDCl3): d = 11.21 (CH3), 78.70

(CCb), 90.47 (CCp), 125.28 (Carom), 129.93 (Carom), 134.52 ppm (Carom);
MS (FAB + ): m/z= 1183 [M++H], 1182 [M+]; HRMS: m/z calcd for
C78H69Co3: 1182.3395, found: 1182.3379.

13 : Yellow solid in 12% yield. 1H NMR (300 MHz, CDCl3): d =
3.48 (s, 9H, Hmethyl), 5.10 (m, 6H, HCp), 5.73 (m, 6H, HCp), 7.91 (m,
12H, Harom), 7.54 ppm (m, 12H, Harom);

13C NMR (75 MHz, CDCl3):
d = 51.59 (CH3), 83.65 (CCb), 83.83 (CCp), 86.92 (CCp), 86.94 (CCp),
127.34 (Carom), 131.38 (Carom), 132.58 (Carom), 168.10 ppm (CCO); MS
(FAB + ): m/z= 1147 [M++H], 1146 [M+]; HRMS: m/z calcd for
C69H45O6Co3: 1146.1212, found: 1146.1274.

14 : Yellow solid in 8% yield. 1H NMR (300 MHz, CDCl3): d =

�0.23 (s, 27H, HTMS), 4.99 (m, 6H, HCp), 5.29 (m, 6H, HCp), 6.94 (m,
12H, Harom), 7.56 ppm (m, 12H, Harom);

13C NMR (75 MHz, CDCl3):
d = 0.68 (CTMS), 77.36 (CCb), 82.10 (CCp), 86.96 (CCp), 87.18 (CCp),
126.55 (Carom), 131.89 (Carom), 133.76 ppm (Carom); MS (FAB + ):m/z=
1189 [M++H], 1188 [M+]; HRMS: m/z calcd for C72H63Si3Co3:
1188.3033 found: 1188.2197.

Received: May 25, 2004

.Keywords: alkynes · beltenes · cobalt · cyclobutadienes · phanes

[1] Reviews: a) R. Herges in Modern Cyclophane Chemistry (Eds.:
R. Gleiter, H. Hopf), Wiley-VCH, Weinheim, 2004, pp. 337 –
357; b) T. Tsuji in Modern Cyclophane Chemistry (Eds.: R.
Gleiter, H. Hopf), Wiley-VCH, Weinheim, 2004, pp. 81 – 104;
c) H. Hopf in Classics in Hydrocarbon Chemistry, Wiley-VCH,
Weinheim, 2000.

[2] Reviews: a) R. Gleiter, D. Kratz,Acc. Chem. Res. 1993, 26, 311 –
318; b) R. Gleiter, R. Roers in Modern Cyclophane Chemistry
(Eds.: R. Gleiter, H. Hopf), Wiley-VCH, Weinheim, 2004,
pp. 159 – 188.

[3] R. L. Viavattene, F. D. Greene, L. D. Cheung, R. Majeste, L. M.
Trefonas, J. Am. Chem. Soc. 1974, 96, 4342 – 4343.

[4] M. Brettreich, M. Bendikov, S. Chaffins, D. F. Perepichka, O.
Dautel, H. Duong, R. Helgeson, F. Wudl, Angew. Chem. 2002,
114, 3840 – 3843; Angew. Chem. Int. Ed. 2002, 41, 3688 – 3691.

[5] R. W. Alder, R. B. Sessions, J. Chem. Soc. Perkin Trans. 2 1985,
1849 – 1854.

[6] G. Haberhauer, F. Rominger, R. Gleiter, Angew. Chem. 1998,
110, 3632 – 3534; Angew. Chem. Int. Ed. 1998, 37, 3376 – 3377.

[7] A. Orita, D. Hasegawa, T. Nakano, J. Otera, Chem. Eur. J. 2002,
8, 2000 – 2004.

[8] Crystal structure of 10 : yellow crystal (plate), dimensions 0.24L
0.13L 0.03 mm3, crystal system orthorhombic, space group
Pca21, Z= 16, a= 19.213(2) >, b= 41.880(5) >, c=

24.773(3) >, V= 19933(4) >3, 1 = 1.535 gcm�3 ; T= 100(2) K,
Vmax = 20.988, radiation MoKa, l = 0.71073 >, 0.38 W-scans with
CCD area detector, covering a whole sphere in reciprocal space;
103585 reflections measured, 21169 unique (R(int)= 0.2237),
12575 observed (I> 2s(I)); intensities were corrected for
Lorentz and polarization effects; an empirical absorption
correction was applied using SADABS[17] based on the Laue
symmetry of the reciprocal space, m = 1.27 mm�1, Tmin = 0.75,
Tmax = 0.96; structure solved by direct methods and refined
against F2 with a full-matrix least-squares algorithm using the
SHELXTL-PLUS (5.10) software package;[18] 1244 parameters
refined, hydrogen atoms were treated using appropriate riding
models, Flack absolute structure parameter 0.45(4), goodness of
fit 1.01 for observed reflections, final residual values R1(F) =
0.115, wR(F2) = 0.268 for observed reflections, residual electron
density�1.38 to 2.56 e>�3 (very close to Co centers, thus with no
chemical relevance).

[9] M. D. Rausch, G. F. Westover, E. Mintz, G. M. Reisner, I.
Bernal, A. Clearfield, J. M. Troup, Inorg. Chem. 1979, 18, 2605 –
2615.

Scheme 4. Possible intermediates on the way from 9 to 10.

Communications

5848 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5846 –5849

http://www.angewandte.org


[10] The CV measurements were carried out in CH2Cl2 using a 0.1m
solution of nBu4PF6 in CH2Cl2 as electrolyte. The working
electrode was a Metrohm disc electrode (glassy carbon, ~ 0.3 cm
radius). The Ag/AgCl reference electrode was separated from
the solution by a fine grid and a Luggin capillary. The measure-
ments were recorded at a scan rate varying from 50 to 900 mVs�1

at room temperature using a concentration of 0.077 mmolL�1 in
CH2Cl2. The potential of ferrocene/ferricinium was recorded at
500� 10 mV.

[11] Crystal structure of 11: yellow crystal (polyhedron), dimensions
0.36L 0.18L 0.12 mm3, crystal system monoclinic, space group
C2/m, Z= 4, a= 18.9214(2) >, b= 21.0375(2) >, c=
16.0400(1) >, V= 6330.45(10) >3, 1 = 1.420 gcm�3 ; T=

200(2) K, Vmax = 25.358, radiation MoKa, l = 0.71073 >, 0.38 W-
scans with CCD area detector, covering a whole sphere in
reciprocal space; 28319 reflections measured, 5974 unique
(R(int)= 0.0400), 4658 observed (I> 2s(I)); intensities were
corrected for Lorentz and polarization effects; an empirical
absorption correction was applied using SADABS[17] based on
the Laue symmetry of the reciprocal space, m = 0.99 mm�1,Tmin =
0.72, Tmax = 0.89; structure solved by direct methods and refined
against F2 with a full-matrix least-squares algorithm using the
SHELXTL-PLUS (5.10) software package;[18] 413 parameters
refined, hydrogen atoms were treated using appropriate riding
models, goodness of fit 1.03 for observed reflections, final
residual values R1(F) = 0.038, wR(F2) = 0.096 for observed
reflections, residual electron density �0.72 to 0.41 e>�3.
CCDC 246269 (10) and 246377 (11) contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB21EZ, UK; fax: (+ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk).

[12] A. D. Becke, Phys. Rev. A 1988, 38, 3098 – 3100; J. P. Perdew,
Phys. Rev. B 1986, 8822 – 8824.

[13] W. J. Hehre, R. F. Steward, J. A. Pople, J. Chem. Phys. 1969, 51,
2657 – 2664; J. B. Collins, P. v. R. Schleyer, J. S. Binkley, J. A.
Pople, J. Chem. Phys. 1976, 64, 5142 – 5151.

[14] M. D. Rausch, R. A. Genetti, J. Org. Chem. 1970, 35, 3888 – 3897.
[15] T. Dooley, G. Fairhurst, C. D. Chalk, K. Tabatabaian, C. With,

Transition Met. Chem. 1978, 3, 299.
[16] W. P. Hart, D. W. Macomber, M. D. Rausch, J. Am. Chem. Soc.

1980, 102, 1196 – 1198.
[17] G. M. Sheldrick, Bruker Analytical X-ray-Division, Madison,

WI, 2001.
[18] G. M. Sheldrick, Bruker Analytical X-ray-Division, Madison,

WI, 1997.

Angewandte
Chemie

5849Angew. Chem. Int. Ed. 2004, 43, 5846 –5849 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Asymmetric Synthesis

Hydrogen Bond Mediated Enantioselectivity of
Radical Reactions**

Tobias Aechtner, Martina Dressel, and Thorsten Bach*

The renaissance in radical chemistry during the last years and
decades can be explained in large part by the improved
prediction and control of the important parameters chemo-,
regio-, and stereoselectivity.[1] Recent investigations show that
radical reactions can be carried out enantioselectively without
an auxiliary being attached covalently to the substrate.[2] Two
different strategies have been reported. On the one hand, it is
possible to differentiate the enantiotopic faces of a prochiral
radical with chiral reagents (reagent control). For this purpose
chiral hydrogen-atom donors have been used most often.[3]

On the other hand, face differentiation is possible by a Lewis
acid, which forms a chelate complex with the substrate, and
which is in turn coordinated to chiral ligands.[4] Alternative
chiral templates that are based upon noncovalent interactions
and are similarly effective have, to the best of our knowledge,
not yet been established. In a recent study we were able to
show that high enantioselectivity (up to 84% ee) in radical
reactions can be achieved with the help of a hydrogen-
bonding chiral template. Our preliminary results are pre-
sented in this communication.
We investigated the enantioselectivity of the reductive

radical cyclization of 3-(w-iodoalkylidene)piperidin-2-ones
(1). These compounds can be synthesized by the aldol

condensation of N-tert-butyloxycarbonyl(Boc)piperidin-2-
one with w-tert-butyldimethylsilyl(TBDMS)oxyaldehydes
followed by conversion of the protected hydroxy group into
an iodo group (1. tetrabutylammonium fluoride (TBAF),
THF; 2. PPh3, imidazole, I2).

[5]

In the presence of an initiator and Bu3SnH the alkenyl
iodides reacted in a 5- or 6-exo-trig-cyclization[1,6] (e.g. 2a!
3a, Scheme 1). The intermediate radicals 3 exhibit a proste-
reogenic center in a-position to the carbonyl function which is
transformed by an intermolecular reaction with Bu3SnH to a
stereogenic saturated carbon atom. In the case of the alkenyl
iodide 1a both enantiomeric cyclization products 4a and ent-
4a are formed during the reaction.
The reaction proceeded smoothly for the three substrates

investigated. The appropriate cyclization products were
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obtained in good yields (77–83%) albeit in racemic form. The
two enantiotopic faces of the radical center in a-position to
the carbonyl function become diastereotopic when linked to a
chiral environment. We hoped to achieve such face differ-
entiation by using the chiral complexing reagent 5,[7,8] which
coordinates to lactams through hydrogen bonds.[9] For that
purpose the radical cyclization of 1a to give 4a and ent-4awas
carried out in a series of experiments in the presence of

compound 5. BEt3 was used as the
initiator as it allowed the reactions
to be carried out at low temperature.
The reaction was indeed enan-

tioselective. The enantiomeric
excess of product 4a in the radical

cyclization[10] of iodide 1awas dependent on three parameters
(Table 1). 1) The temperature should be as low as possible
since this leads to a remarkable increase of selectivity (e.g.
entries 5 and 9). 2) The amount of initiator BEt3 must be held
to a minimum to achieve optimum enantioselectivity
(entries 2 and 3, entries 4–6). 3) The amount of complexing
reagent used should preferably be high (entries 7 and 9).
These observations are reasonable considering the fact that
the enantiomeric excess directly reflects the ratio of bound to
unbound substrate.[9a,d] The association by means of hydrogen

bonding is ideal if the reaction is run in nonpolar solvents and
at low temperatures. Unfortunately, the reaction did not take
place at �78 8C with only 10 mol% BEt3. Despite good
reproducibility the results are not completely coherent. Thus
the minimal increase in selectivity upon decreasing the
temperature is hard to explain (entries 2 and 5). The
interactions of BEt3 and its decomposition products with
the substrate, complexing reagent, and product are apparently
complex and must be investigated in further experiments.
Selectivity in the reaction 1a!4a did not improve upon
photochemical initiation (Original Hanau TQ 150, duran
filter, �65 8C).
Compounds 1b and 1c were also reductively cyclized

under optimized conditions (Scheme 2). For the reaction of

1b we observed an insignificant increase of enantioselectivity
upon photochemical initiation (c= 5 ? 10�2 molL�1, light
source: Original Hanau TQ 150, duran filter). In the reaction
of 1c under the same conditions[10] as those used for the
reaction of 1a!4a, initiation catalyzed by BEt3 was pre-
ferred. In every case we obtained the dextrorotatory 3-
cycloalkylpiperin-2-ones as products. The ee values were
calculated from HPLC analysis (for 4b) or chiral shift
experiments (for 4c).[11]

The comparison with literature data shows that dextro-
rotatory a-monoalkyl-substituted five to seven membered
ring lactams with the priority order CONH> alkyl>CH2>H
are R configurated.[12] This configuration assignment corrob-
orates the hypothesis that the hydrogen transfer fromBu3SnH
to radical 3, which is linked to template 5 by means of
hydrogen bonding, occurs from the Si side. The Re side is
shielded by the tetrahydronaphthalene residue. This is
illustrated in Figure 1 for the enantioselective hydrogen
transfer from Bu3SnH to the prochiral radical 3a.

Scheme 1. Mechanism of the radical cyclization 1a!4a/ent-4a. The
hydrogen transfer is the enantioselectivity-determining step.

Table 1: Enantioselective radical reaction (cf. Scheme 1) of substrate 1a
to give the products 4a and ent-4a using the chiral complexing reagent
5.[10]

Entry T [8C][a] Equiv.[b] BEt3 [mol%] Yield [%] ee [%][c]

1 25 – 50 83 –
2 25 2.5 20 84 38
3 25 2.5 10 72 44
4 �10 1.0 50 78 20
5 �10 2.5 20 82 40
6 �10 2.5 10 79 55
7 �78 1.0 20 91 40
8 �78 2.5 50 84 41
9 �78 2.5 20 81 84

[a] Reaction temperature. The reaction was carried out at the cited
temperature in toluene with Bu3SnH (2 equiv). The concentration of
substrate was 5E10�2 molL�1. The initiation occurred by addition of the
cited amount of BEt3.

[10] [b] Equivalents of chiral complexing reagent 5.
The reagent was completely (>90%) recovered. [c] The ee values were
calculated from the enantiomeric ratios determined by HPLC analysis
(Daicel ChiralCel OD).

Scheme 2. Enantioselective reductive cyclization of substrates 1b and
1c.

Figure 1. Model to explain the face differentiation in the intermediate
radicals 3.
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In ongoing studies we are trying to apply the concept of an
enantioselective radical reaction to other model systems and
to use it in synthesis.

Received: July 7, 2004
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Electron Transfer

Synthesis and Photophysics of a Neutral Organic
Mixed-Valence Compound**

Alexander Heckmann, Christoph Lambert,*
Mark Goebel, and R�diger Wortmann
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on the occation of his 65th birthday

Purely organic mixed-valence (MV) compounds are of great
interest for the investigation of intramolecular electron-
transfer (ET) processes.[1–5] Usually these MV compounds
are radical ions consisting of two redox centers connected by a
saturated or unsaturated bridge. In this communication we
present the synthesis and photophysical properties of the first
organic MV compound that is neutral rather than charged.
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MV compounds are characterized by a so-called inter-
valence charge-transfer (IV-CT) band (usually in the near-IR
(NIR) region) which is associated with the optically induced
charge transfer from one redox center to the other. The
electronic coupling V between the two diabatic (formally
noninteracting) states (charge localized on the one and on the
other redox center, respectively) is a measure for the
electronic communication between these states and can be
calculated from the IV-CT band by Equation (1), where meg

V ¼ meg

Dm12
~nnmax ð1Þ

and ñmax are the transition moment and the energy of the IV-
CT band, respectively, and Dm12 is the diabatic dipole moment
difference between the two diabatic states mentioned above.
The diabatic quantity Dm12 can either be estimated by the
effective electron-transfer distance e . r or can be traced back
to purely adiabatic (measurable) quantities by Equation (2)

e r ¼ Dm12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dm2

egþ 4m2
eg

q
ð2Þ

(generalized Mulliken–Hush theory, GMH),[6–8] where Dmeg is
the difference between the adiabatic dipole moments of the
ground and excited IV-CT state. However, while both the
estimate of e . r by, for example, the distance of the redox
centers r and the determination of Dmeg by quantum-chemical
methods involves major inaccuracies,[9] the experimental
determination of Dmeg can be achieved by means of electro-
optical absorption measurements (EOAM).[10] Unfortunately,
this method is complicated for charged species because of ion
migration in the electric field, which can be circumvented by
using glass matrices.[11–13] Further disadvantages of charged
MV compounds are the low solubility especially in nonpolar
solvents[14–16] and ion-pair effects.[17,18] These disadvantages
can be avoided by using neutral MV compounds, a class of
compounds that has not been described and studied so far to
the best of our knowledge,[19] which is therefore the subject of
this communication.

While MV radical cations based on two triarylamine
centers[20–22] and MV radical anions based on perchlorinated
triarylmethyl radicals[23,24] are well known, it was obvious to
link the two redox centers by, for example, an ethylene bridge
to create a neutral MV system. In the neutral, purely organic
MV compound 1 a perchlorinated triarylmethyl radical center
acts as the acceptor and a triarylamine redox center as the
donor (Scheme 1).

The synthesis of compound 1 is outlined in Scheme 2.
Compound 2 was prepared by a Pd-catalyzed Buchwald–
Hartwig amination of the stilbene derivate 3[24] and bis(4-
methoxyphenyl)amine in 46% yield. Because of the low
acidity of the a-H atom of 2, KOtBu in DMSO was required
to form the corresponding carbanion salt, which was sub-
sequently oxidized with p-chloranil to obtain the air-stable
radical 1 in 60% yield.

The cyclic voltammogram of 1 in dichloromethane/
tetrabutylammonium hexafluorophosphate (TBAH) solution
shows one reversible oxidation process at E1/2 = ++ 240 mV
versus ferrocene (Fc), which is assigned to the oxidation of the

Scheme 1. Optically induced ET process in 1.

Scheme 2. Synthesis of the neutral radical 1.
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triarylamine center to the radical cation (Figure 1).[25] Fur-
thermore, a reversible reduction wave at E1/2 =�670 mV can
be observed, which corresponds to the reduction of the
carbon radical center to the carbanion.[24] The large splitting
of the two redox processes reflects the pronounced non-
degeneracy of the two redox centers in contrast to the
degenerate bis(triarylamine) and bis(perchlorotriphenyl-
methyl) MV compounds mentioned above.

The excellent solubility of neutral 1 gave us the unique
chance to investigate the UV/Vis/NIR
absorption spectra in thirteen different
solvents ranging from totally apolar (n-
hexane) to strongly polar (acetonitrile).
The electronic absorption spectrum of 1
(Figure 2) shows an intense band at
25500 cm�1, which is typical of perchlori-
nated benzene derivatives[26–28] and a
weaker band at 24900 cm�1, which is
assigned to methoxy-substituted triaryla-
mine systems.[29] Furthermore, two weak
absorption bands at 19000 cm�1 and
17500 cm�1 can be observed which are
characteristic for perchlorinated triaryl-
methyl radical systems.[26] Even more inter-
esting is the observation of a weak absorp-
tion band in the NIR region at about
12000 cm�1 which can be assigned to an
IV-CT associated with an intramolecular
electron transfer from the triarylamine to
the radical unit (Scheme 1).

To our surprise the absorption maximum ñmax of the IV-
CT band of 1 shows a weak and superficially nonsystematical
dependence on the solvent polarity (Table 1). The extinction
coefficient of the IV-CT band is larger and the band width at
half-height is smaller in nonpolar solvents such as n-hexane
than in polar solvents like acetonitrile (Figure 3). To explain
this unexpected behavior we used the Jortner model[30–32] to
simulate the IV-CT band in each solvent. In this calculation
an average molecular vibration is treated quantum-mechan-

ically, and a classical solvent coordinate is used.[5] An
excellent least squares fit of the IV-CT band of 1 in each
solvent was achieved by varying the parameters for the inner-
sphere reorganization energy lv and the outer-sphere reor-
ganization energy lo as well as the parameters for the
difference of the free energy between the diabatic ground
and excited state DG00 and for the average molecular
vibrational mode ñv in Equation (3). In Figure 4 the fits of

e ¼ 8Np3

3000h ln 10
n~nnm2

eg

X1
j¼0

e�s Sj

j!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4plo RT

r
exp

�
�ðj~nnv þ l0�~nnþ DG00Þ2

4plo R T

�

with the Huang-Rhys factor S ¼ lv
~nnv

ð3Þ

Figure 1. Cyclic voltammogram of radical 1 in CH2Cl2/0.1m TBAH.
Scan rate v =250 mVs�1.

Figure 2. UV/Vis/NIR absorption spectrum of 1 in CH2Cl2.

Table 1: Absorption maxima, extinction coefficients, and other parameters[a] for 1 in solvents of different
polarity.

Solvent ñmax [cm
�1] e [m�1 cm�1] DG00 [cm�1][b,c] l0 [cm

�1][b,d] lv [cm
�1][b,e] ñv [cm

�1][b,f ]

n-hexane 12300 4700 10400 950 1500 1100
cyclohexane 11900 4600 10300 1000 1350 1150
1,4-dioxane 12200 3900 9450 1850 1650 1400
dibutyl ether 11900 4200 9400 1700 1500 1400
diethyl ether 11900 4100 9000 2050 1650 1450
MTBE[g] 12000 3700 8900 2200 1600 1450
ethyl acetate 12000 3900 8250 2900 1600 1650
THF 11600 3500 7900 3200 1400 1700
dichloromethane 12200 3600 8350 3000 1750 1550
benzonitrile 11700 3600 7500 3550 1400 1800
2-propanol 11800 3900 8300 2750 1500 1650
acetone 12100 3600 7450 4000 1550 1850
acetonitrile 12600 3400 7500 4350 1600 1850

[a] Parameters obtained from the least squares fit of the IV-CT bands. [b] All values were determined with
a maximum error of �50 cm�1 except for the lo value of 2-propanol (�100 cm�1). [c] Difference in the
free energy between the diabatic ground and excited states. [d] Outer-sphere reorganization energy.
[e] Inner-sphere reorganization energy. [f ] Mean molecular vibration mode. [g] Methyl tert-butyl ether.

Figure 3. IV-CT bands of 1 measured in solvents of different polarity.
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the IV-CT band in n-hexane, benzonitrile and acetonitrile are
shown. The results of all fits are also summarized in Table 1.
From these data it becomes apparent that the surprisingly low
total reorganization energy is dominated by the solvent part
lo in all solvents with exception of the hexanes.[33]

A plot of each parameter against a term describing the
solvent polarity (D�1)/(2D + 1)�0.5(n2�1)/(2n2 + 1), where
D is the permittivity and n is the refractive index, reveals
linear correlations for both DG00 and lo (Figure 5a and b).[34]

As initially expected from MarcusE theory,[35] an increase of
the solvent reorganization energy lo with solvent polarity is
found. The solvent reorganization energy approaches zero for
totally apolar environments. Concomitantly, DG00 decreases
due to the fact that the excited state has zwitterionic character
while the ground state is apolar (see below). Therefore, the
usually observed negative solvatochromism of degenerate
ionic compounds is covered (compensated for) by the positive
solvatochromism of DG00 which leads to the weak solvent
dependence of the IV-CT band described above. The analysis
yields directly DG00 in CH2Cl2 (8350 cm�1) which is in
reasonable agreement with the redox potential difference in
CH2Cl2/0.1m TBAH (DE = 910 mVffi7340 cm�1). As
expected, the inner-sphere reorganization energy lv is inde-
pendent on the solvent polarity (Figure 5c). We also recorded
a weak but systematic solvent dependence of ñv (Figure 5d),
which could be due to the varying importance of different
molecular modes contributing to the averaged mode ñv. On
the other hand, this shift may also compensate for inaccur-
acies of the theory in general.

Furthermore, the adiabatic dipole moment of the ground
state (mg = 13� 2 . 10�30 Cm= 3.9� 0.6 D) and the difference
between the adiabatic ground and excited state (Dmeg = 64�
4 . 10�30 Cm= 19� 1 D), and the transition moment (meg =

11.0 . 10�30 Cm= 3.30 D) of 1 were determined by EOAM
in 1,4-dioxane as previously described.[10] With these values
and Equation (2) the diabatic dipole moment (Dm12 = 67.8 .
10�30 Cm= 20 D) was calculated, which corresponds to an
effective diabatic ET distance of 4.2 F; this is significantly less
than the C�N distance between the redox centers (12.3 F).
With these transition moments the electronic coupling V was
calculated with Equations (1) and (2). Given the rather short
effective ET distance, the transition dipole moment meg =

11.0 . 10�30 Cm= 3.30 D and consequently the electronic

coupling V= 2000 cm�1 are noticeably small. This implies
that the electronic interaction between the two redox centers
in 1 is weak compared to that in an analogous MV compound
consisting of two triarylamine redox centers.[33] The AM1-
UHF calculation of 1 shows the reason for the weak
interaction between the two redox centers: steric interactions
among the perchlorinated ring systems cause a twist of the p

system.[36] This effect and the fact that the b-LUMO is largely

Figure 4. Least squares fit of the IV-CT bands of 1 (experimental data
c) in n-hexane (*), benzonitrile (&), and acetonitrile (^) according
to the method of Jortner.

Figure 5. Plots of a) lo, b) DG00, c) lv, and d) ñv versus the solvent
polarity function f(D)�0.5 f(n2) with f(D)= (D�1)/(2D +1) and
f(n2)= (n2�1)/(2n2+1).
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concentrated on the central triarylmethyl carbon p orbital
while the b-HOMO is delocalized over the triarylamino group
results in a weak conjugation of the aromatic redox centers
(Figure 6).

Using the diabatic parameters determined by JortnerEs
theory as well as the electronic coupling V determined by the
GMH theory, we computed the adiabatic potential energy
surfaces for n-hexane and acetonitrile (Figure 7). It is obvious
from these curves that the solvent has a dominating influence
on the shape of the potential surfaces and thus also has an
impact on the deactivation pathways of the excited state.

In summary we have presented the synthesis and a
detailed study of the photophysical properties of the first
neutral organic MV compound. Only by using JortnerEs one-

mode model were we able to analyze the IV-CT band and to
reveal the compensating trends of the solvent reorganization
energy lo and the free energy difference DG00. Both effects
are rather strong due to the highly zwitterionic character of
the excited IV-CT state. The analysis demonstrates that a lack
of solvatochromism is no indication for a negligible change of
dipole moment upon excitation. This large change of dipole
moment upon excitation was also directly proved by EOAM.
These measurements also revealed that the effective diabatic
ET distance is much smaller than the formal separation of the
redox centers. The uncharged character of this prototypical
neutral MV compound enabled us to perform the presented
measurements quite easily. Our findings will be useful for the
design of molecular storage and switching devices where a
neutral character is of practical advantage.

Experimental Section
2 : Pd2(dba)3·CHCl3 (74.0 mg, 71.5 mmol, 0.05 equiv), P(tBu)3 (173 mL,
0.33m in n-hexane, 57.2 mmol, 0.04 equiv), and NaOtBu (344 mg,
3.58 mmol, 2.50 equiv) were added to a solution of stilbene 3[24]

(1.30 g, 1.43 mmol, 1.00 equiv) and bis(4-methoxyphenyl)amine
(361 mg, 1.58 mmol, 1.10 equiv) in absolute toluene. The reaction
mixture was stirred for 24 h under reflux in the dark under a nitrogen
atmosphere. The solvent was removed in vacuo, and the residue was
dissolved in CH2Cl2 (50 mL) and washed with water (2 . 50 mL). The
organic layer was dried over MgSO4, and the solvent was removed
under reduced pressure. The residue was purified by flash chroma-
tography on silica gel (petroleum ether/CH2Cl2 1:1). The crude
product was precipitated by adding a concentrated solution of 2 in
acetone dropwise to methanol which gave 690 mg (0.65 mmol, 46%)
of a yellow solid, m.p. 174 8C. 1H NMR (400 MHz, [D6]acetone,
295 K): d = 7.47 (AA’, CH=CHCCHCH, 2H), 7.11 (s, 1H,
(C6Cl5CH), 7.10 (AA’, NCCHCHCO, 4H), 7.08 (d, 3JHH = 16.5 Hz,
1H, C=CH), 7.01 (d, 3JHH = 16.5 Hz, 1H, C=CH), 6.94 (BB’,
OCCHCH, 4H), 6.85 (BB’, CH=CHCCHCHCN, 2H), 3.80 ppm (s,
6H, OCH3);

13C NMR (151 MHz, [D6]acetone, 295 K): d = 157.6 (q),
150.7 (q), 141.0 (q), 139.44 (HC=CH), 139.44 (2C, q), 137.79 (q),
137.77 (q), 136.3 (q), 135.9 (2C, q), 135.5 (q), 134.9 (q), 134.8 (q),
134.6 (q), 134.34 (q), 134.29 (q), 134.27 (q), 134.25 (q), 134.1 (q),
133.20 (q), 133.17 (q), 133.0 (q), 128.8 (CH=CHCCHCH), 128.1
(OCCHCH), 120.4 (HC=CH), 120.0 (CH=CHCCHCHCN), 115.7
(NCCHCHCO), 57.6 (C6Cl5-CH), 55.7 ppm (OCH3); IR (KBr): ñ =

3037 (w), 2997 (w), 2929 (w), 2869 (vw), 2832 (w), 1599 (m), 1504 (vs),
1463 (w), 1323 (w), 1294 (w), 1241 (s), 1176 (w), 1105 (w), 1037 (m),
966 (w), 827 (m), 808 (m), 649 (w), 575 (w), 521 cm�1 (w); MS (EI,
70 eV) [m/z, %]: 1055 (74, M+), 1040 (8, M+�Me), 1021 (45, M+�Cl),
987 (20, M+�Cl�Me), 807 (36, M+�C6Cl5). Elemental analysis
calculated for C41H21Cl14NO2: C 46.64, H 2.00, N 1.33; found: C
46.35, H 2.23, N 1.39.

1: Stilbene derivate 2 (50.0 mg, 47.4 mmol, 1.00 equiv) was
dissolved in absolute DMSO (10 mL) under a nitrogen atmosphere.
KOtBu (10.6 mg, 94.8 mmol, 2.00 equiv) was added, and the deep
purple solution that formed immediately was stirred for 1.5 h in the
dark at room temperature. Then p-chloranil (11.7 mg, 47.4 mmol,
1.00 equiv) was added, and the solution was stirred for further 1.5 h in
the dark at room temperature. The deep brown suspension was
purified by flash chromatography on silica gel (CH2Cl2/petroleum
ether 4:1). The crude product was precipitated twice by adding a
concentrated solution of 1 in acetone dropwise to methanol to obtain
30.0 mg (28.4 mmol, 60%) of a brown solid, m.p. 165 8C (decomp.). IR
(KBr): ñ = 3040 (w), 2999 (w), 2945 (w), 2930 (w), 2909 (w), 2832 (w),
1595 (s), 1504 (vs), 1463 (vw), 1440 (vw), 1322 (s), 1242 (vs), 1174 (m),
1105 (w), 1037 (m), 945 (w), 816 (m), 707 (w), 653 (w), 575 (w),
521 cm�1 (w); MS (FAB, 70 eV, 2-(octyloxy)nitrobenzene) [m/z, %]:

Figure 6. AM1-UHF-optimized structure of radical 1; b-HOMO
(bottom) and b-LUMO (top).

Figure 7. Adiabatic potential energy surfaces of 1 in n-hexane (c)
and acetonitrile (a) calculated with Equation (3) of ref. [1] with
meg=11.4K10�30 Cm=3.4 D and V =2070 cm�1 in n-hexane and
meg=11.4K10�30 Cm=3.4 D and V =2120 cm�1 in acetonitrile. x =ET
coordinate.
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1054 (< 1, M+); Elemental analysis calculated for C41H20Cl14NO2: C
46.68, H 1.91, N 1.33; found: C 46.53 H 2.11 N 1.27.
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In traditional Mexican farming the morning glory “heavenly blue” (Ipomea tricolor
Cav.) is used as a cover crop. The structure of tricolorin A, one of several phytotoxic
resin glycosides present in this plant, has now been determined crystallographically.
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Mesoporous Materials
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their Communication on page 5958 ff.
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Pores for effect : Hierarchical zeolites
combine the high activity, shape selectiv-
ity, and hydrothermal stability of conven-
tional zeolites with the efficient mass

transport that is typically achieved in
mesoporous materials. The mesopores
can be templated with carbon during
zeolite synthesis (see scheme).
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Primed ! Secondary phosphine oxides are
able to tautomerize in situ to phosphi-
nous acids and then coordinate to soft
transition metals through the trivalent
phosphorus atom (see scheme). The

presence of a chiral backbone allows this
reaction to run stereoselectively and be
used for the generation of highly enan-
tioselective homogeneous catalysts.

Discovery is a two-step process—finding
and comprehending (see scheme). The
history of chemistry contains incorrect
attributions, mistakes, and problems cre-
ated by conflicting interpretations. But
retrospective analyses can set matters
straight and give credit where credit is
due. Language and naming also convey a
fascinating human side to research and
illustrate that chemical discovery is mul-
tifaceted, evolutionary, and very much
alive.

It’s amazing what a little help can do :
Simple diaminocarbenes, such as
(Et2N)2C, do not dimerize at room tem-
perature in THF, even though thermody-
namics favor the dimer. Dimerization
occurs rapidly in the presence of proton

sources, however (see scheme), and the
possibility of catalysis by Li+ is discussed.
DFT calculations give a good account of
the thermodynamics and kinetics of dimer
formation.
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Filling a gap : A trinuclear oxo–zir-
conium(iv) cluster readily assembles in
the “venus fly trap” binding cleft of
bacterial transferrin (see picture; cluster:
Zr green, O red, P yellow; protein:
b sheets cyan, Tyr pink, Arg dark blue). Its
structure was determined by EXAFS and
X-ray crystallography.

A water channel was observed in the first
crystallographically determined structure
of a natural resin glycoside (see figure).
Tricolorin A displays amphipathic fea-
tures, which have been correlated with its
significant mammalian and plant toxicity.
The architecture of tricolorin A in the solid
state suggests that the cytotoxicity of this
class of compounds may be the result of
their pore-forming ability.

New tricks for an old dog : The solid-state
structure of cis-[W(CO)4(piperidine)2]
reveals an intermolecular, bifurcated
H-bonding network involving the N-H
protons and the two CO ligands trans to
the piperidine ligands (see X-ray crystal
structure; C gray, H green, N blue, O red,
W magenta). Such an arrangement
accounts for nCO absorptions as low as
1768 cm�1!

Reversible switching of the fluorescence
of an individual dye-labeled DNA mole-
cule is possible by utilizing an electric field
applied in the tip of a nanopipette (see
picture; FRET= fluorescence resonance
energy transfer). The electric field appears
to alter the conformation of the acceptor
dye only, resulting in a significant change
in its quantum yield.
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0D!2D!3D oriented attachment has
been exploited to prepare octahedra of
rutile-like SnO2 with a central cavity by a
template-free hydrothermal route. The
synthesis is based on the two-dimensional
attachment of nanocrystallites and stabi-
lization of a family of {111}-like crystal
planes in 2-propanol/water in the pre-
sence of ethylenediamine. In TEM images

of the octahedron (see picture), the
central cavity is evidenced by lighter
regions.

Mother Nature knows best! Silaffins
(silica-associated proteins) from the
diatom Eucampia zodiacus (see picture)
were found to contain novel lysine mod-
ifications that carry quaternary ammoni-
um groups. It appears that the very special
interaction between quaternary ammoni-
um groups and silica is exploited in the
natural biomineralization of silica.

A filling that makes the sandwich : Large
aromatic molecules are sandwiched by
two p-conjugated ligands (L) that are
joined together by six {(en)Pd}2+ units
(M; en=1,2-ethanediamine; see picture;
guest red, {(en)Pd}2+ yellow, ligand blue).
This host has an M6L2 composition and is
distorted by the concave shape of the
ligand. Without a guest, it releases the
distortion by forming the dimeric M12L4 in
a reversible fashion.

A box of magnetic tricks : By using the
anionic precursor [(Tp)Fe(CN)3]�

(Tp�=hydrotris(pyrazolyl)borate), the
title compound, which is a new face-
centered-cubic cluster, has been synthe-
sized (see structure; red Fe, turquoise Cu,
orange B, gray C, blue N, dark red O).
Magnetic studies show that it exhibits
single-molecule-magnet behavior with
substantial axial magnetic anisotropy
(D=�0.16 cm�1).
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Turning on the light : Remarkable photo-
luminescence enhancement is observed
upon intercalation of cetyltrimethylam-
monium cations (CTA+) among the sur-
face aromatic groups of a complex formed

from the phenyl-capped semiconductor
CdS cluster molecule [Cd10S4(SPh)12] (1)
and tetraoctylammonium bromide
(TOAB) (see scheme).

Information technology : The configura-
tion at C10-OH of the caminoside agly-
cone (see formula) was shown to be R by
interpretation of exciton coupling in the
circular dichroism (CD) spectrum of the
tetraphenylporphyrin carboxylate diester
of (2R,10R)-2,10-nonadecanediol. This
compound is derived from the title com-
pound and was embedded in highly uni-
form nanometric liposomes for the CD
measurements.

Spontaneous oxidation of the marine-
sponge-derived peptide (þ)-milnamide A
(1) to (þ)-milnamide D (2), which is also
a natural product, was observed during

the total synthesis of 1. The absolute
configurations of the structures were
determined and are also reported.

Approximately eight avidin molecules are
conjugated to each Ce/Tb-doped lantha-
num phosphate nanoparticle (NP)
through the formation of amide bonds
(see scheme). This biofunctionalization
process comprises modification of the
LaPO4 NPs with 6-aminohexanoic acid
(AHA) to confer colloidal stability, activa-
tion of the AHA carboxy groups by 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide,
and avidin conjugation.
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Age concern : Alkyl amine templates act as
bifunctional surfactants which can tem-
plate mesostructures with microporous
walls. Ordered two-dimensional hexago-
nal mesoporous iron oxide with P6mm
symmetry and three-dimensional cubic
mesoporous iron oxide with Fm3m sym-
metry (see TEM image) have been pre-
pared by using decylamine as the tem-
plate, iron(iii) ethoxide as the precursor,
and different aging conditions.

Do-it-yourself oxidation : The RhIII complex
1 undergoes a self-oxidative coupling
process, in which the phenolate oxygen
atom serves as the oxidant, to give 2 and
the hydride complex 3 (2 :3=1:3). This

reaction involves cleavage of a strong
aryl–oxygen bond. X-ray analysis of 2
reveals that the two quinonoid C=O
bonds are h2-coordinated to the metal
centers.

Addition of the radical generated from the
sodium salt of hypophosphorous acid to
difluoroalkenes results in the formation of
a,a-difluoro-H-phosphinates. These
intermediates can be transformed into
different phosphorus-centered isosteres,
such as difluorophosphonates, difluoro-
phosphonothioates, and difluorophos-
phinates (see scheme).

A twist in the final stage : Chiral, conju-
gated metallamacrocycles can be formed
in excellent yield in a single step from
achiral precursors by ligand exchange

between (R,R)- or (S,S)-chiraphos and
trans platinum acetylide complexes (see
scheme).
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A short and modular synthesis of novel
P,N ligands (pinap; see scheme; X=O or
NH) is presented. A covalently bound
chiral group allows the separation of the
atropisomeric diastereomers, thus avoid-
ing resolution involving chiral Pd–amine

complexes. The utility of the ligands is
demonstrated for three reactions cata-
lyzed by different transition metals; in
each case products are obtained with high
enantiomeric excess (up to 99% ee).

Weighing in : Multiple kinases can be
assayed simultaneously by using a
method that combines peptide chips and
MALDI-TOF mass spectrometry (MS).
The method uses self-assembled mono-
layers that present a set of peptides that
are each selective for a kinase. The kinase
phosphorylates the peptide, changing its
mass. MS analysis of the surface resolves
each peptide and gives the activity of each
kinase.

In the presence of an Evans oxazolidinone
as the chiral auxiliary, the anion derived
from a-diazoacetamide adds to aromatic
N-tosylimines with high stereoselectivity

(see scheme). The addition products can
be used in a concise and stereoselective
synthesis of syn- and anti-a-hydroxy-b-
amino acid derivatives.

Large pore volumes and highly accessible
mesopore surface areas are present in
highly ordered mesoporous bioactive
glasses (MBGs) prepared by a block
copolymer templating approach under
non-aqueous conditions. These glasses
have a high bone-forming bioactivity
in vitro, as shown by immersing them in
simulated body fluid (SBF) and monitor-
ing the formation of hydroxycarbonate
apatite (HCA) on the surface (see electron
micrographs).
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Aldol products with quarternary centers
have been obtained with up to 99% ee in
high yields by using copper(ii) catalysts
bearing C1-symmetric aminosulfoximines
as ligands (see scheme). In terms of

ee values and yield the new catalysts
compare well with established systems
based on metal complexes with bis-
(oxazoline) and pyridylbis(oxazoline)
ligands.

Packed to capacity : The incorporation of
mesoporous structures as a buffer layer
enhances the structural stability of tin
phosphate and alleviates the volume
expansion of the tin phosphate anode
during Li alloying/dealloying (see TEM
image). The mesoporous tin phosphate/
Sn2P2O7 composite anode shows a large
initial capacity (721 mAhg�1) and excel-
lent cyclability (587 mAhg�1 at the 30th
cycle).

Sultones of swing : A sultone served as the
key intermediate in the first enantioselec-
tive total syntheses of the bioactive title
compounds (see scheme), the absolute
configuration of which is now established.

Starting from 2-bromo-1-(2-furyl)etha-
none, 24 steps were required to generate
the common basic structure, and in each
case two additional steps yielded the
natural products.

Centered by a nitride ion: The oxidation of
ytterbium with 2,2’-dipyridylamine in
liquid ammonia at low temperatures
leads to the novel compound
[Yb3N(dpa)6][Yb(dpa)3], which is unique
among homoleptic dipyridylamides of the
rare-earth metals. The complete deproto-
nation of NH3 provides the first molecular
nitride of a rare-earth metal with a Yb3N
unit (see picture; C blue, N green, Yb
silver).
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In one fell swoop : the reaction of alkynyl-
allyl alcohols with aryl halides in the
presence of [Pd(PPh3)2Cl2] under Heck
reaction conditions provides cyclic g,d-
enals (see scheme). This reaction serves
as the starting sequence for the one-pot
synthesis of diene esters and b-amino-
substituted tetrahydrofurans.
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J. T. Hynes Receives Hildebrand
Award

James T. (Casey) Hynes is the recipient
of the 2005 Joel Henry Hildebrand
Award in the Theoretical and Experi-
mental Chemistry of Liquids, adminis-
tered by the American Chemical Society

(ACS). The award recog-
nizes distinguished contribu-
tions to the understanding of
the chemistry and physics of
liquids. Hynes completed his
PhD in 1969 at Princeton
University (USA). In 1971,
following an NIH Postdoc-
toral Fellowship at the Mas-
sachusetts Institute of Tech-
nology (MIT), he moved to
the University of Colorado,
Boulder, where he is cur-
rently Professor of Chemis-

try and Biochemistry. Since 1999 he
has also been CNRS Director of
Research in the chemistry department
of the 6cole Normale Sup7rieure, Paris
(France).

Hynes8s research on the theory of
chemical reactions in solution, vibra-
tional-energy transfer in solution, and
intramolecular energy flow in highly
vibrationally excited isolated molecules
has had significant impact on the field.
Other research interests include chemi-
cal reactions in enzymes and other bio-
molecules, electronic structure in con-
densed phases, and heterogeneous reac-
tions important in the depletion of
atmospheric ozone. One current topic
of investigation and the subject of a
recent article in ChemPhysChem[1] is
the dissociation of aromatic radical
anions in solution. Hynes is Co-Chair-
man of the Editorial Advisory Board
of ChemPhysChem.

Cope Scholar Award to
R. F. Ismagilov

Arthur C. Cope Scholar Awards, admin-
istered by the ACS, aim to recognize and
encourage excellence in organic chemis-
try. The highly interdisciplinary research
of one recipient for
2005, Rustem F.
Ismagilov, includes
aspects of chemis-
try, physics, biology,
and engineering.
His research group
develops new
microfluidic tech-
nology, which they
use to study time-
dependent pro-
cesses in chemistry,
biochemistry, and
biophysics, as well as the dynamics of
complex chemical systems. His most
recent Communication in Angewandte
Chemie about a composite microfluidic
system for screening protein crystalliza-
tion conditions in droplets inside capilla-
ries by on-chip X-ray diffraction was
featured on the cover of issue 19/2004.[2]

Ismagilov was born in Ufa (Russia)
in 1973 and completed his BSc in
chemistry at the Higher Chemical Col-
lege of the Russian Academy of Scien-
ces in Moscow. He then moved to the
USA, where he completed his PhD at
the University of Wisconsin, Madison
under the guidance of S. F. Nelsen in
1998. After postdoctoral studies at Har-
vard University with G. M. Whitesides,
he became assistant professor in 2001
at the University of Chicago.

P. Knochel Receives Cope Scholar
Award

Paul Knochel is also to receive an
Arthur C. Cope Scholar Award in 2005.
Born in Strasbourg (France) in 1955,
Knochel has had a very international
career: He completed his studies in
chemistry in 1979 at the 6cole Nationale
Sup7rieure de Chimie in Strasbourg,
and his PhD in 1982 at the ETH
ZGrich (Switzerland) under the guid-
ance of D. Seebach. Following several
years as a CNRS researcher in the
research group of J. F. Normant at the

Universit7 Pierre et
Marie Curie in
Paris, he moved to
the USA to under-
take postdoctoral
research with M. F.
Semmelhack at
Princeton Univer-
sity. In 1988 he was
appointed assistant
professor at the
University of Mich-
igan, Ann Arbor
(USA), where he became full professor
before returning to Europe in 1992 to a
position at Philipps-UniversitIt Mar-
burg (Germany). Since 1999 he has
been Professor of Organic Chemistry
at Ludwig-Maximilians-UniversitIt
MGnchen.

Knochel8s research interests focus
on the development of novel organome-
tallic reagents and methods for organic
synthesis and asymmetric catalysis.
Main group metals, such as lithium,
magnesium, and boron, as well as late
transition metals, such as copper and
zinc, have been used for the synthesis
of complex synthetic building blocks.
He recently reported in Angewandte
Chemie the preparation of polyfunc-
tional arynes via 2-magnesiated diaryl
sulfonates.[3] His Review on highly func-
tionalized Grignard reagents prepared
by halogen–metal exchange reactions
appeared in 2003.[4]

[1] D. Laage, I. Burghardt, T. Sommerfeld,
J. T. Hynes, ChemPhysChem 2003, 4, 61.

[2] B. Zheng, J. D. Tice, L. S. Roach, R. F.
Ismagilov, Angew. Chem. 2004, 116,
2562; Angew. Chem. Int. Ed. 2004, 43,
2508.

[3] I. Sapountzis, W. Lin, M. Fischer, P. Kno-
chel, Angew. Chem. 2004, 116, 4464;
Angew. Chem. Int. Ed. 2004, 43, 4364.

[4] P. Knochel, W. Dohle, N. Gommermann,
F. F. Kneisel, F. Kopp, T. Korn, I. Sap-
ountzis, V. A. Vu, Angew. Chem. 2003,
115, 4438; Angew. Chem. Int. Ed. 2003,
42, 4302.
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Zeolites

Hierarchical Zeolites: A Proven Strategy to Combine
Shape Selectivity with Efficient Mass Transport**
Martin Hartmann*

Keywords:
carbon · ethylbenzene · mesoporous materials ·
zeolites

Although a variety of chemical reac-
tions of industrial interest are catalyzed
by zeolites or zeolite-analogue materi-
als, zeolite-based catalysts have almost
exclusively found application in refinery
and petrochemical processes where the
shape-selective properties of the micro-
porous zeolites are exploited.[1] One of
the reasons that zeolites have not yet
found a wider range of industrial appli-
cations is the sole presence of micro-
pores which imposes diffusion limita-
tions on the reaction rate. Mass trans-
port to and from the active sites located
within the micropores is slow (even
compared to Knudsen diffusion) and
limits the performance of industrial
catalysts. To overcome this limitation,
there has been a long-standing drive to
either minimize the size of the zeolite
crystals or to increase the pore size of
zeolites. The latter strategy has led to
the discovery of various large-pore zeo-
lites and zeolite analogues (i.e. VPI-5,[2]

UTD-1,[3] and more recently ECR-34,[4]

SSZ-53, and SSZ-59[5]) and also to the
discovery of mesoporous molecular
sieves.[6] However, the use of these novel
materials in industrial applications is
rather limited. Another possibility is to
decrease the size of the zeolite crystals
and several synthesis schemes have been
reported which allow the preparation of

very small (< 50 nm) zeolite crystals.[7]

However, none of these attempts has
produced an easy means of controlling
the crystal size. Moreover, separation of
the small zeolite crystals from a reaction
mixture by filtration is difficult owing to
the colloidal properties of these materi-
als.

Zeolites with hierarchical pore ar-
chitecture (that is, zeolites containing
both micro- and mesopores) have been
found to present a solution to this
problem. The effect of the presence of
mesopores is already used in a number
of industrial processes that make use of
zeolite catalysts, such as, the cracking of
heavy oil fraction over zeolite Y, the
isomerization of the C5/C6 cut of the
light naphtha fraction to increase the
octane number, and cumene production
over dealuminated mordenite.[8]

To prepare zeolites with hierarchical
pore structure four approaches can be
followed: 1) Small zeolite crystals are
supported, for example, on latex
spheres, carbon fibers, or surfactants,
the support is then removed by calcina-
tion.[9] 2) The walls of mesoporous sili-
cates (e.g. MCM-41 or SBA-15) are
recrystallized or zeolite precursors are

deposited on the walls of mesoporous
supports.[10] 3) A widely applied method
to generate mesopores involves steam-
ing and acid-leaching treatments of
zeolite crystals.[8] These methods gener-
ate mesopores by extraction of alumi-
num from the zeolite lattice. However,
the mesopores formed during steaming
are predominantly cavities in the zeolite
crystals rather than cylindrical pores
connecting the external surface with
the interior of the crystal.[8] 4) Meso-
pores are templated with carbon during
zeolite synthesis. This method was re-
cently developed by researchers from
Haldor Topsoe.[11–14] A carbon source,
for example, carbon black, carbon nano-
tubes, or nanofibers,[15] is impregnated
with a zeolite precursor solution after
which the material is subject to a hydro-
thermal treatment to grow the zeolite
crystals. In a subsequent calcination
step, the carbon and the template are
burned away resulting in intracrystalline
mesopores in the zeolite (Figure 1).
Proper choice of the carbon source and
the synthesis conditions allows tuning of
size, shape, and connectivity of the
mesopores in the system. Furthermore,
the mesoporosity and composition of

Figure 1. Growth of zeolite crystals around carbon particles. Nucleation of the zeolite occurs be-
tween the carbon particles; the crystal grows continues within the pore system of the carbon
template.
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the material can be varied independent-
ly.[11–14] In this context, the recent pub-
lication from the group of Christensen is
worth mentioning.[16] They report the
performance of zeolites with a hierarch-
ical pore structure in an industrially
relevant reaction, namely the ethylation
of benzene to ethylbenzene, and com-
pare the results to a conventional micro-
porous HZSM-5 catalyst. The world-
wide demand for ethylbenzene, which is
the raw material for styrene production,
is roughly 22 B 106 t per year and is
almost exclusively produced by this
reaction. The alkylation of benzene with
ethylene over the HZSM-5 catalyst
constitutes the heart of the Mobil–
Badger process, which was first brought
on stream in 1980. This high-temper-
ature vapor-phase alkylation process
offers various advantages over liquid-
phase processes (by Monsanto or UOP)
based on AlCl3 or BF3 catalysts. Com-
pared to these Friedel–Craft catalysts,
zeolites have the clear advantages of
being noncorrosive and harmless to the
environment. With the HZSM-5 catalyst
an excellent selectivity for ethylbenzene
of more than 98% is obtained at a
benzene conversion level of about 20%.
The uniform channels (dimensions
(dp)= 0.51 B 0.55 nm) of zeolite ZSM-5
permit the entrance of the feed mole-
cules as well as departure of the product
molecules ethylbenzene and diethylben-
zene isomers, while higher alkylated
products are restricted from leaving.
Any of the higher alkylated products
formed within the ZSM-5 channels are
forced to undergo transalkylation or
dealkylation to facilitate their diffusion
back to the bulk. Steric hindrance of the
necessary transition states is also be-
lieved to inhibit the formation of poly-
alkylated products. Although these are
the clear advantages of using a shape-
selective microporous catalyst, the prob-
lems of catalyst deactivation by coke
formation and low reaction rates owing
to mass transport limitations are major
obstacles to overcome.

Christensen et al. showed convinc-
ingly that the zeolite catalyst with the
hierarchical pore architecture is signifi-
cantly more active than the conven-
tional zeolite catalyst under the reaction
conditions employed (TR = 583 to
643 K; pR = 0.25MPa), which are suffi-
ciently close to the conditions employed

in the industrial process (TR� 700 K;
pR = 2 to 5MPa).[16] Moreover, the se-
lectivity to ethylbenzene increases by 5
to 10% depending on the benzene
conversion. The increased activity is
ascribed to the improved mass transport
in the mesoporous zeolites which is
indicated by an increase of the apparent
activation energy from 59 to 77 kJmol�1.
Attributing the higher activity to im-
proved mass transport is further sub-
stantiated by the differences in selectiv-
ities observed for the two catalysts. The
higher selectivity to ethylbenzene is
explained by Christensen et al. in the
following way: Whenever an ethylben-
zene molecule is formed, it can either be
transported into the product stream or
undergo further alkylation. However, in
a mesoporous zeolite the diffusion path
is significantly shorter than in the con-
ventional zeolite and further alkylation
is suppressed.

The hierarchical catalyst used in this
study was prepared by impregnating
carbon black pearls (particle diame-
ter= 12 nm) to incipient wetness with a
clear zeolite synthesis gel. After a hy-
drothermal treatment at 180 8C for 72 h
in a stainless steel autoclave, the product
was collected by filtration, washed, and
the carbon black was removed by con-
trolled combustion in air at 550 8C for
8 h. The mesoporous zeolite obtained is
characterized by a significantly higher
specific pore volume (0.59 versus
0.10 cm3g�1) and the presence of meso-
pores with a diameter of approximately
12 nm.[16] The size of the mesopores is
predefined by the primary carbon par-
ticles which are encapsulated by the
growing zeolite crystal and are later
removed by the controlled combustion
in air. The shape, size and tortuosity of
the mesopores can be controlled by the
carbon source used. To produce large
zeolite crystals (with a hierarchical pore
architecture) rather than nanosized zeo-
lite crystals, it is essential that an excess
of sufficiently concentrated gel is used
and that the carbon matrix has pores of a
size that allows crystal growth to pro-
ceed through the pore system. It is still
not fully understood which synthesis
parameters promote the formation of
large mesoporous crystals over nano-
sized crystals located in the carbon
pores. However, it seems reasonable to
assume that the ration of the nucleation

rate relative to the growth rate is of
primary importance.[11]

Hierarchical zeolites have also been
shown to be superior catalysts in the
epoxidation of oct-1-ene and cyclohex-
ene[12,17] as well as in the isomerization
of n-hexane and n-heptane.[18] In both
cases, the activity as well as the selec-
tivity for the desired products is higher
than with the conventional zeolite cata-
lyst.

In conclusion, the primary advan-
tages of these new mesoporous zeolites
compared with conventional micron-
sized zeolite crystals are related to their
higher specific external surface area
causing 1) higher reaction rates for dif-
fusion-limited reactions, 2) better trans-
port properties resulting in improved
selectivities for the target molecules,
3) better contact between active compo-
nents in bifunctional catalysts, 4) slower
deactivation caused by blocking of the
pore mouth, and 5) easier burn-off of
coke deposits. Compared with nano-
crystal zeolites, the advantages of hier-
archical zeolites are related to their
larger crystal size, that is, easier process-
ing owing to noncolloidal properties and
higher stability in high-temperature
processes including catalyst regenera-
tion. While the effect of mesoporosity
on the catalytic performance of zeolite
catalysts has been known for some time
and is already employed in commercial
catalysts, the major achievement in the
work by Christiansen et al. is that the
mesopores can be produced in a more
controlled manner. Moreover, the direct
connection of the mesopores to the
external surface represents a significant
improvement compared to the (predom-
inantly internal) mesopores generated
by steaming or acid leaching. However,
different areas can be identified where
further research and development are
required, that is, tailoring the properties
of the carbon source with respect to
particle size and morphology and the
use of different zeolites. The effect of a
mesoporous secondary pore system on
mass transport is expected to be much
larger for zeolites with one-dimensional
pore systems. In selecting materials used
in industrial processes, mordenite or
zeolite L might be prime targets. More-
over, synthesis strategies for hierarchi-
cal zeolites need to be developed for
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zeolites that grow from viscous gels or
require seeds to crystallize.
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Enantioselective Catalysis with Chiral Phosphine Oxide
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Another new chiral ligand! The search
for new construction principles for
enantiomerically pure trivalent phos-
phorus compounds for enantioselective
metal catalysis continues unabated. This
statement may well give rise to astonish-
ment since the number of chiral P
ligands in the literature has in the
interim entered the thousands.[1] Both
academic and economic reasons are
responsible for this phenomenon. Since
the first use of chiral phosphines in Rh
hydrogenation catalysts more than
30 years ago[2] new metal-catalyzed re-
actions that can be controlled by chiral P
ligands have been continuously discov-
ered.[3,4] Numerous applications of enan-
tioselective syntheses in the pharma-
ceutical industry as well as in the
production of chiral fragrances and
agrochemicals also now bear witness to
the considerable potential of this meth-
odology in the chemical industry.[5] Im-
portant are a high enantioselectivity and
productivity of the catalyst. Unfortu-
nately theory has thus far offered scant
help as to which substituents on the
trivalent phosphorus atom give rise to
the desired catalytic properties. This
uncertainty has hitherto challenged the
creativity of the catalyst chemist, and as
a consequence has thrust many a “treas-

ure” of almost forgotten phosphorus
chemistry into the light of day. Mean-
while the palette of phosphorus ligands
ranges from electron-rich alkylphos-
phines[6] , through phosphinites,[7] and
phosphonites,[8] to electron-deficient
phosphites.[9] The replacement of oxy-
gen substituents in P-OR compounds
with amino groups made further elec-
tronic and steric variants available.[10]

The number of choices is extended
by the division into monodentate,[11]

bidentate,[1] and tridentate[12] ligands,
which in turn can coordinate with the
catalytically active metal center with a
wide range of bite angles.[13] Each newly
discovered ligand class offers the guar-
antee of its patenting, an important
aspect for an exclusive industrial exploi-
tation in the future.

From a preparative viewpoint many
trivalent phosphorus compounds are
affected by one problem: they are sub-
ject to oxidation. It is therefore fre-
quently necessary to work in an inert gas
atmosphere, not exactly an advantage
for routine use and scale-up. Repeatedly
transient protection of the phosphorus
atom is advised. However, only the BH3

protective group, which when required
can be removed in situ shortly before
coordination to the metal center, has
achieved any significance.[14] A disad-
vantage is that the P�BH3 adduct is
unstable towards a series of acids and
Lewis bases. Moreover, commonly used
deprotecting reagents such as strongly
basic amines also attack hydrolyzable
P�O bonds.

Significantly more robust is the pro-
tection of the phosphorus atom in the
form of the P=O bond. Removal of the
“oxygen protective group” takes place
by reduction, which is normally carried

out with silanes in a separate reaction
step prior to catalysis. However, in this
way the problem of handling oxidation-
sensitive phosphorus compounds is
merely postponed, not solved.

One way out is offered by phosphine
oxides (1; Scheme 1), about which will

be reported here. These phosphorus
derivatives can be synthesized simply
by, for example, a P–C coupling reaction
with phosphine halides and subsequent
hydrolysis of a remaining P�X bond.[15]
They are stable to oxidation and inert to
water. Naturally compounds of type 1
are not suitable to coordinate sufficient-
ly strongly to soft transition metals
through the hard oxygen atom. Their
potential as ligands arises in the first
instance through the tautomerism illus-
trated in Scheme 1 in which the penta-
valent phosphine oxides 1 are in chem-
ical equilibrium with the trivalent phos-
phinous acids 2. As early as 1968 Chatt
and Heaton pointed out that this equi-
librium which lies far to the left-hand
side can be displaced in favor of 2 by
coordination to a suitable metal cen-
ter.[16] In catalysis the term precatalyst is
used for stable precursors of a catalyst,
we therefore logically propose the term
“preligand” for compounds of type 1.

Roundhill and co-workers utilized
the displacement of this tautomeric
equilibrium (Scheme 1) to construct

Scheme 1. Pre-established tautomerization
equilibrium for the generation of a P-ligand–
metal complex.
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the Pt hybrid complex 6 by reaction of
the platinum tetrakisphosphine complex
4 with diphenylphosphine oxide
(5)(Scheme 2).[17] One interesting detail
of the ligand coordination is the intra-
molecular hydrogen bond in the back-
bone that leads to the formation of a
quasi-chelate which confers additional
conformational stability on the com-
plex.[18]

In 1986 van Leeuwen et al. demon-
strated for the first time the catalytic
potential of preligands, namely in the Pt-
catalyzed hydroformylation of olefins
with terminal and internal double
bonds.[19] Comparable catalysts were
used later by Parkins for the hydrolysis
of nitriles.[20] Although these results al-
ready indicated the value of this method
for the in situ generation of trivalent P

ligands, it is only since 2001 that pre-
ligands have been used to a greater
extent in homogeneous catalysis. Since
this time they have been abbreviated to
“SPOs” (secondary phosphine ox-
ides).[21]

The first highlight point was LiCs use
of SPOs in Pd-catalyzed cross-coupling
reactions with non-activated aryl chlor-
ides.[22] The syntheses of the preligands
received particular impetus through the
use of combinatorial methods. An ex-
tensive palette of phosphine oxides 9a
was prepared by the addition of
Grignard reagents or metal alkyl com-
pounds to the heterogenized dichloro-
phosphinamines 7a and hydrolysis of
the products 8a (Scheme 3). Secondary
phosphine oxides (9b) with four differ-
ent substituents on the phosphorus cen-
ter were accessed by the use of mono-
alkylchlorophosphines (7b).

Shortly afterwards Wolf and Lere-
bours too used SPOs in Pd-catalyzed
coupling reactions of arenes.[23] At the
same time they reported the high stabil-
ity of the catalysts to hydrolysis in Stille
couplings in water as solvent.[24]

The work of Li had al-
ready established the ready
accessibility of SPOs with a
stereogenic phosphorus
atom, whose most prominent
area of application should be
enantioselective catalysis.
An old problem of synthetic
chemistry could also be a

step closer to a solution: the synthesis
of ligands with a stereogenic phosphorus
atom is still more difficult than that of P
ligands with a chiral carbon back-
bone,[25] , even though significant im-
provements have been achieved recent-
ly.[6]

Two possibilities for the synthesis of
enantiomerically pure SPOs, which for-
tunately are highly stable towards epi-
merization, appear especially promis-
ing: the diastereoselective generation of
the stereogenic phosphorus atom and

resolution of the racemate.
In principle these methods
can be used for both tauto-
meric forms. Of potential
for resolution of the race-
mate are, for example, salt
formation or esterification
of the phosphinous acid
with chiral alcohols.[26]

The groups of Feringa
and de Vries isolated the
enantiomerically pure
SPOs 10–12 on the 100 mg
scale by preparative HPLC
on chiral phases.[27] The
new, monodentate preli-
gands were used in the Ir-
catalyzed enantioselective
hydrogenation of prochiral
acetophenone imines, for

which up to 83% ee was obtained with
phosphine oxides of type 10.

Whereas the enantiomerically pure
preligands in the above example had to
be prepared by tedious HPLC separa-
tion, Hamada and co-workers recently
succeeded in synthesizing the enantio-
merically pure diaminophosphine oxide
15 by highly diastereoselective in situ
hydrolysis of the triaminophosphine 14
(Scheme 4).[28] The starting material for
this conversion, the triamine 13, is
accessible in a few steps from l-aspartic
acid. The formation of 15, which was

Scheme 2. Construction of a Pt complex with a phosphi-
nous acid as ligand by complexation of isomerized phos-
phine oxides.

Scheme 3. Solid-phase synthesis of preligands

Scheme 4. In situ synthesis of a diamidophosphorus acid silyl ester ligand. Bn=benzyl.
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isolated in 60% yield as the main
product of the hydrolysis on moist
SiO2, could be monitored by

31P NMR
spectroscopy.

The preligand 15 was tested in the
Pd-catalyzed enantioselective alkylation
of unsymmetrical diketones in the pres-
ence of bis(trimethylsilyl)acetamide
(BSA).[29,30] Surprisingly, the best results
were obtained with an excess of four
equivalents of BSA. Detailed investiga-
tions showed that in the presence of PdII,
complete tautomerization with subse-
quent coordination of the phosphorus
acid 16 to the metal ion did not, as
expected, take place; the displacement
of the equilibrium is first enforced by in
situ O,N silylation with BSA. The ligand
17 subsequently coordinates at the pal-
ladium center. This compound could
also be prepared and isolated in a
comparison experiment by silylation of
15.[31] Thus, at the end of this new and
fascinating reaction sequence a nitrogen
analogue of ligand classes recently well
established in enantioselective homoge-
neous catalysis is obtained: that of the
chiral, monodentate triesters of phos-
phorus acid (phosphites)[9] and diesters
of amidophosphorus acid (amidophos-
phites).[32,33]

It remains to add that high yields and
up to 94% ee were achieved with ligand
17 in the alkylation of cinnamyl acetates
with b-substituted cycloalkanones. Ki-
netic investigations confirmed that two
monodentate ligands coordinate at the
Pd center. The exocyclic aminoethyl
group which was already essential in
the diastereoselective formation of the
preligand 15 has possibly a directing
effect upon the attacking nucleophile
within the context of an attractive
secondary interaction.[34]
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Names in Chemistry

The Road to Chemical Names and Eponyms: Discovery,
Priority, and Credit
Pedro Cintas*

Dedicated to Professor Jerome A. Berson for
his “discoveries” of scientific discovery

Keywords:
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named reactions

Introduction

What�s in a chemical name? Tracing
the origins and significance of such
names often requires careful detective
work. The naming of a theory, chemical
substance, transformation, or unit of
measurement dates back at least to the
alchemists. The history of science has
demonstrated that language is not only
the means by which the practitioners
communicate, but it also conveys a
fascinating and instructive social dimen-
sion that enriches our culture. The
origins of element names along with
the etymology of traditional chemical
names (which have been progressively
replaced by more systematic ones) con-
stitute representative examples.[1] In ad-
dition, the naming after a scientist
reflects a description of the more human
side of research and says much about
two intertwined issues: discovery and
proper recognition. Consider, for in-
stance, a series of 20th century chemists
who are credited with discovering some
selected and useful organic reactions:
Grignard, Robinson, Wittig, Brown,
Stille, Heck, and Suzuki. Nowadays,
recognition mostly comes naturally be-
cause an academic or industrial chemist
may use multiple publications to de-
scribe the work and because of the
present trend of putting value and
weight on frequency of citation. But
such bibliometric indexes were absent

when the landmark discoveries were
made that propelled an obscure branch
of natural philosophy into modern
chemistry.

In an earlier perspective on discov-
eries missed and discoveries made, Ber-
son admirably addressed this concern
and wrote that the defining property,
which is also the immutable precondi-
tion of creativity, is the proper confla-
tion of rational and imaginative ele-
ments.[2] In a more recent essay on
carbon skeletal rearrangements, he
again discussed the act of discovery
and disputes over priority.[3] What is
more, Berson formulated a thought-
provoking question: why worry about
proper attribution of credit?

“A candid response would be that it is
good to be first for some easily listed
reasons: our grant proposals, our patent
applications, and…our egos. … Howev-
er, there is another purpose. That is the
need to understand the dynamics and
temporal course of the process of dis-
covery itself. Only by this kind of anal-
ysis is it possible to apprehend the mutual
influences of scientific theories and ex-
periments.”

Both premises are likely to be cor-
rect. Numerous scientists claimed a
particular discovery or invention as their
own, while being fully aware of previous
(or almost simultaneous) work. In fact,
renaming has been a common practice
in the history of science. On the other
hand, the correct assignment of credit
places a discovery within a particular
historical context. However, the intrigu-
ing question to be addressed is to what
extent such an assignment reflects the
entire intellectual and imaginative proc-
ess. Some authors simply describe an
isolated, yet remarkable, experimental

observation but overlook its importance
entirely.

Even worse, our modern interpreta-
tion of a particular phenomenon may
often differ from the original statement.
This essay is a brief journey through
some historical episodes, illustrating
that chemical discovery is in fact a
domino reaction, in many ways a por-
trait of the evolution of chemistry
through the researchers who claim cred-
it. Here, the philosophy of science,
rather than narrative history, can be of
further help. It is not my goal to discuss
whether discovery is consistent with
philosophical theories, an aspect that
some chemists will no doubt debate.[4]

Instead we should catch a glimpse of the
human side of discovery and credit,
which leads to relevant conclusions.
Probably the main point is that individ-
ual contributions are often overestimat-
ed and only a broader perspective con-
tributes to the advancement of science.

Elementary, My Dear Uncle
Tungsten[5]

Many elements have been known
since the ancient times and their names
have therefore an obscure origin; others
with miscellaneous origins were named
after a place or a peculiar property; and
finally some elements were named after
people. These include bohrium, curium,
einsteinium, fermium, gadolinium, law-
rencium, meitnerium, mendelevium, no-
belium, and rutherfordium. None of
them were actually discovered by the
corresponding scientists, which supports
the so-called Stigler�s law of eponymy
claiming that no scientific discovery is
named after its original discoverer.[6] (It
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should be noted, nonetheless, that epon-
ymy holds for names derived from real
or mythical figures, not necessarily the
discoverer.[7]) Perhaps, there is a notable
exception: seaborgium (element 106). It
was named after nuclear chemist Glenn
Theodore Seaborg (1912–1999). The
element was first created by a team led
by Albert Ghiorso at the Lawrence
Berkeley National Laboratory in 1974.
The team also included Glenn Seaborg
as co-discoverer. A few months earlier,
Russian scientists in Dubna reported to
have synthesized the same element.
However, credit was given to the Ber-
keley group in 1993. Dubnium (after
Dubna) is now the name of element 105,
its production being first reported by
Russian scientists in 1967, although in
1970 both the Dubna team and a group
from Berkeley confirmed the discov-
ery.[8]

But if an element is at the heart of
disputes on priority, it must surely be
oxygen. In their play Oxygen,[9] Carl
Djerassi and Roald Hoffmann present
their 21st century vision of the act and
importance of discovering. As we know,
the fictional play recreates an encounter
of the three independent discoverers—
Scheele, Priestley, and Lavoisier—and
their wives in Stockholm in 1777 where
they critically discuss their chemical
experiments. Then the story launches
into the second act with the establish-
ment of a retro-Nobel prize in 2001, on
the occasion of the centenary of the
prizes. The Nobel committee investi-
gates and analyzes the conflicting claims
of the three scientists. At first, this seems
to be a story about human psychology,
but it is really about human-defined
value judgments on science and the
sometimes unexpected consequences of
their use.

This play is also instrumental in
questioning what we call discovery and
who deserves proper recognition. His-
torical records[8,10] suggest that the dis-
covery should be credited to Joseph
Priestley (1733–1804; Figure 1), who
isolated oxygen in 1774. It was obtained
earlier, in 1771, by Carl Wilhelm Scheele
(1742–1786) but published later. Priest-
ley believed that oxygen was “dephlo-
gisticated air” and continued to believe
it until his death in 1804, even though
Antoine-Laurent Lavoisier (1743–1794)
disproved experimentally the phlogiston

theory in 1783. Likewise, Scheele be-
lieved that the gas he isolated reacted
with phlogiston in combustion reactions.
It took several years and a good deal of
experimentation before Lavoisier ar-
rived at the conclusion that the gas was
a new element, which he called “oxy-
gGne”. Only the French chemist truly
understood what the discovery meant.[10]

Thus, discovery is really a two-step
process: finding and comprehension,
although some discoverers should be
credited with only the former.

To be honest, it is reasonable to
assume that neither Scheele nor Priest-
ley were the first to obtain oxygen. That
recognition should go to unknown Euro-
pean or Arabic alchemists who were
skilled in thermal reactions. Some schol-
ars have attributed that honor to the
Dutch engraver, glassworker, and in-
ventor Cornelius Jacobszoon Drebbel
(1572–1633), who reported in 1621 the
pyrolysis of saltpeter, a process produc-
ing oxygen.[11] Remarkably, Drebbel
also suggested a method of making
sulfuric acid by the oxidation of sulfur.

Some scholars hold that chemistry
evolved from a metaphysical idea of
composition into an empirical idea of
composition, which was pioneered by
Lavoisier and settled by Dalton�s atomic
theory.[12] The phlogiston theory was one
interpretation among others to cope

with such an empirical concept. Neither
phlogiston nor combustion itself was a
dominating issue before Lavoisier, nev-
ertheless. From the 1770s onwards, in-
vestigations on the composition of air
boosted combustion as a recurrent
theme with theoretical implications,
and it was thereby susceptible to refu-
tation. Lavoisier knew that something
essential was missing in the phlogiston
theory. Unlike the work of Scheele or
Priestley, Lavoisier�s discovery was not a
matter of experimental skill ; he relied
on intuition and creative leaps in draw-
ing conclusions.

The story of another gas, radon,
equally illustrates this thesis on finding
and recognizing phenomena. Radon is a
radioactive and hazardous gas, the heav-
iest of the noble gases. Most noble gases
were discovered by Sir William Ramsay
(1852–1916) and co-workers between
1895 and 1898. Radon, however, is
attributed to the German chemist Frie-
drich Ernst Dorn (1848–1916), who
apparently called it radium emanation
in 1900. Surprisingly, this erroneous
attribution arises from a flawed trans-
lation of Dorn�s original paper publish-
ed in a local journal. This fact was
pointed out by Partington almost six
decades later[13] and investigated in de-
tail in a very recent study.[14]

Dorn certainly noticed a previous
observation of Ernest Rutherford
(1871–1937) on the emanation from
thorium. Dorn also repeated Ruther-
ford�s experiments and found that while
uranium and polonium did not show the
emanation phenomenon, thorium and
radium did. The nature of such an
emanation was not investigated by
Dorn; it was, however, by Rutherford
and Pierre and Marie Curie from 1902
on. Together with Frederick Soddy
(1877–1956), Rutherford studied the
physico-chemical and nuclear properties
of the emanation, noting that it passed
unaffected through physical barriers
(cotton and water) and chemical sub-
stances (phosphorus pentoxide, sulfuric
acid, heated magnesium, and even al-
most-molten platinum). By 1903 they
claimed the existence of a new ele-
ment.[15] “It will be noticed that the only
gases capable of passing in unchanged
amount through all the reagents em-
ployed are the recently discovered mem-
bers of the argon family.” Two decades

Figure 1. J. Priestley (1733–1804) was a codis-
coverer of oxygen. Like Columbus, he died
without realizing the importance of his discov-
ery.
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later, the then International Committee
on Chemical Elements replaced the
term radium emanation by radon.[16]

A further story on credit and priority
comes from the discovery of vanadium
(element 23), first isolated by the Span-
ish chemist and mineralogist AndrIs
Manuel del RJo in 1801 but officially
credited to the Swedish chemist Nils
Gabriel SefstrKm, who rediscovered it in
1831.[8,17] Del RJo (1764–1849) was born
in Madrid and after studying chemistry,
geology, and mineralogy, he traveled
through Germany, France, and England.
In 1791 he became an assistant to
Lavoisier. By 1794 he moved to Mexico
as a teacher at the Real Colegio de
Minas en Ciudad de Mexico. In 1801
Del RJo analyzed lead ores and, after
successive chemical tests, he believed to
have discovered a new element, which
he called panchromium (from the
Greek: all colors) in view of the wide
range of colors of its oxides, salts, and
solutions. Later, he named it erythroni-
um (from the Greek: red) due to the
intense red color of its salts when heated
with acids. Del RJo gave a sample of the
ore containing erythronium to Alexand-
er von Humboldt (1769–1859), who
visited the Colegio de Minas in 1803.
Humboldt had received instruction in
mineral chemistry and convinced Del
RJo that the new element was presum-
ably chromium, which also forms similar
colored derivatives. Del RJo withdrew
his previous assignment and published a
correction in a Spanish journal in
1804.[18] But Humboldt vacillated, and
after returning to Europe, he gave a
sample of the lead ores to a French
chemist for further analyses, who con-
cluded that no new element was pres-
ent.[19] Humboldt finally accepted that
erythronium was chromium and for-
warded these results to Del RJo. It took
a long time, however, before this anal-
ysis reached Mexico, and Del RJo felt
frustrated as he had already published
the conclusion that the element present
in the brown ore was chromium.

The lack of recognition for Del RJo
adds a critical element of reflection.
Chemistry throughout the 19th century
was largely influenced and dominated
by French and German scientists. Very
few Spanish chemists had much contact
with other European scientists. The
reasons for this lack of contact are not

clear, although at that time cultivated
people in Spain often grouped chemistry
with astrology and magic. Spaniards
turned their attention to practical activ-
ities like mineralogy in which they
gained reputation.[20] Del RJo�s annoy-
ance for the lack of proper credit was
expressed in a letter forwarded to Hum-
boldt several years later.[17] “We Span-
iards should not make any discovery, no
matter how small, either in chemistry or
mineralogy, these being a foreign mo-
nopoly. … Did I lose all credit for not
having known in 1802 all the properties
of chromium in a country so lacking in
books, where for the same reason the
sciences are so little cultivated?”

Despite this, Del RJo and Humboldt
professed reciprocal admiration. That
Humboldt was not fully convinced that
the salt isolated was a chromate is
evidenced by the fact that he also gave
a sample to Friedrich WKhler (1800–
1882) to reinvestigate its composition. In
the meantime Nils SefstrKm (1787–
1845) obtained a new element from an
iron mineral and gave it the name of
vanadium (after Vanadis, a Scandinavi-
an goddess of love). SefstrKm gave some
vanadium pentoxide to JKns Jacob Ber-
zelius (1779–1848), who also sent it to
WKhler. The German chemist conclu-
sively demonstrated that vanadium was
identical to erythronium, the element
isolated by Del RJo 30 years earlier.

Renamed Laws

Like elements, some of the most
important physico-chemical laws and
theories reveal the issues of priority
and proper recognition. In most cases
incorrect attributions arise from misun-
derstanding, neglect, and controversy,
for which scientists and historians alike
are responsible. The forgotten scenarios
and actors of physical chemistry have
been the subject of scholarly studies by
Laidler.[21] This analysis is reminiscent of
that of Nobel prizes, which may certain-
ly be awarded to undeserving scientists
whereas deserving ones may be over-
looked. In a recent book[22] Hargittai
classes nonwinners into those whose
discovery was never honored by a Nobel
prize and those who participated in a
recognized discovery but who were not

awarded the prize. Similar observations
are often made in the history of science.

It might be surprising to state that
Robert Boyle (1627–1691) did not dis-
cover Boyle�s law, but anticipation of
the phenomenon should correctly be
attributed to Richard Townley (1628–
1707) and Henry Power (1623–1668)
who, in 1660, established the relation-
ship between pressure and the volume
of an expanded gas.[23] Boyle began his
studies on the properties of gases several
years earlier with the invaluable help of
his assistant Robert Hooke (1635–1701),
who helped him to construct a vacuum
pump.[24,25] Boyle described the proper-
ties of air and that air is necessary for
respiration, combustion, and propaga-
tion of sound. Such results were pub-
lished in 1660 in New Experiments
Physico-Mechanical, Touching the
Spring of the Air and its Effects.[26] In
1661 Boyle submitted a report to the
Royal Society, in which he presented
improved experimental results on the
relation, now known as Boyle�s law, that
the pressure of a gas is inversely propor-
tional to its volume at constant temper-
ature. The second edition of his 1660
work containing this result appeared in
1662.

Two of the most salient chemical
laws, Le Chatelier�s principle and the
Arrhenius equation, were not deduced
by the scientists who have become
recognized by the naming of these laws.
In both cases, the proper recognition
must go to Dutch chemist and first
recipient of the Nobel prize in chemis-
try, Jacobus Henricus van�t Hoff (1852–
1911; Figure 2), who suggested these
relationships in his pioneering studies
on physical chemistry in 1884.[27]

Henry-Louis Le Chatelier (1850–
1936) also published his results the same
year stating that if a system in an
equilibrium state is disturbed, the sys-
tem will readjust in such a way as to
neutralize the perturbation and restore
equilibrium.[28] In praise of Le Chatelier,
it is fair to say that he explicitly men-
tioned van�t Hoff as the pioneer of this
conclusion. Some related ideas, yet in a
vague form, were anticipated by Josiah
Willard Gibbs (1839–1903), whose
works Le Chatelier later translated into
French.

The equation that correlates the
effect of temperature on reaction rates
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was also suggested by van�t Hoff,[27] as a
consequence of the equation for equili-
brium constant. Svante August Arrhe-
nius (1859–1927), quoting van�t Hoff,
applied this equation to numerous re-
actions, thereby demonstrating its gen-
eral value.[29] Perhaps due to his previ-
ous and bitter experience with Kolbe,
van�t Hoff was always a quiet and mod-
est man. He never claimed priority and
shared credit with his contemporaries.
This reveals an exceptional and appeal-
ing attribute, unusual in most scientists.

Play It Again, Alexander!

The legendary image of scientists as
brilliant encyclopedic minds has been
progressively replaced by the image of
people competent in a narrowly defined
domain, at least from the 19th century
on. Thus, no one would imagine any
modern chemist pursuing chemistry
with along with another professional
activity. A notable exception, however,
was the great Russian composer and
chemist Aleksandr Porfirevich Borodin
(1833–1887). The author of Prince Igor
and other operas and symphonies re-
ceived his doctorate in 1858 from the
Medico-Surgical Academy in St. Peters-
burg. From 1859 to 1862 he studied in
western Europe. On returning to Russia

he became adjunct professor of chemis-
try at the Medico-Surgical Academy and
was named full professor in 1864.[30]

Borodin largely investigated oxy-
genated compounds, and his most im-
portant contribution, which was once
called the Borodin reaction, involves the
combination of a silver carboxylate with
bromine to afford an alkyl bromide,
CO2, and AgBr.[31] Borodin should be
credited with this transformation, even
though he did not prove that the product
was an alkyl bromide. Most organic
chemists have forgotten Borodin and
refer to this process as the Hunsdiecker
reaction. The Hunsdieckers, husband
and wife, reinvented and really devel-
oped the Borodin reaction in the
1940s.[32]

Russian chemists also experienced a
lack of recognition as time went on.
This is ironic as modern chemistry owes
a great debt to Russian chemists rang-
ing from Mendeleev to Arbuzov, and
other key figures who are seldom
acknowledged. The lack of credit has
often been attributed to the insular
nature of Russian industry along with
unfamiliarity of the West with the
Russian language. Recent studies also
point to an academic culture in Russia
based on theory with little emphasis on
the practical uses of basic research.[33]

Chemists will probably find less
compelling those reasons dealing with
social, economic, and political factors,
which cannot be dismissed anyway.[34]

Thus, in the 20th century the impact of
wars, the reaction to the economic
depression, and the tragedy of the Jews
in the 1930s and 1940s contributed to the
oversight and even denial of the role of
some scientists. A still controversial
factor is the fact that credit and priority
are chiefly attributed by a dominant
culture.

Consider, for instance, Fritz Georg
Arndt (1885–1969), best known for the
Arndt–Eistert homologation reaction,
who also made significant contributions
to the development of resonance theory
and the emergence of physical organic
chemistry. Christopher Ingold and his
associates have been credited as the
main protagonists in the field. Arndt
was born in Germany in a Jewish family
and pursued a significant part of his
career in Turkey. He clarified the differ-
ence between tautomerism and reso-

nance, and introduced the currently
accepted representations of reversible
arrows for tautomerism and double-
headed arrows for resonance.[35]

Likewise, olefin formation by means
of phosphonate carbanions is often
referred to as the Wadsworth–Emmons
or Horner–Wadsworth–Emmons modi-
fication of the Wittig reaction, although
the pioneering studies were carried out
by Horner.[36] Horner�s work was subject
to another relevant oversight. Homoge-
neous asymmetric hydrogenation was
initiated by Knowles and Horner with
their 1968 publications. Subsequent

breakthroughs were made by Kagan
and Knowles in the 1970s. This sequence
of events has now been acknowledged in
modern studies on enantioselective hy-
drogenation,[37] though only Knowles
has received proper recognition.

Did You Say That?

The assignment of priority and cred-
it to the discoverers in the teaching and
learning of the underlying principles of a
law or theory, although desirable from a
historical point of view, may also be
inaccurate. This situation exists when
the original statement differs substan-
tially from its subsequent formulation or
interpretation, regardless of whether the
author deserves recognition. What we

Figure 2. J. H. van’t Hoff (1852–1911) was a
key figure in modern stereochemistry and
physical chemistry but never claimed priority
and recognition.

Figure 3. V. V. Markovnikov (1838–1904). He
would hardly recognize the rule now bearing
his name.
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always call the Markovnikov rule is
probably a striking example of such an
inaccuracy.[38] Named after a giant of the
structural theory and isomerism, Vladi-
mir Vasilyevich Markovnikov (1838–
1904; Figure 3), the rule predicts the
regiochemistry of addition reactions to
unsymmetrical alkenes. Ask any under-
graduate student of organic chemistry
what the rule says, and the answer will
almost certain be that in the addition of
a protic acid to the double bond of an
alkene, the proton adds to the less
substituted carbon atom of the double
bond.

This principle is found in most
sophomore and advanced organic
chemistry textbooks. Surprisingly, Mar-
kovnikov never wrote this corollary in
such a way. In 1870 Markovnikov pub-
lished a long paper containing work
from his doctoral thesis (1869) at the
University of Kazan.[39] In this paper he
described the addition of hypochlorous
acid to propene and correctly assigned
the structure of the resulting chlorohy-
drin as 1-chloro-2-propanol. However,
he was cautious in formulating a general
rule because his PhD mentor Aleksandr
Mikhaylovich Butlerov (1828–1886) had
previously suggested a structure of a
primary alcohol for the addition product
of HOCl to isobutene. Markovnikov
stated: “While it is impossible at this
time … to detect a clear general rule on
the manner of addition of the elements of
hypochlorous acid to unsaturated hydro-
carbons, for hydrohalic acids such a
general rule is available … the halide
adds to the less hydrogenated carbon
atom, that is, to the carbon which is more
under the influence of other carbons.”[*]

He continued, on the basis of pre-
vious studies with Kolbe,[40] adding that

“… in the addition of a hydrohalic acid
to vinyl chloride, chlorinated propylene,
and other analogs, the halide will always
add to the carbon atom which is already
attached to a halide.”[*]

It should be emphasized that Mar-
kovnikov focuses invariably on the fate
of the halide ion in the product. One
might argue that our modern citation of
the rule, that is, the hydrogen going to
the less substituted carbon, is simply an
equivalent statement. This change of the
perspective is nevertheless especially
puzzling within the historical context.
In 1874 Henry, without giving credit to
Markovnikov, proposed that in the ad-
dition of a reagent XY to unsymmetrical
substrates, the more negative radical (X)
becomes attached to the less hydro-
genated carbon and the less negative
radical (Y) to the more hydrogenated
carbon.[41] This agrees with the result
suggested by Markovnikov for hydro-
halic acids; but for HOCl, Henry pro-
posed the polarity HO+ Cl� , and this
would add in inverse form to Markov-
nikov�s rule. Markovnikov was forced to
reformulate his observations in a more
extended way:[42] “[In the addition of YZ
to unsaturated molecules] at low temper-
ature, the more negative element or
group (Y) combines with the less hydro-
genated carbon atom, or with that which
was already attached to some negative
element; but at higher temperatures, it is
the element Z which becomes attached to
the less hydrogenated carbon … the
reaction follows a course entirely oppo-
site from the first case.”[**]

After Markovnikov�s death, “his
rule” was seldom cited for nearly three
decades.[38a] In the 1930s Kharasch and
his associates began their detailed stud-
ies on halogen acid addition reactions.
Little use was made of the rule, as
numerous substrates led to exceptions.
On the basis of the peroxide effect in
HBr additions, they then referred to
“normal” and “abnormal” additions.[43]

What is especially astonishing
throughout this story is the widely used
term “anti-Markovnikov”, which is dif-
ficult to interpret according to what
Markovnikov did say. Anti-Markovni-
kov additions were popularized after the
seminal works on hydroboration by
Herbert Brown and his associates.[44]

As strange as it may be, addition of a
borane to an alkene does take place
according to Markovnikov;s rule of
1875,[42] that is, the more negative hy-
dride ion becomes attached to the less
hydrogenated carbon in the transition
state of this concerted process. It is only
after conversion of the borane-addition
product into the resulting alcohol that a
conflicting result emerges.

We have now learned that a sound
interpretation of the regiochemical out-
come of addition reactions lies in the
principles of physical organic chemistry.
The modern rule can thus be extended
to electrophiles other than protic acids,
by saying that the electrophilic addition
to an alkene occurs in such a way as to
generate the most stable intermediate,
usually a carbocation.[45]

It comes as a surprise that some
scholars question honoring Markovni-
kov by naming a rule after him.[38]

Markovnikov had great influence on
structural chemistry in the 19th century
and made important contributions to
structure and isomerism for which he
should be remembered. But the rule
bearing his name draws attention away
from the logical principles of modern
chemistry. Perhaps Markovnikov him-
self would have objected to a recogni-
tion that misused his words.

What Have We Learned?

In short, a discovery is a complex
event. Recognition usually brings a
wave of smugness about the superiority
of a few scientists. In reality, there is no

[*] This citation appears as follows in the
original article:[39] “Wenn es wegen der
ungen
genden Zahl der Beobachtungen un-
m�glich ist, jetzt eine gewisse Gesetzm�ßigkeit
f
r die Art der Verbindung der Elemente der
unterchlorigen S�ure mit unges�ttigten Koh-
lenwasserstoffen auszusuchen, so ist f
r die
Halo&dwasserstoffs�uren eine solche Regel-
m�ßgkeit vorhanden. … wenn ein unsymme-
trisch constituierter Kohlenwasserstoff sich mit
einer Halo&dwasserstoffs�ure verbindet, so
addiert sich das Halo&d an das weniger
hydrogenisirte Kohlenstoffatom, d.h. zu dem
Kohlenstoff, welcher sich mehr unter dem
Einflusse anderer Kohlenstoffe befindet.”

[*] The original article[40] reads: “daß bei der
Addition der Chlor-, Brom- oder Jodwasser-
stoffs�uren zu dem Vinylchlor
r, gechlorten
Propylen und anderen Analogen, sich das
Halo&d immer zu dem Kohlenstoffatom
addiren werde, welches schon mit einem
Halo&d verbunden ist.”

[**] This citation appears as follows in the
original article:[42] “Lorsqu’3 une mol4cule
non satur4e CnHmX s’ajoute un autre syst6me
mol4culaire YZ 3 une temp4rature basse,
l’4l4ment ou le groupe le plus n4gatif Y se
combine avec l’atome de carbone le moins
hydrog4n4, ou avec celui qui 4tait d4j3 en
liaison directe avec quelque 4l4ment n4gatif ;
mais, 3 des temp4ratures comparativement
plus hautes, c’est l’4l4ment Z qui se fixe sur le
carbone le moins hydrog4n4, c’est-3-dire que,
pour les mÞmes substances, la réaction prend
une marche tout 3 fait oppos4e 3 la
premi6re.”
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such thing. Forgotten geniuses have
made huge and often unrecognized
contributions to the advancement of
science and scientific thought. A discov-
ery is, above all, a domino reaction, in
which successive pieces ultimately make
up the whole. This metaphor was high-
lighted in this essay by examples of
elements, reactions, and laws which
illustrate the distinction between finding
and comprehension. The first protago-
nist may come across an unexpected
outcome in the course of a particular
topic, while others make efforts to
understand and explain the whole phe-
nomenon. Moreover, discoveries (or
reformulations) have been the test of
many of the theories and techniques of
chemistry, which were once accepted.
The concluding lesson can be extracted
from an insightful Baconian aphorism:
“Experiments that yield light are more
worth while than experiments that yield
fruit.”[46] As a chemist often turned an
apprentice of history, I have nothing
more to add.
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1. Introduction

Since the first observation of a stable imidazol-2-ylidene
in 1991,[1] derivatives of diaminocarbene have become the
focus of intense study,[2–4] and have also entered the market-
place as extremely valuable ligands for catalytically active
transition-metal complexes.[5–7] One fundamental aspect of
their behavior, their dimerization to derivatives of tetraami-
noethene, remains poorly understood however. Herein, we
review current knowledge of both equilibria and kinetics for
diaminocarbene dimerization; the very limited knowledge
about thiazol-2-ylidenes and related species will be men-
tioned where appropriate. We will use the set of simple
diaminocarbenes, Me5–iPrA (5 denotes the ring size, A

stands for acyclic) to illuminate the factors which control the
answers to two questions:

When do diaminocarbenes dimerize? (Equilibria)

How do they dimerize? (Kinetics and mechanism)

We will show that dimerization is typically 100 kJmol�1

more favorable for acyclic and seven-membered-ring car-
benes than for five- and six-membered cyclic carbenes, and
discuss the reasons for this unexpected result. With respect to
kinetics and mechanism, we will argue that most dimers are
formed by proton-catalyzed or possibly metal-ion-catalyzed
routes and that the classic dimerization mechanism[8] for a
singlet carbene (Figure 1) in which the filled sp2 orbital of

each carbene interacts with the for-
mally empty p orbital on the other
has yet to be established experimen-
tally and may be extremely uncom-
mon for diaminocarbenes.

We first review the evidence
concerning the dimerization of imi-
dazol-2-ylidenes 1, benzimidazol-2-
ylidenes 2, and dihydroimidazol-2-ylidenes (e.g. Me5–tBu5
and related derivatives with more complex R substituents).

[*] Prof. Dr. R. W. Alder, Dr. M. E. Blake, Dr. L. Chaker, Dr. J. N. Harvey,
F. Paolini, J. Sch*tz
School of Chemistry
University of Bristol
Cantock’s Close, Bristol BS8 1TS (UK)
Fax: (+44)117-929-8611
E-mail: rog.alder@bristol.ac.uk

No example of a simple uncatalyzed dimerization of a diami-
nocarbene has been clearly established, so it is timely to ask what
factors control the thermodynamics of this reaction, and what
mechanisms are responsible for the observed dimerizations? In
agreement with qualitative experimental observations, the dime-
rizations of simple five- and six-membered-ring diaminocarbenes
are calculated to be 100 kJmol�1 less favorable than those of
acyclic counterparts. This large difference is semiquantitatively
accounted for by bond and torsional angle changes around the
carbene centers. Carbenes such as (Et2N)2C are kinetically stable
in THF at 25 8C in agreement with calculated energy barriers, but
they rapidly dimerize in the presence of the corresponding
formamidinium ion. This proton-catalyzed process is probably the
most common mechanism for dimer formation, and involves
formation of C-protonated dimers, which can be observed in
suitable cases. The possibility of alkali-metal-promoted dimeri-
zation is raised, and circumstantial evidence for this is presented.

Figure 1. Transition
state geometry for the
dimerization of singlet
carbenes.
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Probably well over 90% of all studies of diaminocarbenes
concern five-membered-ring compounds, but we will argue
that the N-C-N angle (necessarily small in five-membered-
ring compounds) is an important parameter in controlling the
behavior of diaminocarbenes, and that more attention should
be paid to acyclic diaminocarbenes and to other ring sizes.

We then briefly review methods of preparation of
diaminocarbenes with particular reference to the generation
of Me5–iPrA, and provide experimental evidence that
proton-catalyzed mechanisms (Scheme 1) are common
routes to dimers. The mechanism for dimerization in
Scheme 1 has been discussed in other contexts. Thus Ardu-
engo et al.[9] reported that the dimerization of a relatively
stable thiazol-2-ylidene was catalyzed by proton sources, and
the elegant labeling experiments of Chen and Jordan[10]

demonstrate dimer formation by nucleophilic thiazol-2-yli-
dene addition to a thiazolium ion during thiazolium-ion-
catalyzed benzoin condensation.

We will then discuss density functional calculations on the
thermodynamics for dimerization of carbenes Me5–iPrA ;
these reveal that dimerization is relatively unfavorable for
five- and six-membered-ring carbenes, compared to acyclic

and seven-membered-ring species, and we show that unex-
pected stability trends among the carbenes, rather than the
dimers, is responsible for this. An attempt is made to identify
the structural factors responsible for these trends. DFT
studies of the transition states for the uncatalyzed dimeriza-
tion of carbenesMe5, Et5,Me6,MeA, and EtA show that the
energy barriers are generally high, but also vary strikingly
with carbene structure, so that very few diaminocarbenes are
likely to dimerize by the classic mechanism, in agreement
with current experimental understanding. Some aspects of the
proton-catalyzed mechanism (Scheme 1) will be discussed in
the light of the results of DFT calculations which point to the
importance of the relative basicity of carbenes and dimers.
Finally, we will provide circumstantial evidence that Li
species, while stabilizing diaminocarbenes thermodynami-
cally, may also provide metal-catalyzed pathways for dime-
rization.

2. Diaminocarbene/Tetraaminoethene Equilibria;
Previous Experimental and Computational
Evidence

Simple unhindered imidazol-2-ylidenes such as 1 (R=

R’=Me) are thermodynamically stable towards dimerization
to tetraazafulvalenes.[11] This extraordinary fact should be
fully appreciated at the outset of any discussion of diamino-
carbene dimerization. Replacing the four hydrogen atoms of
ethene with two RN�CR=CR�NR bridges leads to the
complete disappearance of the > 700 kJmol�1 bond energy
of the C=C double bond! This can be seen as the consequence
of the enormous stabilization of the singlet state of each
imidazol-2-ylidene. Part of this stabilization arises from the
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Scheme 1. Proton-catalyzed mechanism for carbene dimerization.
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aromaticity of imidazol-2-ylidenes, and Heinemann and
Thiel[12] calculated the singlet–triplet gap to be 354 for
imidazol-2-ylidene, 290 for dihydroimidazol-2-ylidene, and
245 kJmol�1 for diaminocarbene itself. This leads to estimates
of the C=C bond strengths of 3, 4, and 5 to be 4, 130, and
222 kJmol�1 respectively. Gibbs free energies (at the MP2/6-

311G** and B3LYP/6-311G** levels) for dimerization of a
number of carbenes, including those giving 3–5, have been
reported recently.[13] The most convincing experimental proof
of the weakness of the C=C bond in tetraazafulvalenes comes
from elegant experiments by Taton and Chen.[14] The tightly
constrained compound 6 exists as the tetraazafulvalene,
whereas the homologue with longer tethers dissociates into
the dicarbene 7. Perhaps equally remarkable is the fact that
the central C=C bond in 6 is of normal length (1.337 F), even
though the strength of this bond can be only a few kJmol�1.

Benzoimidazol-2-ylidenes 2 lose less of their aromatic
stabilization than imidazol-2-ylidenes when they dimerize,
and unhindered examples exist as dimers at ambient temper-
atures. However, two studies have demonstrated that equi-
libria between carbene and dimer can be established.
Dissociation of (2)2 (R=Et) in [D14]diglyme was observed
in the temperature range 313–383 K;[15] the thermodynamic
parameters for dissociation are DH8= 57.3� 2.5 kJmol�1 and

DS8= 127� 7 Jmol�1K�1. The more sterically hindered dimer
(2)2 (R=CH2CHMe2) dissociates in solution at ambient
temperature, reaching an equilibrium of 90% carbene and
10% dimer after 24 h.[16] In non-aromatic five-membered-ring
diaminocarbenes, substantial steric hindrance is required for
the carbene to be thermodynamically stable to dimerization.

Thus tBu5 is a stable crystalline solid, butMe5, Et5, and
iPr5 dimerize.[17] Cheng and Hu[18,19] have calculated Ea

and DE values for the dimerization of some imidazol-2-
ylidenes and dihydroimidazol-2-ylidenes at the B3LYP/
6-311G(d,p)//B3LYP/6-31G* level of theory. Our results
reported in Section 7 agree satisfactorily with theirs.

Six-membered-ring carbenes have received much
less attention,[20,21] but the dimer of carbene Me6 has
been known since 1965,[22, 23] and (Et6)2 is also known.[24]

We found that iPr6 shows no evidence of dimerization[25,26] so
the boundary line for six-membered-ring diaminocarbenes is
clearly established. No seven-membered-ring carbenes such
as Me7–iPr7 have been studied previously.

The boundary line beyond which acyclic carbenes are
thermodynamically stable to dimerization has not been clear.
Bis(diisopropylamino)carbene (iPrA) does not dimerize,[27]

whereas bis(dimethylamino)carbene (MeA) is clearly unsta-
ble with respect to its well-known dimer tetrakis(dimethyl-
amino)ethene. Dipiperidinocarbene, which may be consid-
ered with the acyclic carbenes, has been shown[28,29] to
dimerize slowly to the known tetrakis(piperidino)ethene.[30,31]

The situation with respect to EtA will be discussed in
Section 4.

3. The Controversy Concerning the Kinetics of the
Wanzlick Equilibrium[32]

In his early papers,[33–35] Wanzlick proposed that tetra-
aminoethenes dissociated reversibly to generate diaminocar-
benes to account for the reaction of the former with electro-
philes to give products apparently derived from the carbene
(his examples were all dihydroimidazol-2-ylidenes). However
in 1964 Lemal et al.[36] showed that typical tetraaminoethenes
did not dissociate, even under much more drastic conditions
than used by Wanzlick et al., by carrying out a negative
crossover experiment (Scheme 2a, Ar= p-tolyl). Lemal et al.
proposed that the reactions with electrophiles proceeded by
electrophilic attack on the dimer which then dissociated
(Scheme 2b) into one equivalent of product and one of
carbene, subsequently also attacked by E+.
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Scheme 2. Crossover experiment carried out by Lemal et al. and
explanation for the reaction of electrophiles with dimers.
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Denk et al.[37] recently carried out some related crossover
experiments and claimed to find crossover under conditions
similar to or milder than those used by Lemal et al. This work
has been subsequently challenged by Lemal and Liu,[38] who
showed that no crossing over took place when the reactions
were run in the presence of potassium hydride to prevent
electrophilic catalysis. Lemal and Liu pointed out that a trace
impurity “however nefarious” could not prevent the occur-
rence of unimolecular dissociation, and therefore could not
prevent crossover. On the other hand it could catalyze
crossing over, for example by the mechanism in Scheme 2b. It
seems therefore that unimolecular tetraaminoethene dissoci-
ation has not been convincingly observed so far. In their study
of equilibration of benzoimidazol-2-ylidenes with dimers,
Hahn et al.[16] suggested that unimolecular dissociation was
involved, but Lemal et al.[15] were more cautious, suggesting
that electrophilic catalysis of equilibration might be occur-
ring. Clearly, the mechanism for proton catalysis of the
dimerization of a diaminocarbene (Scheme 1) is simply the
reverse of LemalJs mechanism.

4. Diaminocarbene Preparation; The Example of
Bis(diethylamino)carbene

Diaminocarbenes are strong bases,[39, 40] powerful nucleo-
philes, and complex strongly with most metals in the periodic
table.[5] They are normally rapidly destroyed by moisture,[41]

although they do not react with normal triplet oxygen,[42] and
they can usually only be handled in hydrocarbon or ether
solvents. Two general methods for the generation of diami-
nocarbenes have been reported: a) deprotonation of tetraal-
kylformamidinium salts with bases, and b) the reaction of
potassium metal in THF with the appropriate thiourea.[43]

Bertrand et al.[44] have recently reported a new general
method which involves the reaction of chloroamidinium
salts with Hg(SiMe3)2; some important results from this
method will be discussed in Section 5. Method (b) above has
the advantage that potassium sulfide is insoluble in THF, and
so complexation of the carbene with metals should be
minimized. However it has the major disadvantage that the
reaction is quite slow, even in refluxing THF. For this reason
method (a) is usually employed for sensitive diaminocarbenes
which may dimerize.

In their original work,[3] Arduengo and co-workers used
NaH or KH in THF, usually in the presence of additives like
KOtBu or DMSO (to generate the soluble dimsyl anion).
Herrmann et al.[45] reported that sodium amide in liquid
ammonia/THF at �40 8C was also effective for the prepara-
tion of imidazol-2-ylidenes. However the amidinium salts that
are precursors to carbenes Me5–iPrA are much more
susceptible to nucleophilic attack than the aromatic imidazo-
lium salts used to generate imidazol-2-ylidenes, so that even
hexamethyldisilazide bases frequently lead to addition reac-
tions in competition with deprotonation. For the generation
of diaminocarbenes Me5–iPrA, it is generally necessary to
use sterically hindered alkali metal amide bases, such as
lithium diisopropylamide (LDA) and lithium 2,2,6,6-tetrame-
thylpiperidide (LiTMP). The experimental situation is further

complicated by complexation of the carbenes to the alkali
metal counterions of the bases. The first X-ray structural
evidence for a carbene–lithium adduct, 8, obtained by

Arduengo, Tamm and co-workers, was reported in a paper
by Boche et al.[46] Other reported lithium complexes include
9,[47] and a homoleptic complex containing two of the anionic
tripod ligands 10 wrapped around two lithium ions.[48] We
showed that iPr6 complexed to lithium, sodium, and even
potassium species in THF and in toluene and obtained the X-
ray structure of the potassium complex 11.[25,26]

The preparations of iPrA[27] and iPr6[25] which are stable
to dimerization are relatively straightforward, as they can be
purified by sublimation or distillation. We have also described
the generation of a solution ofMeA in THF by the addition of
a solution of LiTMP in THF to a suspension of tetramethyl-
formamidinium chloride in the same solvent.[49] A full
description of our procedures will be published elsewhere,
but the methods and results for the case of bis(diethylami-
no)carbene, EtA, will be described here (Scheme 3), since
they are highly relevant to a discussion of diaminocarbene
dimerization.

Following our standard procedure, an equivalent of LDA
in THF is added to a solution of tetraethylformamidinium
hexafluorophosphate (A) in THF.[50] The THF is removed by
evaporation and the residue taken up in hexane and filtered
to remove as much of the inorganic salts as possible (all
operations are carried out under an atmosphere of dry
nitrogen). The filtrate is evaporated, and the residue taken up
in [D8]THF for the NMR spectroscopic studies. As shown in
Scheme 3, this generally results in mixtures of carbene B and
the known dimer C,[51] each recognized by their distinctive
13C NMR shifts; the ratio of C to D is typically about 70:30,
but is somewhat irreproducible (see below). Addition of one
equivalent of [2.1.1]cryptand results in the 13C resonance for
the carbene center shifting from 244 to 252 ppm. Addition of
more cryptand does not lead to any further shift in the 13C
resonance, so free carbene is clearly now present (we have
reported[25] that crown ethers are inadequate for removing
lithium complexation). Once formed, the free EtA remains
essentially unchanged in THF at ambient temperature for at
least a week. A small degree of general decomposition is
observed, but no dimer beyond that already present is
formed. It is clear that EtA is kinetically stable to dimeriza-
tion even though we know equilibrium favors the dimer.

Hexamethyldisilazide bases are too nucleophilic to be
used to generate EtA (see Scheme 3, E), but we have devised
a more hindered base, which yields the free carbene directly.
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Potassium di-tert-butyltetramethyldisilazide (F) in THF can
be generated by sonicating potassium hydride (freed from oil)
with a solution of di-tert-butyltetramethyldisilane[52] in THF
overnight (the corresponding lithium derivative is easily
generated by using n-butyllithium). Unlike potassium diiso-
propylamide which decomposes THF rapidly, F only causes a
slow decay over several hours. Moreover, it emerges that EtA
does not complex significantly to potassium, so we obtain the
free carbene directly.

5. Experimental Evidence for Dimer Formation from
the Reaction of Diaminocarbenes with Form-
amidinium Ions

The observation that free carbene does not dimerize, even
though the dimer is thermodynamically stable, is not confined
to diaminocarbene EtA ; we see similar behavior with
carbenes Me6 and Et6. Once prepared, these carbenes
appear to be so stable in THF at room temperature that
alternative decomposition pathways intrude before any dimer
formation is seen. Bertrand et al.[44] have recently reported
that free Me6, generated by reaction of 2-chloro-1,4,5,6-
tetrahydro-1,3-dimethylpyrimidinium chloride with
Hg(SiMe3)2 is indefinitely stable and can be sublimed at
40 8C. Preliminary studies show that generation of the seven-
membered-ring carbene iPr7 by addition of base to the
corresponding amidinium salt does result in the formation of
dimer as well as carbene; the dimerization of iPr7 in the
absence of metal ion complexation, and the generation of
carbenes Me7 and Et7 have not been examined yet. Denk
et al.[17] reported that carbenes Me5–iPr5 persist in solution
(in C6D6), but slowly dimerize. It was reported[17] that these
dimerizations obey a second-order rate law, and that pure
carbenes dimerize within minutes, but that frozen solutions in
benzene at �20 8C can be stored indefinitely. A forthcoming
kinetic investigation was mentioned in this work, but has not
appeared to our knowledge. We find that when carbene iPr5
is generated from the formamidinium tetraphenylborate
precursor, using a slight excess of F in THF, it shows no sign
of dimerization after 24 h in ~ 1m solution in [D8]THF; the

13C NMR peak at d = 235.5 ppm suggests that the carbene is
essentially free of complexation. When prepared by using
lithium di-tert-butyltetramethyldisilazide in THF, carbenes
Me5 and Et5 show no sign of dimerization after 24 h in ~ 1m
solution in [D8]THF, but are present as Li complex-
es(13C NMR peak at d = ~ 222 ppm); we have not yet studied
the decomplexation of these carbenes.

Bis(dimethylamino)carbene,MeA, does not survive when
[2.1.1]cryptand is added at room temperature to solutions
containing its Li complex but the dimer, tetrakis(dimethyl-
amino)ethene, is not formed. Instead a remarkably complex
13C NMR spectrum is seen, with many lines in the 0–100 ppm
region, and characterization of the products has proved
impossible so far. Bertrand et al.[44] have recently found that
free MeA, generated by reaction of 2-chloro-1,1,3,3-tetrame-
thylformamidinium chloride with Hg(SiMe3)2 at low temper-
atures, does not yield tetrakis(dimethylamino)ethene when
warmed to 0 8C, but decomposes over a few hours again
producing a complex mixture of products. What alternative
pathways might there be for the decomposition of MeA?
BertrandJs group[53] have recently described the isomerization
of a stable aminoaryl carbene into a transient azomethine
ylid, and it is possible that MeA is converted by rearrange-
ment or by proton transfer reactions into an azomethine ylid,
which then reacts further (the unsymmetrical nature of
products expected from the ylid might help explain the
numerous 13C NMR resonances). Calculations at the B3LYP/
6-31G* level predict that 12 and 13 are 47.8 and 58.3 kJmol�1,
respectively, less stable than MeA. While it is hard to assess

how reliable these values might be, they probably do not rule
out the involvement of azomethine ylids in the decomposi-
tion. Azomethine ylids are less likely to be involved in the
reactions of five-membered-ring carbenes; we calculate that
14 is 111.9 kJmol�1 less stable thatMe5, reflecting the unusual
stability of diaminocarbenes in five-membered rings.

Clearly the dimer observed in the earlier experiments
does not come from direct carbene plus carbene dimerization.
The obvious alternative is reaction of carbene with its
precursor formamidinium ion (see Scheme 1 above). By
choosing to add the base to the amidinium salt, we are
giving this alternative route to dimer the best chance to occur,
and it is likely that the rate of addition affects the carbene/
dimer ratio. Addition of solutions of the amidinium salt to the
base should result in more carbene and less dimer. In practice
the procedure described above was normally used because
many amidinium salts are more or less insoluble in THF or
any other solvent (ethers or hydrocarbons) which is unreac-
tive towards diaminocarbenes. Fortunately tetraethylform-
amidinium hexafluorophosphate is relatively soluble in THF,
and the reverse procedure with slow syringe pump addition of
the salt solution to LDA in THF does lead to the formation of
nearly pure carbene (< 5% dimer).

Scheme 3. Generation of bis(diethylamino)carbene (EtA). Reverse
addition denotes the addition of A to LDA.
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A good test of the mechanism in Scheme 1 would be the
direct observation of a protonated dimer, and we have indeed
found that this is possible in some cases. Addition of
0.5 equivalents of lithium bis(trimethylsilyl)amide to a so-
lution of N,N’-diethyl-3,4-dihydroimidazolium hexafluoro-
phosphate in THF, while stirring at 0 8C, followed by removal
of the solvent, gave an off-white solid with the 1H and
13C NMR (in CD2Cl2) shifts shown for 15 in Scheme 4. The

chemical shifts are entirely in accord with expectations for the
structure shown; Chen and Jordan[10] report shifts of d = 66
and 173 ppm for the two conjoined carbon atoms in their
protonated dimer derived from a thiazol-2-ylidene. The
observation of nonequivalence for the methylene groups
associated with the aminal ring in 15 is particularly convinc-
ing. As far as we are aware, this is the first observation of a C-
protonated tetraaminoethene derivative. The DFT-calculated
conformation shown on the right of Scheme 4 is typical of
protonated dimers; the two rings are more or less mutually
perpendicular.

When the same experiment of
adding 0.5 equivalents of base is
repeated with tetraethylformami-
dinium hexafluorophosphate, pro-
tonated dimer is not observed.
Instead, the reaction cleanly
results in the formation of a 1:1
mixture of the tetrakis(diethyl-
amino)ethene dimer and
unchanged amidinium salt. We
suggest that in this case there is
rapid deprotonation of the proto-
nated dimer intermediate by free
carbene. We will provide compu-
tational evidence in Section 9 that
the different behaviors observed
for the experiments associated
with carbenes Et5 and EtA are in
agreement with the relative basic-
ities of carbene and dimer in the
two cases.

6. Structures for Diaminocarbenes Me5–iPrA, and
Their Dimers

We have computed structures for carbenesMe5–iPrA, the
corresponding formamidinium ions, and for the carbene
dimers in the gas phase at the B3LYP/6-31G* level.[54] Many
of these species, especially the dimers, can exist in a number of
conformations, and this was carefully assessed by carrying out
MCMM conformational searches using the MMFFs force
field in MacroModel for dimers and for amidinium ions (used
as steric models for the carbenes) to locate low-energy
conformations before optimizing these by DFT calculations.
Calculated structural data is given in Table 1, together with
experimental data, where known, and the structures of the
simple methyl-substituted carbenes Me5, Me6, Me7, and
MeA are illustrated in Figure 2.

B3LYP/6-31G*-calculated structures for the carbenes and
formamidinium ions agree well with the limited experimental
data. Formamidinium ions have C�N bond lengths of 1.32�
0.01 F, while in the carbenes the C�N bond lengths are 1.35�
0.02 F, and these values are reproduced to within 0.02 F in
the calculations. DenkJs group reported the X-ray crystal
structure of carbene tBu5[17] and the corresponding formami-
dinium thiocyanate.[55] We have reported the X-ray crystal
structures of carbene iPrA and of the corresponding form-
amidinium triflate;[27,50] we also determined the structure of
the formamidinium hexafluorophosphate corresponding to
Et6.[50] A number of structures contain the tetramethylform-
amidinium ion; in Table 1 data is shown for the salt
(Me2N)2CH·[(H2C(NMe2)2)NiCl3].

[56]

In the complex 11, comprising iPr6 and KN(SiMe3)2,
[25]

the carbene is coordinated to the potassium ion through a
bond 3.00 F in length that is surely mainly electrostatic in
nature. The calculated bond lengths and angles for iPr6 agree
with those for the carbene moieties in the complex. In
complex 11, the isopropyl methyl groups are oriented away
from the carbene center, which could reasonably be ascribed

Scheme 4. Protonated dimer formation and structure.

Table 1: Calculated structural data for formamidinium ions and diaminocarbenes (experimental data is
given in boldface).

Formamidinium ion Diaminocarbene
N-C-N [8] C-N-C-N [8] N-C-N [8] C-N-C-N [8] S–T gap[a]

[kJmol�1]
PA[b]

[kJmol�1]

Me5 114.3 0.0 106.3 0.0 301.2 1112.8
Et5 114.7 0.3 105.5 0.8 1124.6
iPr5 114.8 0.0 106.0 0.0 1135.4
tBu5 115.2 1.1 106.6 6.3 1143.0

113.6 7.4, 3.8 106.5 6.7, 6.1
Me6 125.1 0.4 115.1 0.5 258.9 1145.8
Et6 125.4 0.7 115.5 0.6 1156.2

125.3 2.5, �3.8
iPr6 125.5 2.2 116.1 0.7 1166.8

116.3 2.6, �0.6
Me7 128.0 13.7 117.4 16.3 210.7 1157.4
MeA 130.9 11.0 119.8 14.0 173.0 1149.8

129.5 10.8
EtA 133.2 1.3 122.9 6.0 1172.2
iPrA 132.7 18.4 122.9 20.5 1183.7

133.2 �11.9, �4.6 121.0 �10.6, �13.7

[a] S–T= singlet–triplet. [b] PA=proton affinity.
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to steric repulsion from the hexamethyldisilazide anions.
Surprisingly however, the isolated carbene iPr6 is calculated
to prefer the same conformation, although the corresponding
formamidinium ion prefers the alternative structure with the
isopropyl methyl groups clustered around the formamidinium
proton according to the calculations. Weak attractive inter-
actions between the isopropyl hydrogen atoms and the
carbene sp2 lone pair might be present in iPr6.

Acyclic and seven-membered-ring carbenes and form-
amidinium ions are somewhat twisted about the C-N-C-N
bonds, and this may reduce their stability (see Section 7). One
notable trend in Table 1 is that N-C-N angles are typically 108
smaller in the carbenes than in the amidinium ions. The
parent diaminocarbene, (H2N)2C, is calculated to have an N-
C-N angle of 112.28, whereas in (H2N)2CH

+ this angle is
125.48 according to a B3LYP/6-31G* calculation. These
structural differences could have major consequences for
the fundamental properties of diaminocarbenes. The singlet–
triplet (S–T) gap decreases sharply as the N-C-N angle
increases, whereas the proton affinity (PA) increases, as
shown in Table 1. Even for acyclic diaminocarbenes such as
MeA however, the S–T gap is still so large that there is no
evidence this has any effect on reactivity. On the other hand,

there is little doubt that the basicity of
diaminocarbenes is of major significance.
Larger ring and acyclic formamidinium ions
are likely to require stronger bases for
deprotonation, but be more reactive as
bases and nucleophiles once prepared. This
is in agreement with qualitative observa-

tions. As described above, the generation of acyclic diamino-
carbenes generally requires the use of the strongest amide
bases, and when competitive deprotonation of five- and six-
membered-ring formamidinium ions is attempted, only the
five-membered-ring carbene is formed, although this prefer-
ence may be kinetic rather than thermodynamic. Richeson
et al.[21] have shown that carbene 16(N-C-N angle 115.38) is a
better donor than dihydroimidazol-2-ylidenes, as judged by
the value of nCO in a Rh(CO)2Cl complex. By the same
criterion however,[57] it is not as good a donor as the acyclic
carbene iPrA, which has the largest known N-C-N angle.

Tetraaminoethenes have attracted considerable attention,
due to their ease of oxidation and chemiluminescent reac-
tions,[58] and X-ray crystal structures of a number of these
compounds have been reported, although most of these have
additional rings and/or aromatic substituents on the nitrogen
atoms. Calculated structural data for a number of dimers are
given in Table 2 and selected structures are illustrated in
Figure 3.

The experimental structures for (MeA)2
[59,60] and

(Me5)2
[17] show conformational differences from the calcu-

Figure 2. Calculated structures for carbenes Me5, Me6, Me7, and MeA.

Table 2: Calculated structural data for the dimers of diaminocarbenes
(experimental data is given in boldface).

Dimer C=C [D] N-C=C-N [8] C�N [D] �(C-N-C) [8] C=C-N-C [8]

Me5 1.35 10.5 1.43 337.7 59.8
1.35 7.0 1.42 334.7 53.9

Me6 1.36 1.8 1.44, 337.6, �108.6,
1.42[a] 351.8[a] 25.6[a]

Et6 1.37 12.5 1.42 353.5 56.0
iPr6 1.37 �15.6 1.43 353.2 �56.5
Me7 1.37 27.7 1.41 360.0 42.0
MeA 1.37 �32.0 1.42 356.4 �35.6

1.36 �24.1 1.41 351.1 �26.5, �69.1

[a] For axial and equatorial NMe groups.

Figure 3. a) Experimental and b) calculated structure of (MeA)2, c) experi-
mental and d) calculated structure of (Me5)2, e)–h) calculated structures of
(Me6)2, (Et6)2, (iPr6)2, and (Me7)2, respectively.
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lated structures. This may reflect deficiencies in the calcu-
lations, but they might also be caused by crystal packing
forces, and the calculated structures all seem reasonable. Note
that whereas (Me6)2 adopts a double-chair structure with one
axial and one equatorial methyl group in each ring, in the
preferred structures for (Et6)2 and (iPr6)2 the six-membered
rings adopt twist-boat conformations to alleviate the serious
interactions between the attached alkyl groups.

7. Dimerization Equilibria for Diaminocarbenes
Me5–iPrA; B3LYP/6-31G* Computations

We have used B3LYP calculations to a) study dimeriza-
tion thermodynamics for all diaminocarbenes Me5–iPrA
(discussed in this Section), b) find the transition states for
the uncatalyzed dimerization (see the Section 8), and c) look
at some aspects of the proton-catalyzed mechanism
(Scheme 1), particularly in the light of computed proton
affinities of carbenes and dimers. The energies (DE), enthal-
pies (DH), and free energies (DG) for the dimerization of
carbenes Me5–iPrA from B3LYP/6-31G* calculations in the
gas phase are shown in Table 3.

The calculated values for DG are in striking agreement
with the experimental evidence in THF. Thus tBu5, iPr6, and
iPrA are the only carbenes for which DG is positive, and these
carbenes are indeed the only ones known not to dimerize
significantly. Note that Et6 and iPr6 are predicted to lie on
either side of the borderline, and experimentally we see
complete dimerization for the former, but have not observed
the dimer of iPr6. In spite of this striking agreement of
experiment and theory, we recognized that B3LYP/6-31G*
calculations represent quite low-level theory, and moreover
that we are comparing gas-phase calculations with exper-
imental results from solution. We have therefore sought to
calibrate our calculations further from two directions:

There is experimental data for one actual carbene/dimer
equilibrium: In the case of 2 (R=Et) Lemal et al.[15] report
DH =�57.3, DG =�19.4 kJmol�1 at 298 K in [D14]diglyme.
B3LYP/6-31G* calculation of this equilibrium in the gas phase

yields DH =�62.7 and DG = ++ 4.0 kJmol�1 in rather satisfac-
tory agreement with the solution data.

For the parent diaminocarbene, we have carried out
CCSD(T)/6-311G** calculations, followed by MP2 calcula-
tions with a larger basis set and the application of an
additional correction (the “G2(B3LYP/MP2/CC)”
method[61]). This method is expected to give a value that is
reliable to within 10 kJmol�1, barring unexpected (and very
rare) major problems. The value of DE for the dimerization is
�198 kJmol�1, compared with �225.5 kJmol�1 from the
B3LYP/6-31G* calculation; thus the latter appears to favor
the dimer by about 30 kJmol�1. Carbenes should be favored
in polar solution relative to their dimers (calculated dipole
moments for MeA and Me5 are 2.5 and 2.8 Debye, respec-
tively). We therefore ran B3LYP/6-31G* calculations for
carbenes Me5, Me6, MeA, and EtA and their dimers in THF,
employing the Poisson–Boltzmann continuum solvent model
as implemented in the Jaguar program, with the assumption
that zero-point energy and thermodynamic parameters can be
transferred from the gas-phase calculations. All the DE and
DG values became more positive (favoring the carbenes) by
between 20 and 40 kJmol�1. This error due to the neglect of
solvation in the gas-phase computations is rather similar in
magnitude to the intrinsic error in the B3LYP/6-31G*
calculations suggested by the comparison with the values
obtained with the G2(B3LYP/MP2/CC) method, but of
opposite sign, so that the two should cancel out. In conclusion,
this calibration work suggests that the gas-phase B3LYP/6-
31G* computations we have used to assess carbene dimeriza-
tion thermodynamics fortuitously give rather accurate pre-
dictions of the solution behavior.[49, 62]

In any event, it is likely that the relative effects of ring size
and alkylation on these equilibria can be modeled with useful
accuracy at the B3LYP/6-31G* level, and we now return to
consider the trends revealed in Table 3. The effects of
increasing the size of the alkyl groups on the equilibria in
each series are significant but relatively straightforward. As
expected, the effects are greatest in the series of acyclic
compounds, since four groups are being changed and
particularly since larger alkyl groups are being introduced in
the hindered “endo” positions. Increasing the size of the alkyl
group has little effect in the five-membered-ring series, where
the group will be most severely tied back from the carbene
center, until tBu groups are introduced. Alkyl group effects
are roughly equal in the six- and seven-membered-ring series,
but the calculations clearly predict that iPr7 will dimerize,
unlike its six-membered-ring counterpart iPr6.

Comparison of the five-, six-, seven-membered-ring and
acyclic carbenes with methyl substituents reveals that DE and
DG values for carbene dimerization increase in the surprising
order Me6�Me5!Me7�MeA, and dimerization of Me6 is
100 kJmol�1 less favorable than that of MeA—a remarkably
large difference considering the apparent similarity of these
two carbenes.

These striking effects on the dimerization equilibria might
be due to unexpected structure and stabilization preferences
in either the carbene or the dimers (or in both). As we will
show in Section 9, (Me7)2 and (MeA)2 have proton affinities
that are about 100 kJmol�1 lower than those of (Me5)2 and

Table 3: DE, DH, and DG values for carbene dimerization at 298 K and
1 atm pressure from B3LYP/6-31G* calculations.

Carbene DE [kJmol�1] DH [kJmol�1] DG [kJmol�1]

Me5 �123.9 �113.0 �42.1
Et5 �116.2 �105.6 �39.6
iPr5 �116.5 �105.7 �43.0
tBu5 36.0 47.0 127.3
Me6 �107.4 �98.8 �36.4
Et6 �88.3 �78.1 �12.0
iPr6 �64.1 �54.7 8.3
Me7 �194.3 �188.1 �132.8
Et7 �172.1 �164.1 �101.8
iPr7 �133.2 �123.2 �52.9
MeA �209.6 �202.0 �138.5
EtA �161.1 �154.3 �95.1
iPrA �54.9 �40.7 40.9
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(Me6)2, and so we initially believed that (Me7)2 and (MeA)2
possessed unusual stability and were therefore favored in the
respective dimerization equilibrium. In addition, we noticed
that these two dimers adopt unusual structures (Figure 3) that
involve substantial twisting about both the C=C bond and the
C(sp2)�N bonds, whereas the nitrogen atoms remain almost
planar. In twisted tetraaminoethenes, the nitrogen lone pairs
interact with both s* and p* orbitals of the C=C bond, as well
as with the s* orbital of the geminal C�N bond, as shown by
NBO analysis, and these interactions vary substantially
according to the dimer geometry. However careful study of
these electronic effects and also the steric interactions failed
to reveal any clear reasons for the calculated unusual stability
of (Me7)2 and (MeA)2.

To resolve this problem a clear-cut way is needed of
dissecting the observed equilibria into relative stabilities
associated with the carbenes and with the dimers. This can be
achieved by comparing both with a single set of reference
compounds that can be confidently assumed to show no
unusual electronic effects. In the isodesmic equations descri-
bed below, the reference compounds are Me2N(CH2)nNMe2
(n = 2, 3, and 4) for cyclic carbenes Me5, Me6, and Me7, and
2(Me3N) for MeA. These strain-free open-chain amines
should be well-behaved and have standard bond energies.[63]

In support of this, we find that the energies calculated for the
isodesmic reaction given in Equation (1) are negligibly differ-

Me2NðCH2ÞnNMe2 þ 2CH4 ! 2Me3N þ HðCH2ÞnH ð1Þ

ent: 6.6, 6.9, and 7.9 kJmol�1 for n = 2, 3, and 4, respectively.
The slightly unfavorable energy change of these processes is
expected given the stronger bond of the electronegative
nitrogen atom with the primary alkyl group than with the
methyl group.[64]

The carbenes and dimers are related to the reference
compounds by isodesmic reactions given in Equations (2) and

carbene þ 2CH4 !Me2NðCH2ÞnNMe2 þ H2C ð2Þ

(3) (for acyclic carbene MeA, Me2N(CH2)nNMe2 is replaced

dimer þ 4CH4 ! 2Me2NðCH2ÞnNMe2 þ H2C¼CH2 ð3Þ

by 2Me3N). The energy changes for reactions (2) and (3) in
Table 4 clearly demonstrate that it is the relative carbene
stability that has the dominant effect on the dimerization
equilibria. Carbenes Me5 and Me6 are relatively
~ 50 kJmol�1 more stable than Me7 and MeA and in
particular, this is the only source of difference in the equilibria

for carbenes Me6 and MeA. The energies calculated for
reaction (2) are negligibly different for (Me6)2, (Me7)2, and
(MeA)2, but dimer (Me5)2 is about 20 kJmol�1 more stable
than the others, probably because of reduced van der Waals
interactions between the methyl groups.

The relative stabilities of the carbenes are very different—
what are the reasons? The N-C-N angle (see Table 4) surely
plays some part, but cannot be the only factor or a clear break
might be expected between carbenes Me5 and Me6, whereas
it actually comes between Me6 and Me7. Carbenes Me7 and
MeA are significantly twisted about the N�Ccarbene bonds
(Table 4), although the nitrogen atoms remain almost planar,
and this could destabilize these carbenes. To see what the
combined effects of these geometric changes might have on
carbene stability, we carried out single-point calculations of
(H2N)2C at the heavy-atom geometries of carbenes Me5,
Me6,Me7, andMeA and with a fixed N�H distance of 1.01 F.
For (H2N)2C at the geometry of Me5, the endo-hydrogen
atoms are only 1.74 F apart, and this must destabilize this
structure substantially, so no useful conclusions can be drawn
in this case. However, for (H2N)2C at the geometry of carbene
Me6, this H···H non-bonded distance is 2.43 F and non-
bonded repulsion should be negligible for this case and for
those corresponding to Me7 and MeA. The energies of these
structures relative to the equilibrium structure for (H2N)2C
(N-C-N 112.28) are listed in Table 4. The combined effects of
the N-C-N angle and the C-N-C-N torsion for (H2N)2C do
indeed show a marked change between carbenes Me6 and
Me7, but the size of the effect for the (H2N)2C model is only
about 40% of that seen for the fully alkylated carbenes.
However the increase in N-C-N angle and C-N-C-N torsion
for Me7 and MeA is undoubtedly caused by steric effects in
these carbenes (e.g. non-bonded repulsion between the endo-
methyl groups in MeA), and the structures adopted by these
carbenes is presumably a compromise between steric and
electronic requirements. The single-point calculations for
(H2N)2C should therefore only be expected to account for
part of the differences. While there is no simple way of
discovering if steric effects can quantitatively account for the
remainder of the energy differences, we believe that overall
this approach accounts for the dimerization equilibria in a
reasonably satisfactory way.

8. Calculations on the Direct Mechanism for
Carbene Dimerization

Singlet carbenes cannot dimerize by a least motion, head-
to-head, approach, as was first pointed out by Hoffmann,
Gleiter, and Mallory in 1970.[8] The filled sp2 lone pair orbital
needs to approach the empty p orbital of the other carbene
(see Figure 1). This mechanism has been confirmed for
methylene itself by calculations of varying sophistication
over the years. One thorough study suggested that there might
be an energy barrier of 170 kJmol�1 to the dimerization of
singlet H2C.

[65] On the other hand, it has been known since the
1960s that dimerization of CF2 to tetrafluoroethene is rapid,
with a second-order rate constant of 2.54� 0.26 Q 107m�1 s�1at
298 K,[66] only about three orders of magnitude below the

Table 4: Energies for isodesmic reactions (2) and (3) (B3LYP/6-31G*
energies in kJmol�1).

Carbene Me5 Me6 Me7 MeA

DE for reaction (2) 424.2 421.6 377.4 371.5
DE for reaction (3) 103.4 81.7 80.2 83.7
DE for dimer formation �123.9 �107.4 �194.3 �209.6
E(H2N)2C

[a] (25.5) 3.4 16.7 22.2

[a] Energy of (H2N)2C with the geometry of an alkylated carbine; see text.
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diffusion limit. B3LYP/6-31G* calculations for this reaction
do not yield a discernable energy barrier along the approach
geometry shown in Figure 1 Nevertheless for diaminocar-
benes, this approach geometry may lead to extra steric
problems in the transition state, and it is also worth noting
that it is relatively unfavorable from the point of view of
dipole–dipole interactions.

We have reported density functional calculations of the
transition states for the dimerization of diaminocarbene
itself.[49] A substantial barrier (36.6 kJmol�1 at BPW91/cc-
pVDZ) was found even for this unsubstituted case. The
calculated transition state had C2 symmetry rather than the
C2h that might be expected and the nitrogen atoms were
pyramidalized in such a way that the lone pairs were anti to
the forming C�C bond. This brings approaching hydrogen
atoms into close proximity and this geometry will be
unfavorable once alkyl groups are added. We also reported
finding a transition state for the tetramethyl derivative MeA.

We now report B3LYP/631G* calculations relating to the
kinetics of dimerization of several other diaminocarbenes
(Table 5). In all cases, the transition states were found to have
C2 symmetry and the length of the forming C�C bond varied
from 1.89 to 2.14 F. The transition state for dimerization of
Me6 is shown in Figure 4.

Energies of activation, DE�, vary over a wide range, but
they are all large. Based on the calculated DG� values, half-
lives for carbenes at a concentration of 1m in THF at 298 K
would beMe5 : 100 h;Me6 : 5000 years;MeA : 2 months;EtA :
1 Q 107 years. If anything, these half-lives may be under-
estimates, given that solvent stabilization of the transition
states is likely to be smaller than that of the dipolar carbenes
(see above). While these values are highly speculative, it
seems clear that room-temperature dimerization of six-
membered ring carbene Me6 and, especially, EtA is unlikely
to be observed. This is exactly what we find (See Sections 4
and 5).

9. Calculations on Tetraaminoethene Formation
from the Reaction of Diaminocarbenes with
Formamidinium Ions

In this Section we examine several aspects of the proposed
proton-catalyzed dimerization of diaminocarbenes in the light
of DFT calculations. In the first step (Scheme 5), the carbene,

a powerful nucleophile, attacks its amidinium ion precursor to
generate the C-protonated dimer. We suggest that the
formamidinium ion/carbene reaction may have a lower
energy barrier than direct carbene dimerization, since a)
there will be electrostatic attraction even at long distance, as
the negative end of the carbene dipole points at the positive
charge of the ion, and b) the carbene can approach the
formamidinium ion more or less perpendicularly and this is
always likely to be most favorable sterically.

For five- and six-membered-ring carbenes, B3LYP/6-31G*
calculations suggest that, in the gas phase, formation of the
protonated dimer is more or less as exothermic as direct
dimerization of two carbenes, although this is not the case for
acyclic and seven-membered-ring carbenes. Equilibrium will
be much less favorable in solution, since the solvation of a
cation and a dipolar species (the carbene) is replaced by
solvation of one larger cation. Simulation of THF solvation
using the Poisson–Boltzmann continuum model as imple-
mented in Jaguar suggests that equilibria are shifted about
50 kJmol�1 towards starting materials (Table 6).

Arduengo et al.[67] have shown that certain imidazol-2-
ylidenes can form hydrogen bonds to the corresponding
imidazolium ion, and this offers an alternative trajectory to
the C-protonated dimer. We have located a transition state
(see Figure 5) for the formation of the protonated dimer from

Table 5: B3LYP/6-31G*-calculated DE�, DH�, and DG� values for
carbene dimerization at 298 K (kJmol�1).

Carbene DE� DH� DG� C···C [D]

Me5 39.6 43.5 104.9 1.952
Et5 48.9 53.6 112.5 1.931
Me6 72.3 76.4 137.3 1.893
MeA 53.7 56.4 111.6 2.099
EtA 98.0 101.1 156.5 2.142

Figure 4. Transition state for the dimerization of Me6.

Scheme 5. Pathways for reaction of diaminocarbenes with formamidi-
nium ions.

Table 6: B3LYP/6-31G*-calculated DE, DH, and DG values for proto-
nated dimer formation at 298 K and 1 atm pressure in the gas phase and
THF solution (kJmol�1).

Gas phase THF solution
Carbene DE DH DG DE DH DG

Me5 �125.8 �115.9 �53.0 �70.6 �60.7 �3.5
Et5 �120.9 �111.3 �53.3
iPr5 �106.5 �96.4 �31.4
Me6 �96.2 �86.7 �24.0 �47.0 �37.3 23.9
Et6 �77.6 �67.4 1.4
iPr6 �34.2 �23.1 50.8
Me7 �95.7 �86.5 �20.7
MeA �106.3 �97.9 �34.9 �57.4 �48.5 15.3
EtA �46.4 �37.6 20.8 �2.8 6.6 67.3
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carbene Me5 and the corresponding formamidinium ion
which appears to correspond to the latter process. In the two
cases we examined, C�C bond formation is only slightly more
favorable than hydrogen bonding; thus for hydrogen bonding
between carbeneMe5 and the corresponding formamidinium
ion, DE =�89.9, DH =�84.2, and DG =�41.8 kJmol�1 at
298 K, while the values for MeA are DE =�84.9, DH =

�78.0, and DG =�31.5 kJmol�1.
The second step of the mechanism in Scheme 1 is simply a

proton transfer. Imidazol-2-ylidenes have been shown to be
strongly basic,[39,40,68,69] but attempts to measure the basicity of
simple diaminocarbenes such asMe5–iPrA have failed so far,
due to competing addition reactions of the formamidinium
ions. Tetraaminoethene derivatives should also be strongly
basic, but we are not aware of any previous experimental
evidence for their conversion to C-protonated cations, and so
pKa values are unknown. We have therefore resorted to
comparison of calculated proton affinities (PA, Table 7); it is

reasonable to expect pKa values to follow these PA trends.
Comparison of the PA values for carbenes and the corre-
sponding dimers shows clear differences between acyclic and
five- and six-membered-ring cases. In acyclic and seven-
membered-ring cases Me7, MeA, and EtA, the PA for the
carbene is approximately 100 kJmol�1 higher than for the
dimer, whereas five- and six-membered-ring dimers have PAs
that are almost as high (or higher) than the corresponding
carbene. These PA values can be usefully analyzed with the

aid of the reference compounds used earlier and two addi-
tional isodesmic reactions according to Equations (4) and (5).

formamidinium ion þ 2CH4 !Me2NðCH2ÞnNMe2 þ CHþ3 ð4Þ

protonated dimer þ 4CH4 ! 2Me2NðCH2ÞnNMe2 þ C2H
þ
5 ð5Þ

The greater N-C-N angle in (H2N)2CH
+ (125.48) compared

with (H2N)2C (112.28) might lead one to expect that the PA
would rise as the N-C-N angle increases. While this is true for
carbenes Me5 and Me6, further increases for Me7 and MeA
are small, and the failure of a simple correlation is partially
explained by reference to the isodesmic reactions. Reac-
tion (4) shows that formamidinium ion stability peaks at the
six-membered ring, but the fall for larger N-C-N angles
almost parallels that for the carbenes (isodesmic reaction (2)).
The low PAvalues for the dimers (Me7)2 and (MeA)2 seem to
be mainly due to decreased stabilities for the protonated
forms (reaction (5)). We believe that this is largely due to
non-bonded interactions in these quite severely crowded ions.
It is worth noting that we calculate that for a simple aromatic
carbene, 1,3-dimethylimidazol-2-ylidene, the (unstable)
dimer has a markedly higher PA (1157) than the carbene
(1113 kJmol�1).

Based on this data, it is simple to calculate the energetics
for disproportionation of C-protonated dimers to dimers and
formamidinium ions (Scheme 6). It is highly favorable in the

gas phase for the case involving the protonated dimer from
EtA (DE =�68 and DG =�137 kJmol�1), but quite unfav-
orable for five-membered-ring cases such as Et5 (DE = ++ 126
and DG = ++ 67 kJmol�1), although disproportionation should
be favored by solvation. The rate of the actual proton transfer
step may be slowed by the need for substantial structural
reorganization of the C-protonated dimers to create the
favored geometry of the dimers themselves, and by steric
constraints in highly crowded examples. Overall, however,
our observation that protonated dimer can be observed from
Et5, but not from EtA, seems to be supported by the
calculations.

10. Possible Mechanisms for Metal-Promoted
Dimerization

A huge variety of metal complexes of diaminocarbenes
are now known and decomposition of these to form tetra-
aminoethene dimers is certainly not generally observed. We
have reported[25] that the rate of dimerization of bis(dime-
thylamino)carbene was slowed by the addition of extra
lithium diisopropylamide, and by changing the solvent from

Figure 5. Transition state for the formation of the protonated dimer
from Me5 and the corresponding formamidinium ion.

Table 7: B3LYP/6-31G*-calculated proton affinities (PA, kJmol�1) values
for carbenes and dimers.

Carbene PA of
carbene

DE
for reaction (4)

PA of dimer DE for
reaction (5)

Me5 1112.8 652.1 1115.8 541.8
Et5 1124.6 1130.4
iPr5 1135.4 1126.1
tBu5 1143.0
Me6 1145.8 683.2 1133.7 540.7
Et6 1156.2 1163.7
iPr6 1166.8 1135.2
Me7 1157.4 650.9 1055.8 463.7
MeA 1149.8 637.8 1045.7 455.3
EtA 1171.2 1054.5
iPrA 1183.7

Scheme 6. Disproportionation of the C-protonated dimers to the
dimers and formamidinium ions.
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THF to toluene. Both these observations are in agreement
with increased Li complexation stabilizing the carbene.

It may therefore seem perverse to suggest that metals such
as lithiummay catalyze dimer formation, but we believe that a
free diaminocarbene may react more rapidly with a Li-
complexed carbene than with another free carbene molecule.
Coordination of diaminocarbenes to lithium should increase
the reactivity of the p orbital on the carbene center towards
nucleophiles such as a free carbene, as in route a in Scheme 7.
Alternatively, if two carbenes are transiently coordinated to
one lithium center, ligand coupling to form dimer might occur
(route b in Scheme 7). These mechanisms require the
presence of free carbene, and so rates of dimerization would
decrease as all carbenes became complexed.

One serendipitous observation provides significant sup-
port for these ideas. While examining lithium complexation to
2-13C-iPr6, we observed the slow conversion of the “normal”
complexed carbene signal at d = 216–220 ppm to a species
showing a remarkable multiplet in the 13C NMR spectrum at
d = 177 ppm (Figure 6).

This conversion only happens in the presence of a
substantial excess of LiHMDS and when toluene is used as
the solvent (it is not observed in THF). Other bases such as
LiTMP and LDA do not lead to related species. In the
presence of 10 equivalents of LiHMDS, we eventually
observe about 80% conversion to the new species. The
multiplet is an AB quartet split by a single 7Li nucleus (spin
3=2) and it can be simulated with the following parameters:

DC(1) = 177.84; DC(2) = 176.88; JLi,C(1) = 79.3 Hz, JLi,C(2) =
80.5 Hz and JC(1),C(2) = 54.4 Hz. The size of these coupling
constants, especially JC(1),C(2), suggests the presence of a three-
membered LiC2 ring. Calculations[70] on complex 17 of two

(Me2N)2C carbenes coordinating separately to LiN(SiMe3)2,
led to a predicted JC(1),C(2) value of only 2 Hz. Note that
carbene iPr6 has not been observed to form dimer, so it is
appealing to assume that this complex represents a foiled
dimerization reaction. Unfortunately, all attempts to crystal-
lize the new complex have failed, so further discussion of the
structure is speculative. There has to be some lack of
symmetry to get the 13C–13C AB quartet, and at Li/carbene
ratio of at least 3:2 to account for the requirement for a large
excess of LiHDMS; a cluster such as 18 might provide this.

Returning to tetrakis(dimethylamino)ethene formation,
we found this to be cleanly second-order in carbene, and a
study over the temperature range 0–40 8C led to a satisfactory
Arrhenius plot with Eact = 77.7 kJmol�1, and logA =

10.6m�1 s�1 at a formal lithium ion concentration of approx-
imately 2m in THF. When however similar THF solutions are
treated with [2.1.1]cryptand to sequester lithium species, the
13C NMR signal for the carbene disappears immediately, but
formation of dimer is not observed, as described above.

While none of the evidence cited above proves the
involvement of Li in the dimerization of simple diaminocar-
benes, we do believe that further investigation is warranted.

11. Summary and Outlook

This review set out to answer two questions:

When do diaminocarbenes dimerize?

How do they dimerize?

It is known that dimerization is thermodynamically
unfavorable for imidazol-2-ylidenes, and evenly balanced
for benzimidazolylidenes, depending on steric effects. We
have shown here that for non-aromatic diaminocarbenes,
significant steric hindrance is required for dimerization to be
unfavorable, and carbenes iPr5, Et6, iPr7, and EtA can all
dimerize. However dimerization ofMeA is 100 kJmol�1 more
favorable than for Me6, even though similar levels of steric
hindrance in the dimers are involved. We have proposed, on
the basis of DFT calculations, that this is due to the lower
stability of acyclic (and seven-membered-ring) carbenes, and
that this can be explained in part by increased N-C-N angles
and some loss of conjugation through twisting about the N�
Ccarbene bonds.

Scheme 7. Possible mechanisms for metal-promoted dimerization.

Figure 6. 13C NMR multiplet from reaction of 2-13C-1,3-diisopropyl-
3,4,5,6-tetrahydropyrimid-2-ylidene with excess LiHMDS.
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Several diaminocarbenes (iPr5, Me6, Et6, and EtA) do
not dimerize within a reasonable timeframe at ambient
temperature in THF, and the simplest diaminocarbene MeA
does not form a dimer when allowed to decompose in the
absence of alkali metal species. Calculations show that energy
barriers to the uncatalyzed dimerization mechanism may be
prohibitively high, in agreement with these observations. We
believe it is timely to issue a challenge to find any example of
this classic dimerizationmechanism, and predict that it is most
likely to be found with five-membered-ring diaminocarbenes
(dihydroimidazol-2-ylidenes) such as Me5.

Diaminocarbenes can dimerize by a proton-catalyzed
mechanism. We have observed the protonated dimer inter-
mediate in a favorable case, and we believe that in practice
this is by far the most common mechanism for dimer
formation. We find that a carbene, which cannot dimerize,
iPr6, nevertheless forms a complex containing a C2Li ring in
the presence of excess LiHMDS. This raises the possibility
that alkali metal species, while thermodynamically stabilizing
diaminocarbenes, may nevertheless catalyze dimer formation.

Finally, we have drawn attention in several places to the
importance of the N-C-N angle in determining the properties
of diaminocarbenes. Larger ring and acyclic diaminocarbenes
are likely to require stronger bases for their generation, but be
more reactive as bases and nucleophiles once prepared.

12. Addendum

A number of relevant papers have appeared since this
review was prepared. The important influence of ring size on
carbene reactivity has been mentioned several times in our
review, and Grubbs et al. have recently reported the first
examples of stable four-membered-ring carbenes, together
with some information on their dimerization.[71] Bertrand
et al. have continued to explore novel types of carbenes
including stable monoaminocarbenes.[72–74]

The evidence that EtA and several other simple carbenes
are kinetically stable to dimerization in THF at ambient
temperatures has been published.[75] The work by Magill,
Cavell, and Yates mentioned in reference [69] has now been
published;[76] these authors calculate the pKa values in DMSO
ofMe5,Me6, andMeA to be 22.3, 27.1, and 27.9, respectively,
using the high-level CBS-QB3 complete basis set method in
conjunction with the CPCM solvation model. Further exper-
imental[77] and computational[78] evidence that acyclic and six-
membered-ring carbenes are better s donors has appeared.
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Bioinorganic Chemistry

Assembly of an Oxo–Zirconium(iv) Cluster in a
Protein Cleft**

Weiqing Zhong, Dmitriy Alexeev, Ian Harvey,
Maolin Guo, Dominic J. B. Hunter, Haizhong Zhu,
Dominic J. Campopiano, and Peter J. Sadler*

There is a wide range of potential uses for small, well-defined
oxo–metal clusters, including magnetic devices, optical mate-
rials, and catalysts.[1] The challenge is to discover synthetic
methods that allow their size, composition, and, importantly,
also the external coating (peripheral ligands) to be controlled.
These features determine the chemical and physical proper-
ties of the metals in the cluster, including recognition by
interacting partners, such as substrates and surfaces. We are
exploring the use of flexible protein clefts as templates for
assembly of polyoxometalate clusters, in particular that of
bacterial transferrin (ferric-ion-binding protein, Fbp).
Recently we,[2, 3] and others,[4] have shown that the “venus
fly trap” interdomain cleft of Fbp can accommodate clusters
of metal ions, which are effectively small fragments of oxo/

hydroxo minerals. Herein we show that oxo–zirconium
clusters are readily assembled on Fbp by reaction with a
mononuclear ZrIV complex and nucleated by a dityrosyl
(diphenolate) motif in the interdomain binding cleft. We have
determined the structures of these multinuclear zirconium–
Fbp adducts by EXAFS and X-ray crystallography, and have
studied the influence of phosphate and carbonate on the
assembly process.

Native, holo-Fbp (34 kDa, 309 amino acids) contains an
FeIII center bound to the phenolate oxygen atoms of Tyr195
and Tyr196, a carboxylate oxygen atom of Glu57, and the
imidazole nitrogen atom of His9, together with oxygen atoms
from phosphate (the “synergistic anion”) and water
(Figure 1), in a closed binding cleft.[5] The cleft is formed by

two alternating a helix/b sheet domains hinged by a pair of
antiparallel b strands. Serum transferrin and lactoferrin have
similar FeIII-binding sites, but use carbonate as the synergistic
anion. Carbonate can replace phosphate in holo-Fbp, but
binds less strongly.[6,7]

We prepared Zr–Fbp by treating apo-Fbp with various
molar ratios of [Zr(NTA)2]

2� (NTA =N,N-bis(carboxy-
methyl) glycine, ion (3�)) in HEPES (HEPES= 2-(4-(2-
hydroxyethyl)-1-piperazinyl)ethanesulfonic acid) buffer
pH 7.4 for 24 h followed by extensive ultrafiltration to
remove unbound ZrIV. Reaction with 1, 2, and 6 molequiva-
lents of [Zr(NTA)2]

2� gave proteins containing an average of
0.8, 1.5, and 3.9 mol Zr, respectively, together with approx-
imately 1 mol of phosphate per mol protein, as determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Table 1). Similar results were obtained using Tris
(Tris = 2-amino-2-(hydroxymethyl)-1,3-propanediol) buffer
at pH 8 (Table 1). Chromatographic studies suggested that
the products from these reloading reactions contain both apo
and multinuclear forms of Zr–Fbp (see Supporting Informa-
tion).

The presence of bound clusters was confirmed by Zr K-
edge EXAFS studies. The products from 1:1 and 6:1 reactions
of [Zr(NTA)2]

2� with apo-Fbp gave essentially the same
EXAFS spectra (Figure 2), and clearly show the presence of
Zr–Zr scattering between 3.3–3.6 C, consistent with the
presence of {Zr3} clusters in both preparations. The apparent
slight difference in the distances observed in the Fourier

Figure 1. The iron(iii)-binding site in holo-Fbp.
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transforms for the two samples (see Supporting Information)
reflects small differences in the geometry of the clusters (as is
also seen in the crystallographic data, see below). The
EXAFS data represent an average of the {Zr3} local environ-
ments and could also reflect a higher Zr loading at some
centers. The first shell can be fitted with 1 oxygen atom at
approximately 2.0 C, 4 oxygen atoms at approximately
2.15 C, and a further 2 oxygen atoms at approximately
2.3 C (see Table 2). However, this leaves an unfilled contri-
bution to the first shell at approximately 2.66 C. This
contribution can be fitted with a carbon atom, which reduces
the R factor by 6%. A light atom at this distance is consistent
with bound carbonate, rather than phosphate. Indeed, inclu-
sion of carbonate rather than phosphate in the final EXAFS
model leads to significantly lower R factors (29.1% versus
36.5% for 1:1, 25.0% versus 32.2% for the product from the
6:1 reaction) as well as much better matches to the Fourier

transforms (see Figure 2). However, owing to the strength of
the Zr–Zr scattering and the averaging of the EXAFS data
over three zirconium atoms per cluster, a proportion of
clusters with bound phosphate cannot be ruled out. Evidence
that carbonate can bind to Zr–Fbp in solution was obtained
by NMR spectroscopy. The 13C-{1H} NMR spectrum of apo-
Fbp (0.4 mm) in the presence of 2 mol equivalents of
[Zr(NTA)2]

2� and 20 mm NaH13CO3 contained a small
resonance signal at d = 168.2 ppm assignable to zirconium-
bound [13CO3]

2� (see Supporting Information).[8]

Crystallization of Zr–Fbp was successful only using a
malate/imidazole buffer system and a slightly higher pH value
(8–8.2). Crystals were grown at 290 K by the hanging-drop
vapor-diffusion technique, using Zr–Fbp obtained by reaction
of apo-Fbp with either 1, 4, or 6 mol equivalents of ZrIV, again
after ultrafiltration to remove unbound metal. These prepa-
rations all gave similar crystals, which contain nine indepen-
dent molecules in the asymmetric unit. In the 1.5 C resolution
structure (Table 3), all the molecules contain {Zr3} clusters,
with minor differences in bond lengths and angles. The
interdomain binding cleft remains open and Zr1 and Zr3 are
coordinated directly to Tyr195 and Tyr196, respectively, and
to a capping anion which appeared to be best modeled as
phosphate, Figure 3 (and Supporting Information). The

Table 1: Analysis of the products from reactions of apo-Fbp with
[Zr(NTA)2]

2�.

Reaction mixture[a] Product[b]

[Zr]/[Fbp] [Zr]/[Fbp] [P]/[Fbp]

1:1[c] 0.84 –[d]

2:1[e] 1.5 1.4
6:1[e] 3.9 1.1

[a] Reactions carried out for 24 h in 10 mm HEPES buffer containing
5 mm phosphate and 5 mm carbonate, pH 7.4, 298 K. [b] Fbp concen-
tration determined from A280. [c] Similar analyses obtained for reactions
in 10 mm phosphate and carbonate. [d] Not determined. [e] Similar
analyses obtained for reactions in 10 mm Tris buffer pH 8.0.

Figure 2. a) EXAFS data, and b) and the Fourier transform data for Zr–
Fbp (prepared from 6:1 Zr:apo-Fbp reaction). The data are modeled
using the cluster derived from the X-ray data (see Figure 3) but with
carbonate as the capping ligand, and full multiple scattering (see Sup-
porting Information for details). Dashed line=experimental data, bold
line=model. The peak at approximately 1.5 H in (b) is an artifact of
background subtraction and Fourier truncation (finite EXAFS data
range).

Table 2: Refined average EXAFS interatomic distances from the Zr
“central atom”, modeled with carbonate as a capping ligand, including
multiple scattering.

Atoms/parameter Sample[a]

Zr–Fbp (1:1) Zr–Fbp (6:1)

1 O [H] 2.03(�0.02) 1.99(�0.02)
4 O [H] 2.16(�0.02) 2.13(�0.01)
2 O [H] 2.30(�0.02) 2.27(�0.01)
1 Zr [H] 3.41(�0.02) 3.38(�0.02)
1 Zr [H] 3.53(�0.03) 3.50(�0.02)
R factor [%] 29.1 25.0
fit index 0.535 0.437

[a] Ratios refer to the reaction stoichiometry.

Table 3: Crystallographic data and refinement statistics.

Parameter Zr3–Fbp
[a]

wavelength [H] 0.978
resolution [H] 20–1.5
refined twinning fraction [%] 49.0
completeness [%] 98.5 (94.1)
redundancy 4.9 (2.9)
I/� 16.3 (1.3)
Rsym

[b] [%] 9.5 (80.9)
Rcryst

[c] [%]/Rfree
[d] [%] 19.2/27.5

rms deviations
bonds [H] 0.01
angles [8] 2.3
average B-factors
protein [H2] 25.5
water [H2] 27.6

[a] Numbers in parentheses are for the highest resolution shell. [b] Rsym=

� j Ih�hIhi j /Ih, where hIhi is the average intensity over symmetry
equivalent reflections. [c] Rcryst=� jFo�Fc j /�Fo, where summation is
over the data used for refinement. [d] Rfree was calculated using 5% of
data excluded from refinement.
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cluster structure resembles those found in the oxo–zirconium
methacrylate clusters, [Zr6(OH)4O4(OMc)12] and
[Zr4O2(OMc)12] (OMc = methacrylate),[9] and in the oxo–
zirconium biphenolate cluster [(L2Zr)3(OH)3(O)-
Li5(thf)8(H2O)5] (L = 2,2’-biphenolato dianion),[10] and is
based on a triangular Zr3O4 unit with a central bridging m3-
oxygen atom and three bridging m2-oxygen atoms. Each
zirconium atom in Zr3–Fbp is bound to seven oxygen atoms
(in agreement with the EXAFS data) in a pentagonal
bipyramidal geometry. The five equatorial oxygen atoms are
(hydr)oxides, and the axial oxygen atoms are from tyrosinate
for Zr1 and Zr3, water for Zr2, and from phosphate
(Figure 3c). The Zr···Zr separations range from 3.4 to 3.7 C,
and the Zr�O bond lengths from 2.1–2.4 C, with the
zirconium–tyrosinate bonds being the shortest (1.9–2.1 C).
The positively charged side-chains of Arg101 (which is fully
conserved in bacterial transferrins[3]) and Arg262 are hydro-

gen-bonded to oxygen atoms of the oxo–Zr3 cluster, as are the
side-chains or main chain NH groups of several other amino
acids including S139, N175, and N193 (see Figure 3a). The
relatively high homogeneity of the zirconium clusters can be
contrasted with the heterogeneity of the clusters in Hf-Fbp
which were tri- and pentanuclear, either with or without
capping phosphate.[2]

We studied reactions of apo-Fbp (14 mm) with
[Zr(NTA)2]

2� in 10 mm HEPES buffer containing 5 mm

NaHCO3, 5 mm phosphate, pH 7.4, 298 K, by UV/Vis
spectroscopy. Two new peaks appeared in the difference
spectrum at 247 nm and 295 nm (Figure 4a,b). These bands
are assignable to p–p transitions of Tyr residues deprotonated
by binding to ZrIV. Similar bands are seen when both bacterial
and serum transferrins bind to a wide variety of metal
ions.[8, 11,12] Titration studies (Figure 4c,d) suggested that a
zirconium:protein mol ratio of 1:1 is sufficient to deprotonate
both Tyr195 and Tyr196 if phosphate is present as the
synergistic anion, but only one Tyr residue when only
(bi)carbonate is present (Figure 4b). Phosphate is known to
bind in the interdomain cleft of the apo protein and may
prepare the cleft for metal entry.[13] Beyond a 1:1
[Zr(NTA)2]

2� :apo-Fbp ratio there was little increase in the
absorption at 247 nm (Figure 4d). These data therefore
suggest that the initial reaction with apo-Fbp involves ZrIV

binding to Tyr195 and Tyr196 followed by subsequent
formation of (hydr)oxo–zirconium clusters, and hence little
increase in the absorption at 247 nm beyond a 1:1
[Zr(NTA)2]

2� :apo-Fbp ratio. Thus the clusters appear to be
formed by stepwise insertion of ZrIV ions into the interdomain
cleft. ESI-MS studies of K2[Zr(NTA)2]·2H2O (5 mm) in
aqueous solution and HEPES buffer gave a major peak at
m/z 582.88 (calcd. 582.82 for {K3Zr(NTA)2}

+}, with appro-
priate isotope splitting pattern, showing that the complex is
monomeric under the conditions used for MS (50%CH3CN/
H2O, 0.1% formic acid). The mobility of Tyr196 (as observed
in crystals of oxo–FeIII–Fbp)[3] in particular may be important
for capturing ZrIV ions at the protein surface and delivering
them into the binding cleft. The possibility that the protein
can also capture preformed oxo–tri-ZrIV clusters cannot be
ruled out.

Low-molecular-weight alkoxide and aryloxide ligands
have been used in the synthesis of small organically function-
alized oxo–ZrIV clusters.[1,14–17] The experiments described
herein show that oxo–trizirconium clusters anchored by a
dityrosyl (diphenolate) motif readily assemble in the hinged
cleft of a protein, bacterial transferrin. The provision of a
protein coat for a polyoxometalate cluster could have several
advantages. For example, the protein can readily be engi-
neered to allow the environment of the cluster to be modified,
including the electrostatic potential and hydrophobicity of the
outer coordination sphere. Also the amino acids on the
protein surface can be mutated to facilitate attachment to
other surfaces (e.g. for array experiments), or to promote
solubilization in various media. It is apparent that Fbp is a
versatile metal-binding scaffold. The remarkable ability of the
dityrosyl motif to selectively nucleate the formation of oxo–
metal clusters in a positively charged binding cleft is likely to
be a useful and widely exploitable property of the protein.

Figure 3. The crystal structure of Zr3–Fbp. a) Stereo pair of the electron
density map (contoured at the 3.5s level) of the oxo–Zr3 phosphate
cluster (Zr cyan). The map was averaged between all nine molecules in
the asymmetric unit. Only the electron density around Tyr195, Tyr196
and the cluster is shown. The only direct coordination to the ZrIV ions
in the cluster is by Tyr195 and Tyr196, although the oxygen atoms of
the oxo cluster are H-bonded to several amino acids including resi-
dues 139–141 on the right side of the cluster in the phosphate-binding
loop. b) Ribbon diagram of the protein (molecule D) showing a heli-
ces (dark green), b sheets (gold), and the {Zr3} cluster in the interdo-
main cleft. Residue and atom colors: Tyr195 and Tyr196 green, Arg101
and Arg262 blue, P (phosphate) pink, oxygen red, Zr cyan. c) The
anchoring of the trinuclear cluster by the dityrosyl motif, showing Zr
labelling.
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Experimental Section
HEPES, H3NTA, and Fe and Zr atomic absorption standard solutions
were purchased from Aldrich, NaH13CO3 (> 99% enriched) from
MSD isotopes, and ZrOCl2 hydrate from Strem Chemicals (Zr
content determined by ICP-AES). Crystalline K2[Zr(NTA)2]·2H2O
was prepared according to a literature method.[8, 18] Holo- and apo-
Fbp were prepared and purified by modifications of described
methods.[6, 19]

Zr–Fbp: Typically, microlitre aliquots of NaHCO3 (0.25m) and
KH2PO4 (0.25m, pH 7.4, final concentrations 5 mm) were added to
apo-Fbp (25–100 mm) in 10 mm HEPES buffer pH 7.4 (or Tris buffer
pH 8.0), followed by addition of freshly prepared aqueous
K2[Zr(NTA)2] (10 mm) to give ratios of [Zr]:[Fbp]= 1:1, 2:1, 4:1, or
6:1. The mixture was incubated for 24 h at 310 K, and the buffer was
exchanged into 0.1m KCl by ultrafiltration 8 N (to remove unbound
Zr, carbonate, and phosphate) and the solution was concentrated to
approximately 8 mg protein mL�1.

Crystals were grown by the hanging-drop vapor-diffusion tech-
nique at 290 K by mixing protein solution (5 mL; 3.7–4.0 mgmL�1 in
0.1m KCl) with an equal amount of a reservoir solution containing
approximately 20–22% polyethylene glycol (PEG) 4000, 0.2m NaCl,
0.4m imidazole/malate buffer, pH 8.0–8.2.

Crystals were flash-frozen in liquid nitrogen and X-ray data were
collected on station 14.2 (SRS, Daresbury Laboratory; l = 0.978 C)
using an ADSC Quantum4 CCD detector and processed and scaled
using HKL2000.[20] Crystals belong to the space group P32 (cell
dimensions a=b= 146.2 C and c= 113.56 C). The structures were
solved using the methods previously described.[2]

Coordinates have been deposited in the
Protein Data Bank (accession code 1XC1).

X-ray spectra were recorded at the Zr
K-edge on EXAFS station 9.3 at Daresbury
Laboratory Synchrotron Radiation Source
(operating at 2 GeV), at 80 K, and in
fluorescence mode. Data collection times
were 11 h per sample.

A computer-controlled Perkin-Elmer
Lambda 16 UV/Vis spectrometer was used
together with 1 cm path-length cuvettes
maintained at 298� 0.1 K or 310� 0.1 K
with a PTP-1 Peltier temperature pro-
grammer. Aliquots (2 or 5 mL) of a
[Zr(NTA)2]

2� solution were added to apo-
Fbp (10–20 mm) solutions in HEPES buffer
(10 mm), and NaHCO3 (5 mm) and left to
equilibrate for 1 h at 298 K or 310 K. The
UV/Vis spectra were then recorded. A
buffer solution containing the same amounts
of NaHCO3 and [Zr(NTA)2]

2� was used as
the reference.

The time courses for the reactions of
apo-Fbp with [Zr(NTA)2]

2� were also
recorded in HEPES buffer (10 mm). Apo-
Fbp (13–15 mm) in HEPES buffer (10 mm,

pH 7.4) containing NaHCO3 (5 mm) and/or
KH2PO4 was treated with [Zr(NTA)2]

2�

(2 mol equivalents) at 298 K and UV/Vis
spectra were recorded at 2.5 min intervals
against the same buffer solution containing
the same amount of [Zr(NTA)2]

2�.
The products from reaction of apo-Fbp

(180 mm) with 0.5, 1.0 and 6.0 mol equiv of
[Zr(NTA)2]

2� at 310 K for 24 h were applied
to a Mono S HR5/5 column equilibrated
with HEPES buffer (10 mm; pH 7.4,
25 mL), followed by gradient elution with
0–1m KCl in HEPES (10 mm; pH 7.4) flow

rate 0.5 mLmin�1). Fractions of 0.5 mL were collected and analyzed
by ICP-AES, and of 0.1 mL by inductively coupled plasma (ICP)-MS.

Zr and P content was determined by ICP-AES (Thermo Jarrell
Ash IRIS spectrometer) calibrated with standard solutions using the
emission lines at 349.621 nm and 213.618 nm for Zr and P, respec-
tively. For some samples, 90Zr was determined on a PlasmaQuad ICP-
MS. Samples from reactions of apo-Fbp with [Zr(NTA)2]

2� (Table 1)
were purified by ultrafiltration (Centricon MW cut-off 10 kDa),
washing 3 N with HEPES or Tris buffer as appropriate before Zr
and P analysis.

Details of ESI-MS, NMR, chromatography and pH measure-
ments, and further details of protein preparation, X-ray crystallog-
raphy and X-ray absorption spectroscopy are given in the Supporting
Information.
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Crystallography of Natural Products

Crystal Structure of Tricolorin A: Molecular
Rationale for the Biological Properties of Resin
Glycosides Found in Some Mexican Herbal
Remedies**

Anna Rencurosi, Edward P. Mitchell, Gianluca Cioci,
Serge P�rez, Rogelio Pereda-Miranda,* and
Anne Imberty*

The traditional uses of several Mexican members of the
morning glory family (Convolvulaceae), combined with
ecological field observations, have been helpful in the
design of an efficient approach for sampling plant materials
and the selection of plants for investigation as potential
sources of novel biodynamic natural products.[1] The Mexican
variety of the morning glory plant named “heavenly blue”
(Ipomea tricolor Cav.) has been used for centuries as a cover
crop in traditional mesoamerican agriculture because it
inhibits the growth of invasive weeds. We now know that
the phytotoxins involved are the resin glycosides, collectively
called tricolorins.[2,3] Until recently, the structural complexity
of these mixtures seriously hampered the isolation of their
individual constituents. The application of recycling high-
performance liquid chromatography has allowed no less than
10 lipooligosacharides to be isolated from the aerial parts of
“heavenly blue”.[2–4] Tricolorin A was the first member of the
series to be fully characterized through a combination of
NMR and MS methods.[2,3] This compound consists of the
tetrasaccharide l-rhamnopyranosyl-(1!3)-O-a-l-rhamno-
pyrasonyl-(1!2)-O-b-d-glucopyranosyl-(1!2)-O-b-d-fucopy-
ranoside linked to jalapinolic acid to form a macrocyclic ester
with a 19-membered ring (Scheme 1). Following the elucida-
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tion of its chemical structure, total syntheses of tricolorin A in
its natural enantiomeric form were developed by Larson and
Heathcock, and by Lu and collaborators. Both teams used a
macrolactonization approach.[5, 6] F:rstner and M:ller later
used a ring-closing-metathesis strategy to form the macro-
lactone moiety and succeeded in synthesizing tricolorin A[7]

and several other resin glycosides.[8, 9]

Tricolorin A demonstrates several biological activities of
therapeutic interest, such as mammalian cytotoxicity against
cultured P-338 and human breast cancer cells,[2] antibacterial
activity against Staphyloccocus aureus and Mycobacterium
tuberculosis,[1] and antifungal potential correlated to its
(1!3)b-d-glucan synthase inhibitory activity.[10] In the cover
crop, tricolorin A acts as a nonprotonophoric uncoupler of
photophosphorylation and inhibits electron transport in the
photosystem II of chloroplasts.[11] All the bioactivities of this
lipopolysaccharide are associated with its macrocyclic struc-
ture; the glycosidic acid derived by saponification of the
lactone has been shown to be inactive in all resin glycosides
biologically tested.[1]

The difficulty involved in obtaining a useable pure sample
of an individual resin glycoside,[12] in addition to that related
to oligosaccharide crystallization,[13] represented an enormous
challenge for the structural investigation reported herein.
Protein crystallization techniques were used to avoid wastage
of the isolated tricolorin A (20 mg). The compound is
insoluble in water, which was therefore selected as the
precipitating agent.[14] The size of the crystal unit cell
indicated the presence of four independent tricolorin A
molecules per asymmetric unit.[15] Each unit contains a total
of 284 nonhydrogen atoms and is therefore similar in size to a
small protein of about 30 amino acids. The size of the
asymmetric unit, together with that of the crystal, demanded
the use of intense synchrotron radiation to collect the
diffraction data. The SIR2002 method was used to solve the
structure. Refinement with the SHELX program indicated
the presence of 18 water molecules in the asymmetric unit in
addition to the four independent tricolorin molecules
(Figure 1). All atoms in the structure were clearly visible in
the electron density maps, with the exception of two carbon

atoms in the lipid part of molecule 4. A detailed view of one of
the tricolorin A molecules is shown in Figure 2, with ellipsoids
representing thermal vibration. The largest temperature

Scheme 1. Structure of tricolorin A.

Figure 1. Graphical representation of the unit cell. The contents of the
asymmetric unit are shown with gray bonds and the molecules are
labeled as Mol1 to Mol4 for tricolorin A and W1 to W18 for water.

Figure 2. ORTEP representation of one molecule of tricolorin A, drawn
with the Platon software.[28] The ellipsoids of thermal vibration repre-
sent a probablility of 50%.
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factors were measured for the two methylbutyroyl groups that
form esters with the internal rhamnose unit. The macrocyclic
aglycon core of molecule 4 displayed slightly more disorder
than those of the other molecules.

Figure 3 shows a superposition of the four tricolorin A
independent molecules, all of which share the same global
shape, albeit with slightly different conformations of the
aglycon moiety stacked under the b-d-glucopyranosyl-(1!2)-
O-b-d-fucopyranoside moiety. The glycosidic linkages are
superimposed on the corresponding energy maps[16] (Fig-
ure 3c). Although the energy maps of the three disaccharides
differ, all three display low-energy regions centered around a
F-axis gauche conformation, as dictated by the exo-anomeric
effect. A higher level of conformational freedom is apparent
along the Y axis: the lowest energy region corresponds to a
plateau ranging from Y=�60 to 1808. While the externally
placed l-rhamnopyranosyl-(1!3)-O-a-l-rhamnopyranoside
moeity shows rather different conformations for each of the
four molecules in the asymmetric unit, the internal trisac-
charide subunit (a-l-rhamnopyrasonyl-(1!2)-O-b-d-gluco-
pyranosyl-(1!2)-O-b-d-fucopyranoside) has limited confor-
mational freedom. The four molecules each display slightly
different sets of torsion angles (see the Supporting Informa-
tion) but all of these angles yield very similar pseudo-
elongated shapes for the macrocyclic aglycon portion of the
molecule between the lactone end and the anomeric oxygen
atom of the fucose unit. In contrast, the terminal pentyl chain
is very flexible. We compared the observed conformations of
the tricolorin A molecules to those of the only related
molecule that has been crystallized, a synthetic chemical

intermediate of tricolorin A consisting of the b-d-glucopy-
ranosyl-(1!2)-b-d-fucopyranoside subunit with all its hy-
droxy groups protected.[17] The first notable difference is that
the lack of the amphipathic properties of the natural sample
limits the solubility of the analogue to low-polarity organic
solvents. Five independent molecules were refined for the
asymmetric unit of the analogue, as opposed to the four
molecules found in tricolorin A crystals. This difference
resulted in a totally different conformation and molecular
packing for the analogue. The lack of water molecules
produces a piled parallel arrangement of glycoside residues
on one side of the analogue structure, whilst the macrolactone
rings stack on the other side with alternating alpha and beta
faces. The natural compound structure consists of a succession
of hydrophilic and hydrophobic layers.

The most notable feature of tricolorin A in the solid state
is the anisotropic repartitioning of the hydrophobic and
hydrophilic sections in the crystal packing arrangement
(Figure 4). One face of the molecule exhibits an almost flat
hydrophobic wall formed by the aglycon unit, the methyl
group of the fucose unit, and the three lipophilic inner
rhamnose residues (the methyl group and the two esterified
methylbutyric acid groups). The other face presents two small
hydrophilic areas: one composed of the hydroxy groups of the
fucose and glucose residues and the other of those of the
external rhamnose unit. The 18 water molecules form a dense
network that creates a dividing layer between the hydrophilic
faces of the structure (Figure 4). The high water content of the
crystal, which is similar to that found in the accepted view of
protein crystals, means that the tricolorin A molecular

Figure 3. a) Superposition of the four independent molecules of tricolorin A. b) One of the molecules from the crystal structure of the synthetic
analogue,[17] shown with the glucose ring in the same orientation as in (a). c) Glycosidic linkage energy maps for each of the constitutive disac-
charide subunits of tricolorin A. The conformations observed in the crystal structure of tricolorin A are indicated by squares and those of the syn-
thetic analogue by circles.
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conformation in the solid state is not dominated by inter-
molecular forces and hence might be indicative of the
conformation in solution and in supermolecular aggregates.

It has been suggested that the cytotoxic properties of the
resin glycosides could be caused by their ability to perturb cell
membranes through nonselective pore formation. These
compounds have a somewhat peculiar organization in aque-
ous solution and form micelles or aggregates comparable to
those displayed by tricolorin A in the crystalline state. It is
therefore of interest to compare the architecture of the water
channel formed by the four tricolorin A molecules, which pile
up in two pairs along the c axis, with the spatial arrangement
of a lipid bilayer. The hydrophobic surface exposed externally
and elongated along the axis of the water channel is ideally
oriented for parallel interaction with the lipids of a biological
membrane upon insertion of tricolorin A into the membrane.
This hypothesis differs from predictions made by molecular
dynamics simulations and NMR studies of micellar solutions

of calonyctin A, another plant-growth-regulating resin glyco-
side,[18] which inserts perpendicularly into micelle lipid
membranes. The total extension of the channel created by
tricolorin A molecules in our study is about 30 D, which is
comparable to the width of a biological membrane such as
that of the hydrocarbon core elongation in fluid phospholipid
bilayers.[19] A schematic representation of our insertion model
is depicted in Figure 4.

The macrolactone ring is essential to the biological
activities of all resin glycosides[1] since without it the spatial
arrangement needed to form aggregates, as well as the above-
mentioned channels, probably could not take place. The dried
tubers of the medicinal members of the morning glory family
yield a purgative remedy of which the main active ingredients
are resin glycosides.[1] All the biological effects displayed by
this type of amphipathic oligosaccharide suggest that the
activity could be the result of a possible ion flux perturbation
in the target cell membrane induced by nonselective pore
formation, as illustrated by the insertion model. This model
for transmembrane channel formation is based on the crystal
structure of tricolorin A and is still speculative in nature.
Experimental and theoretical studies are called for to provide
substantiation for this hypothesis, as well as to investigate
whether other types of architecture could allow better
interaction. This first crystallographic analysis of a natural
convolvulaceous resin glycoside not only opens avenues for
further structural investigations but may also lead to impor-
tant applications of such compounds in drug design.
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Structure Elucidation

Supramolecular, Bifurcated N-H···OC-M Bonding
Explains Unusually Low nCO Frequencies in Metal
Carbonyl Compounds: A Case Study**

Pierre Braunstein,* Jean-philippe Taquet, Olivier Siri,
and Richard Welter
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Infrared spectroscopy has played a central part in the
identification and elucidation of the structures of metal
carbonyl compounds, with the nCO spectral region being the
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most diagnostic. In addition to the relationship derived from
group theory between the stereochemistry of a metal
carbonyl complex and the number and activity of its
nCO modes, their frequency range correlates with the bonding
mode of the CO ligands. In general, terminal CO groups
absorb between 2100–1850 cm�1, whereas doubly bridging
CO ligands absorb between 1850–1750 cm�1 and triply bridg-
ing CO ligands absorb below 1730 cm�1. This spectral shift
arises as a consequence of the progressive decrease in C�O
bond order.[1] Infrared spectroscopy is far more sensitive than
X-ray diffraction to small changes in bond orders, despite the
irreplaceable value of the latter for establishing the spatial
arrangement of atoms and molecules in the solid state. We
show below, in a case study, that an archetypal complex with
terminal carbonyl ligands has unusual nCO frequencies below
1770 cm�1, and that this observation can be rationalized by
the presence of a remarkable and unexpected supramolec-
ular, bifurcated N-H···OC-M network in the solid state.

Some metal complexes enjoy the privilege of being
ubiquitous precursors to wide ranges of new molecules. This
has been the case in metal–carbonyl chemistry with cis-
[M(CO)4(piperidine)2] (M=Mo, W), which have been used
for almost 30 years to prepare octahedral metal carbonyl
complexes of the type cis-[M(CO)4L2]; the lability of the
piperidine ligands allows the synthesis of the desired products
under much milder conditions and in better yields than when
starting from the parent hexacarbonyl compounds.[2,3] It is
therefore not surprising that these complexes have been very
highly cited and their synthesis has even been published
several times—with only minor variations, since it simply
results from the thermal or photochemical activation of
[M(CO)6] in the presence of excess piperidine [Eq. (1)].[4]

MðCOÞ6 þ excess NHC5H10
thermal or photochemical activation

�2CO
�����������������!

cis-½MðCOÞ4ðNHC5H10Þ2�
ð1Þ

The most common characterization methods have been
elemental analysis and IR spectroscopy in the nCO region,
where four bands are expected for a C2v local symmetry
(Gvib = 2A1 + B1 + B2). To the best of our knowledge, the
only IR data available for cis-[W(CO)4(piperidine)2] are those
published by Tripathi et al. who reported values of 2000, 1865,
1844, and 1814 cm�1 (in mulls, no intensities given),[4c] which
are different from our own data (see below).

Recent studies on the reaction of p-benzoquinonediimine
ligands with cis-[W(CO)4(piperidine)2] revealed an interest-
ing metal-coordination-induced para–ortho-quinone isomer-
ization and relocalization of the p system.[5] We were sur-
prised to find a solid-state (KBr pellet) IR spectrum (see the
Supporting Information) for cis-[W(CO)4(piperidine)2] with
nCO bands down to 1768(vs) cm�1, that is, at energies much
lower than expected for terminal CO ligands in a neutral
complex.[1, 6] After performing purity controls and triggered
by the lack of any previous report on this most unusual
observation,[7] we grew single crystals of cis-[W(CO)4(piper-
idine)2] by slow diffusion of heptane into a THF solution and
subjected them to an X-ray diffraction study. The ORTEP
view of the crystal structure (see the Supporting Information)
confirms that the piperidine ligands are in a cis arrangement

and that all the carbonyl groups are of the linear type, with
M�C�O angles of 174.1(4) and 179.1(3)8. Figure 1 also
reveals the existence of a remarkable network of intermo-
lecular bifurcated H-bonds. Figure 2 shows a projection of the
structure in the a,b plane, with the channel-like 3D structure
evident. Each octahedral complex molecule acts as a bridge
between two other molecules: each N�H proton interacts
with two carbonyl groups, each belonging to a different
molecule. Conversely, each CO ligand trans to a piperidine

Figure 1. Partial view of the crystal structure of cis-[W(CO)4(piperi-
dine)2] resulting from a bifurcated H-bonding network involving all the
N�H protons and the CO ligands trans to the piperidine ligands. The
carbon skeleton of the piperidine ligands has been omitted for clarity.

Figure 2. Projection of the crystal structure of cis-[W(CO)4(piperidine)2]
in the a,b plane. The carbon skeleton of the piperidine ligands has
been omitted for clarity. Color coding: W purple, O red, N blue, N�H
green.
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moiety on each complex interacts with the two N�H protons
from another molecule (Table 1). The observation that these
H-bonding interactions selectively involve the two carbonyl
ligands which are trans to the strong s-donating/weak p-

accepting piperidine ligands is perfectly consistent with their
more electron-rich nature. This results in a) a considerable
reduction in the electron density at these oxygen atoms, which
leads therefore to nCO absorptions much more typical of
bridging carbonyl groups or isocarbonyl linkages than of
terminal CO ligands,[1] and b) an IR nNH vibration as low as
3254 cm�1 in KBr. The X-ray diffraction pattern of a micro-
crystalline powder of cis-[W(CO)4(piperidine)2] was recorded
at 300 K and could be completely indexed on the basis of the
extinction conditions of the tetragonal system in the space
group P43212 with a= 11.864(1) and c= 11.058(1) E. This
observation is in complete agreement with the data obtained
from the single crystal study (see the Supporting Informa-
tion). To ensure that no special matrix effect was caused by
the KBr pellets, drops of a solution of the complex in THF
were evaporated on a single crystal of KBr and the IR
spectrum recorded. The nCO values found were almost iden-
tical (see the Supporting Information). These H-bonding
interactions also remain in a Nujol mull (nCO: ñ = 2005(m),
1900(sh), 1874(vs), 1829(s), 1787(sh), 1769(vs) cm�1, and
these values are at variance with those reported in the
literature,[4c]) but as expected, they disappear in solution, as
shown by the IR spectrum showing four nCO absorptions in the
usual range (ñ = 1998(w), 1920(w), 1860(vs), 1823(s) cm�1 in
THF). The hydrogen-bonding capability of carbonyl ligands
versus C�H bond donors is well-documented[8a,b] and
increases with increasing basicity: terminal M-CO<m2-
CO<m3-CO.[8c,d] A search of the Crystallographic Cambridge
Data Base for analogous N�H···OC�M (M=Group 6 metal)
interactions involving terminal carbonyl groups identified
225 hits with a median value of 2.582 E (a value which is
consistent with our data), but none for cis-[M(CO)4(piper-
idine)2] complexes. Interestingly, Kraihanzel and Cotton
noted that the “solid-state spectrum of [Mo(CO)4(ethylenedi-

amine)2] is strikingly different from the solution spectrum”
and suggested that the extreme insolubility of this compound
might be a result of NH···OC hydrogen bonding, but this was
not (and has never been since) substantiated by X-ray
diffraction data.[9] It was stated on the basis of the X-ray
structure of cis-(diethylenetriamine)tricarbonylmolybdenum
that “clearly, there are no strong intermolecular NH···O
bonds”.[10] Although Shiu et al. noted a low frequency nCO

absorption at 1790 cm�1 in the solid-state spectrum of the
complex [Mo(CO)4(N-N)] (N-N=PhCH2NHCH2CH2NMe2),
they concluded from the X-ray data that “an intermolecular
H-bond between the N�H atom of one molecule and a
carbonyl oxygen atom of another molecule is negligible in this
compound”.[11] However, such an intermolecular bonding
interaction was cautiously discussed in [Mo(di-2-pyridylam-
ine)(CO)4] although it involved only one CO ligand,[12]

whereas no H-bonding was observed in [Mo(bipy)(di-2-
pyridylamine)(CO)3].

[13] An intermolecular N-H···O distance
of 2.15 E has been reported for the pyridine-4(1H)-thione
complex [W(C5H5NS)(CO)5] but no IR data are available,
which precludes any correlation between H-bonding and nCO

shifts.[14] The IR spectra of cis-[W(CO)4(piperidine)2] were
compared to those of cis-[Mo(or W)(CO)4(pyridine)2] (in
THF solution, KBr pellets, or Nujol mulls).[15a,b] As expected,
the latter display no unusual features, which is consistent with
the X-ray structure of the tungsten complex which shows “no
particularly short intermolecular contacts”.[15c] Although ion-
pair interactions between an oxygen atom of a carbonylme-
talate anion and its associated cation are known to produce
significant nCO shifts to lower energies, this represents a very
different situation to that involving a neutral molecule.[16]

Since the space group in which this molecule crystallizes is
chiral, we investigated its nonlinear optical (NLO) properties,
but no second order effect was observed.

In conclusion, we have shown that supramolecular H-
bonding interactions can dramatically affect the nCO frequen-
cies of metal–carbonyl compounds, and consequently can
make structural assignments based on vibrational spectros-
copy alone misleading or incorrect. In a case study, we have
established that the long-known and archetypal carbonyl
complex cis-[W(CO)4(piperidine)2] displays most unusual,
low-frequency nCO absorptions in the solid state which are not
the result of the strong s-donor/weak p-acceptor properties of
the amine ligands but of supramolecular interactions involv-
ing the piperidine N�H proton and the carbonyl oxygen atom
of the two CO ligands trans to the piperidine ligands.
Although the crystal structure of cis-[Mo(CO)4(piperidine)2]
was reported very recently, no mention was made of either
intermolecular H-bonding interactions or unusual IR data in
the solid state.[17] We examined a freshly prepared sample of
cis-[Mo(CO)4(piperidine)2] and found that the IR spectra
recorded in KBr pellets or Nujol mull were very similar to
those of the tungsten derivative (see Experimental section),
but at variance with literature values.[4f] It is therefore most
likely that similar intermolecular N-H···O interactions are
also present in the Mo derivative. It would not be surprising
that other metal–carbonyl complexes containing H-bond
donors, even with the less-basic terminal CO ligands, reveal
similar features to cis-[W(CO)4(piperidine)2]. In other cases

Table 1: Selected bond lengths [E] and angles [8] for cis-[W(CO)4-
(piperidine)2].

intramolecular data
W-C1 2.038(4) W-C2 1.951(4)
W-N 2.323(3) C1-O1 1.140(5)
C2-O2 1.168(4) N-H1 0.77(4)

C1-W-C1’ 172.1(2) C1-W-N’ 92.6(1)
C1’-W-N’ 93.2(1) C2’-W-C2 90.7(2)
C2’-W-C1 87.65(15) C2-W-C1 86.83(15)
C2’-W-N’ 91.7(1) C2-W-N’ 177.5(1)
C2’-W-N 177.5(1) C2-W-N 91.7(1)
N’-W-N 85.90(15) W-N-H1 97(3)
O1-C1-W 174.1(4) O2-C2-W 179.1(3)

hydrogen bonds
O2-N 3.22(1), 3.14(1) O2-N’ 3.14(1), 3.22(1)
O2-H1 2.61(1), 2.50(1) O2-H1’ 2.50(1), 2.61(1)

O2-H1’-N’ 141.5(2), 138.7(2) O2-H1-N 137.7(2), 141.5(2)
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where solid-state IR data have been reported for complexes
of the type cis-[W(CO)4(amine)2] and low values found for
their nCO frequencies, no comment was made or explanation
offered.[18] Such questions are of clear relevance to crystal
engineering. In a different context, it is interesting to note that
the activation of organic carbonyl compounds by double H-
bonding is increasingly used in asymmetric catalysis.[19]

Experimental Section
All reactions were carried out under purified N2 in freshly distilled
solvents by using Schlenk techniques. A solution of cis-[W(CO)4-
(piperidine)2], prepared by a slightly modified standard procedure[4d]

(using xylene as a solvent), in THF was layered with heptane and
unsolvated, pale yellow crystals were obtained by slow diffusion.
13C{1H} NMR (125 MHz, CD3CN, 298 K): d = 211.23 (s), 210.93 ppm
(s, CO). These values are consistent with those reported for similar
complexes.[20]

Crystal data: C14H22N2O4W,Mr = 466.19, tetragonal, space group
P43212, a= 11.936(1), b= 11.936(1), c= 11.210(1) E, U=

1597.1(2) E3, Z= 4, m(MoKa, l = 0.71073 E)= 7.249 mm�1, T=
173 K, 2339 unique reflections collected, R= 0.0224 for 2173 reflec-
tions with I> 2s(I), wR2= 0.0559. Data collection on a Nonius
Kappa-CCD area detector diffractometer using Denzo software. The
structure was solved by direct methods (SIR97) with full-matrix least-
squares refinement on F2 using SHELXL97 software. The absorption
was corrected empirically.[21] All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms, except H1, which was found by
Fourier differences, were generated according to the stereochemistry
and refined using a riding model in SHELXL97.[22] CCDC 234274
contains the supplementary crystallographic data (excluding structure
factors). These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).

The IR spectrum of solid cis-[W(CO)4(piperidine)2], deposited by
evaporation of a THF solution on a single crystal of KBr, contains the
expected four nCO absorptions at ñ = 2004(m), 1875(vs), 1830(s),
1774(vs) cm�1, similar to those found for this complex in a KBr
pellet.[6]

The complex cis-[Mo(CO)4(piperidine)2] was prepared in a
similar manner to the W complex (shorter reaction times) and its
IR spectrum was recorded for comparison: nCO (KBr): ñ = 2012(mw),
1913(sh), 1887(vs), 1838(s), 1792(sh), 1774(vs) cm�1. nCO (solid depos-
ited by evaporation of a THF solution on a single crystal of KBr): ñ =
2010(mw), 1942(w), 1911(sh), 1882(vs), 1835(s), 1778(vs) cm�1.
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Molecular Devices

Individual Molecules of Dye-Labeled DNAAct as
a Reversible Two-Color Switch upon Application
of an Electric Field**

Samuel S. White, Liming Ying,
Shankar Balasubramanian, and David Klenerman*

Over the past few years, molecular switches have been heavily
researched in the quest for molecular electronic devices.
Some switching systems operate by a conformational change
in the molecule which is induced by either an electric field,[1,2]

an STM (scanning tunneling microscope) tip,[3] an electro-
chemical reaction,[4] or light.[5] Alternatively, molecular
switches can be operated nonconformationally by redox
reactions[6] or a chemical binding event.[7] Biomolecules
have recently been adapted for new purposes; for example,
DNA has been used as part of a conducting wire,[8] a
molecular machine,[9–12] a crystal template,[13] a scaffold for
nanoscale construction,[14] and even as a component of a
“computing machine”.[15, 16] Herein we show that the fluores-
cence of individual dye-labeled DNA molecules can be
reversibly switched from green to red and vice versa upon
application of an electric field.
The use of nucleic acids as molecular switches is a

relatively new concept and, so far, has had limited success.
The use of an electric field to modulate the fluorescence of
labeled DNA adsorbed onto an electrode[17] and the use of a
magnetic field to control the hybridization state of DNA[18]

are known. Conformational switching of DNA by the
variation of buffer conditions,[11, 19] the binding of adenosine
to an aptamer sequence on DNA,[20] or the binding of single-
stranded DNA (ssDNA) to a DNA quadruplex[9] have also
recently been reported. The main limitation with the current
mechanisms for DNA conformational switches is that they
require bimolecular hybridization or a change of buffer, thus
switching is slow. Furthermore, in some cases switching is not
reversible[20] or the process creates undesirable “waste”
DNA.[9,10] Our DNA switch overcomes these problems by
using an electric field to alter the DNA–dye interaction which
renders the switching process rapid (< 100 ms) and reversible
with no by-products.
Here a controllable electric field and single-molecule

fluorescence detection were used to probe the switching of
the fluorescent states of individual DNA molecules that were
labeled with two different fluorophores at the same end of the
DNA duplex. We previously utilized the very high electric-
field gradients generated at the tip of a nanopipette to

controllably concentrate and deliver DNA.[21–23] The pipettes
have an inner diameter of 100 nm and the voltage drop occurs
in the last few microns of the tip owing to its tapered shape.
By application of a potential of 1 V between the electrode in
the bath and the electrode in the pipette, a very high electric
field of � 8000 Vcm�1 is generated at the tip of the pipette.[22]
The fluorescence of both fluorophores was detected

simultaneously with either two-color direct excitation of
both fluorophores or single-color excitation of the donor
fluorophore only. In the latter experiments, the excited-state
energy is transferred nonradiatively from a donor to an
acceptor fluorophore by FRET (fluorescence resonance
energy transfer). The efficiency of transfer, E, depends on
the relative orientation of the fluorophores and the distance
that separates them, R, according to Equation (1). R0 is the
F?rster distance and this was calculated to be 53 @ for the
dye-pair used in these FRETexperiments. This inverse-sixth-
power separation dependency of energy transfer allows
FRET to be used as a sensitive probe of intramolecular
distances over the 10–100 @ range.

E ¼ R6=ðR6 þ R0
6Þ ð1Þ

In FRET, the principle property of interest is not the
intensity of fluorescence, but rather the proximity ratio, P.
The FRET proximity ratio of each DNA molecule was
calculated according to Equation (2), in which IA and ID are
the intensities of the acceptor and donor fluorescence,
respectively. This ratio is strongly dependent on the distance
between the fluorophores, whereas it is independent of
diffusional motion.[24] If the excitation power is kept low,
photodriven processes such as photobleaching can also be
neglected and the proximity ratio becomes independent of
the laser intensity.[25]

P ¼ IA=ðIA þ IDÞ ð2Þ

We studied a 40-base double-stranded DNA (dsDNA)
labeled with a donor fluorophore, Rhodamine Green, and an
acceptor fluorophore, Alexa 647. Both fluorophores were
attached to the bases by C6 linkers that do not constrain the
motion of the fluorophore. DNA 1 is a dsDNAwith the donor
and acceptor fluorophores directly opposite each other on
separate strands; it is able to undergo FRET owing to the
close proximity of the strands (Figure 1). DNA 2 has the
donor and acceptor fluorophores at opposite ends of the
duplex and is unable to undergo FRET as their separation is
larger than the F?rster distance for the dye-pair used (53 @;
Figure 1). A single-molecule study of DNA 1 in solution
unexpectedly revealed two peaks in the FRET histogram
(Figure 2a), one at P= 0.05 and the other at P= 0.95, both of
which had approximately equal amplitudes. The average
single-molecule proximity ratio (P= 0.40) gave a value that
was almost identical to that of the bulk value (P= 0.44).
Experiments in which the laser power was varied by two
orders of magnitude and in which a radical scavenger
(ascorbic acid, 200 mm) was introduced did not lead to any
changes in the single-molecule FRET histogram (data not
shown). This indicates the absence of photobleaching in this
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experiment. A temperature-dependent study over the range
12–38 8C also revealed no variation in the two FRET peaks
(data not shown). These results indicated that two equally
occupied conformational states are present in solution: one
low-FRET state that is green-fluorescent and one high-FRET
state that is red-fluorescent.

The possibility of altering the
populations of these two fluorescent
states through the generation of an
electric field in the nanopipette was
then explored. Indeed, the ampli-
tudes of the two FRET peaks were
dramatically altered by the applica-
tion of different potentials Fig-
ure 2b. No additional states were
observed. The pipette in these
experiments was earthed, and a
potential was applied to the elec-
trode in the bath. At a negative
potential below �0.2 V only the
low-FRET peak was observed,
whereas a positive potential above
0.4 V favored almost entirely the
high-FRET peak. This implies that
the low-FRET peak is not due to
the presence of DNA labeled only
with the donor, but that it is a true
FRET state because its population
can be altered by an applied volt-
age. The absolute values in Fig-
ure 2b cannot be compared because
of the slight differences in the align-
ment of the pipette, thus the per-
centage of each FRET population
at a given voltage is displayed in
Figure 2c. This shows a clear
switching between the two states
with the applied voltage. To deter-
mine if the change was reversible,
the laser was then focused outside
the pipette at approximately 20 mm
from the tip, and a positive voltage
was applied so that the DNA flowed
out of the pipette. The DNA is in a
high-FRET state in the pipette tip,
however, the measured single-mol-
ecule FRET histogram and the
mean proximity ratio value were
identical to those in free solution
which indicates no irreversible
processes (e.g. redox reactions)
had taken place in the tip. Switching
was determined to be rapid
(< 100 ms) from the application of
a square wave (� 0.8 V, 0.25 Hz)
and from measurement of the time
taken for the FRET to change from
low to high and vice versa.
Fluorophore excimers,[26, 27] exci-

plexes,[28] and excitonic interactions[29, 30] have previously been
observed in DNA or RNA. The main characteristic of an
excitonic interaction is a change in the UV/Vis absorption
spectrum, whereas the main characteristic of an excimer or
exciplex is a change in the fluorescence spectrum. No changes
in the UV/Vis absorption or fluorescence spectra were

Figure 1. a) A schematic of the experimental setup used (EG =ground electrode, EW=working elec-
trode, APD=Avalanche Photo Diode detector); b) and c) the fluorescence emission spectra of the
fluorophores Rhodamine Green (donor) and Alexa 647 (acceptor), respectively; d) the two DNA
samples labeled with the donor (green circle) and the acceptor (red circle) dyes.

Figure 2. a) Single-molecule FRET histogram of DNA 1 (50 pm) in solution; b) single-molecule FRET
histogram of DNA 1 (1 nm) in a nanopipette upon excitation at l =488 nm (on the tip); P=FRET
proximity ratio, n =number of molecules. c) Variation of the percentages of the low-FRET peak
(green; donor emission) and the high-FRET (red; acceptor emission) with the applied dc potential,
E.

Angewandte
Chemie

5927Angew. Chem. Int. Ed. 2004, 43, 5926 –5930 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


observed for DNA 1 compared to the control sample,
DNA 2, which indicates that neither a fluorophore
exciplex nor an exciton interaction between the two
fluorophores is likely to be present in solution. No
perturbation of the electronic state of the Alexa 647 dye
attached to the DNA could be detected in the absorption
or fluorescence spectra relative to the free dye. The
melting temperatures for DNA 1 and 2 were 68� 0.2 8C
and 67� 0.3 8C, respectively. This also suggests that there
is no significant dye–dye interaction in solution.
Each fluorophore was then excited directly by using a

two-color setup. When a negative potential was applied
to DNA 1 in a nanopipette and upon excitation at l =

488 nm, fluorescence from Rhodamine Green was
observed. However, emission from Alexa 647 was not
detected even upon direct excitation at l = 633 nm. The
same behavior was observed with DNA 2. In contrast, it
was possible to excite directly the Alexa 647 moieties in
both DNA 1 and 2 upon application of a positive
potential. An experiment was then performed to deter-
mine if dsDNAwas required to observe this effect. A 5’-
Alexa 647-labeled ss40-mer and a Rhodamine Green-
labeled noncomplementary ss65-mer (used as a control
to check the presence of DNA at the tip) were excited at
l = 488 and 633 nm in the nanopipette. A square-wave
waveform was applied, and the fluorescence was moni-
tored. Many bursts of Alexa 647 emission were observed
during the positive half-cycle because of the electro-
phoretic flow to the pipette tip, and fewer bursts were
detected during the negative half-cycle. However, when
the fluorescence counts per burst were individually analyzed,
no differences were observed in the fluorescence amplitude
histogram (Figure 3a). Double-stranded DNA would there-
fore seem to be a prerequisite for the switching process. These
experiments suggest that dye–dye interactions are not the
reason for the observed switching, but rather switching occurs
upon a change in the interaction between the Alexa 647
moiety and the duplex DNA upon application of an electric
field.
Quenching of the donor was ruled out by analysis of the

individual fluorescence counts from the donor per burst of
DNA 1 (upon selection of only the low-FRET bursts) and
DNA 2 in free solution. No differences in the fluorescence
amplitude histogram were seen (Figure 3,b and c), and mean
amplitudes of 46 and 50 counts were obtained for DNA 1 and
DNA 2, respectively, which indicate that the donor is not
quenched.
We postulate that there are two states for the Alexa 647

dye: 1) Under a positive potential, the dye is free to move
such that the Rhodamine Green donor can transfer energy to
Alexa 647 through FRETwith nearly 100% efficiency owing
to the proximity of the fluorophores. 2) Under a negative
potential, the Alexa 647 dye interacts with the duplex DNA,
possibly by base-stacking on the end of the DNA duplex,
whereupon it is quenched by the DNA. Base-stacking of the
Alexa dye that results in restricted movement of the dye is
suggested by the high bulk fluorescence anisotropy value
(0.204� 0.004). Rhodamine Green has a low bulk fluores-
cence anisotropy value (0.090� 0.008) which implies that it is

relatively mobile. The fluorophore Cy3, a cyanine dye like
Alexa 647, is known to stack onto the end of DNA helices in a
similar manner to that of an additional base pair.[31] Base-
stacking has been observed for other dyes, with millisecond-
range rates of conversion between the stacked and unstacked
states observed at room temperature.[32,33] In this case, the
Alexa dye is closer to the RhodamineGreenmoiety and is not
free to rotate. Only RhodamineGreen emission is observed in
this state for two possible reasons: First, the weak coupling
assumed in the F?rster transfer process breaks down, and an
excitonic state is formed whose fluorescence originates
entirely from the Rhodamine fluorophore. This excitonic
state was not observed in solution so the interactions,
separation, or orientation of the fluorophore must be altered
in the presence of the high electric field. Alternatively, weak
coupling between the dyes may still occur, but Rhodamine
Green cannot transfer energy to the Alexa dye owing to the
relative orientation of the two dyes, and thus Rhodamine
Green fluorescence is observed.
In conclusion, we have shown that duplex DNA with

donor and acceptor fluorophores at the same end can be
reversibly switched between a donor-emitting green state and
an acceptor-emitting red state on the application of an electric
field. The electric field appears to alter the conformation of
the acceptor dye only which results in a significant change in
its fluorescence quantum yield presumably owing to inter-
actions with the DNA strand. This is important for applica-
tions as a two-state switch in single-molecule optoelectronic
devices and indicates that the conformations of other

Figure 3. a) Fluorescence amplitude histogram of 5’-Alexa 647-labeled ss40-
mer DNA; excited at l =633 nm with a �1.2-V square-wave (0.125 Hz)
applied. b) and c) Donor fluorescence amplitude histograms of DNA 1 (only
the low-FRET population is selected, that is, P<0.5; mean fluorescence
burst amplitude=46) and DNA 2 (mean fluorescence burst amplitude=50),
respectively, in free solution.

Communications

5928 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5926 –5930

http://www.angewandte.org


biological molecules as well as voltage-gated ion channels
may be switched by the application of an electric field.

Experimental Section
HPLC-purified 40-base oligonucleotide 5’-TAG TGT AAC TTA
AGC CTA GGA TAA GAG CCA GTA ATC GGT A-3’ (MWG–
Biotech, Ebersberg, Germany) was labeled at the 3’ terminus with the
fluorophore Rhodamine Green; a 5’-labeled and unlabeled versions
were also purchased. Its 40-base complementary oligonucleotide,
modified at the 5’ terminus with a C6 linker chain (IBA, G?ttingen,
Germany), was desalted (NAP 5 column; Amersham, U.K.) and
labeled by using an Alexa Fluor 647 Oligonucleotide Amine Labeling
Kit (Molecular Probes, Eugene, USA). Dimethylsulfoxide was
removed from the labeled DNA solution by using a NAP 5 column.
The labeled oligonucleotide was separated from excess dye by
precipitation in ethanol and further purified by HPLC to remove
unlabelled DNA and any remaining dye. Acetonitrile (from the
HPLC fractions) was removed with a NAP 10 column (Amersham,
U.K.). All oligonucleotides were prepared in a buffer solution
containing Tris-HCl (10 mm ; Amersham, U.K.), EDTA (1 mm ;
Amersham, U.K.), and NaCl (100 mm ; Acros Organics, Fairlawn,
USA) at pH 7.4. The concentration of the dye-labeled DNA was
determined by the absorbance at l = 260 nm; the absorbances at l =

505 (Rhodamine Green) or 650 nm (Alexa 647) were used as internal
references. Double-stranded DNA (dsDNA) samples were prepared
by mixing two complementary single-stranded oligonucleotides,
heating the mixture to 90 8C and then slowly cooling this to room
temperature. Melting temperatures of 68 8C and 67 8C (in NaCl–Tris–
EDTA buffer) for DNA 1 and DNA 2, respectively, were observed by
the evolution of UV/Vis spectra with temperature.
The nanopipettes were made by using a laser-based pipette puller

(Model P-2000, Sutter Instrument Co.). A two-line program was used
to pull borosilicate glass capillaries (0.58- and 1-mm inside and
outside diameters, respectively) with the following parameters:
Heat= 350, Fil= 3, Vel= 30, Del= 220, Pull= ; Heat= 330, Fil= 2,
Vel= 27, Del= 180, Pull= 250. For the pipette experiments, a
solution of DNA (1 nm) was back-filled into the bent nanopipette
by a microfiller (Microfil 34, World Precision Instruments, Sarasota,
USA). A coverglass-bottomed dish (Willco Wells GWST-1000) that
contained buffer solution (2–3 mL) was used as the bath. The pipette
tip was placed 5 to 10 mm above the surface of the dish. Two Ag/AgCl
electrodes, one placed in the bath and the other placed inside the
pipette, served as the working and reference electrodes, respectively.
The ion current flowing through the pipette was the same in the
presence and absence of DNA because the ion current is dominated
by the flow of sodium and chloride ions. Furthermore, no reduction in
the ion current could be detected with DNA present in the pipette
(from partial blocking). The same buffer solutions (Tris-HCl, 10 mm;

EDTA, 1 mm; NaCl, 100 mm) were used both in the pipette and in the
bath. EDTA served to remove multivalent cations in the solution. For
experiments in solution, DNAwas diluted to 50 pm in the NaCl–Tris–
EDTA buffer solution (pH 7.4) and Tween 20 (0.01%) was added to
prevent surface adhesion of the DNA molecules.
The two-color setup and apparatus for the experiments per-

formed in the pipette were described previously.[34] The potential
waveforms applied to the electrodes were created by using a function
generator (Model DS345, Stanford Research Systems, Sunnyvale,
USA). This function generator was also used to provide a trigger for
the MCS (Multi Chanel Scalar) cards. Solution experiments were
performed on the same setup, except that the laser beams were
focused 5 mm into a 1-mL aliquot of the solution of the sample
supported in a Lab-TeK chambered coverglass (Scientific Laboratory
Suppliers Ltd, U.K.). All experiments were performed at room
temperature with a 1-ms bin time(data-acquisition time) used on both
MCS cards. A threshold of 35 counts per millisecond bin for the sum
of the donor and acceptor fluorescence signals was used to differ-

entiate between the signal bursts of the background and the single-
molecules. A background of 1–2 counts per millisecond, obtained
from independent measurements of buffer solution that did not
contain labeled DNA, was subtracted from each burst. The emission
spectra of the two fluorophores are very well separated (see Figure 1
which reduces the cross-talk to a negligible level.[34]

Steady-state fluorescence measurements were recorded on an
Aminco-Bowman Series 2 fluorimeter, which was equipped with a
water bath set to 20 8C. A 50-nm concentration of DNA was used.
Fluorescence anisotropies, r, for Rhodamine Green and Alexa 647
were calculated from the polarization of the emission components Ikk,
Ik?, I?k, and I?? (k and ? denote the parallel and perpendicular
orientations, respectively, of the excitation and emission polarisers)
according to Equation (3), with G= I?k/I??.

r ¼ ðIkk�GIk?Þ=ðIkk þ 2GIk?Þ ð3Þ

For the fluorescence anisotropy of Rhodamine Green, excitation
was carried out at l = 505 nm and the emission was monitored at l =

530 nm. For Alexa 647, excitation was carried out at l = 649 nm and
the emission was monitored at l = 666 nm.
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Tin Oxide Nanooctahedra

Self-Construction of Hollow SnO2 Octahedra
Based on Two-Dimensional Aggregation of
Nanocrystallites**

Hua Gui Yang and Hua Chun Zeng*

The past few years have witnessed an increasing trend toward
synthetic fabrication of micro- and nanostructures with
hollow interiors, owing to their potential applications as
photonic crystals, host materials for intercalants, drug-deliv-
ery carriers, sensors, and chemical reactors.[1–14] These hollow
structures, which normally consist of inorganic materials such
as metals or metal oxides, provide both chemical functionality

and designable inner space for meeting new technological
challenges. Among many preparative methods,[1–14] template-
assisted synthesis is an effective approach in which hard
templates, such as polymeric core supports or sacrificial metal
substrates, and soft templates, such as micelles in emulsions or
ionic liquids, have been utilized.[1–11] Recent developments in
this area show that hollow structures can also be created via
direct solid evacuation with Ostwald ripening,[12] and the
Kirkendall effect,[13] or formed from self-assembly of building
blocks through hydrophobic interactions.[14] It would also be
desirable to search for one-pot syntheses, preferably by
template-free routes.
“Oriented attachment” has attracted increasing interest in

recent years as a new means for fabrication and self-
organization of nanocrystalline materials under one-pot
conditions.[15–19] As summarized in Figure 1, recent examples

include formation of one-dimensional (1D) nanorods (e.g.,
TiO2 and ZnO) from their respective 0D nanocrystallites
(Figure 1a).[15, 16] The formed 1D nanorods or nanoribbons
can also further self-attach through stacking by planar
van der Waals interaction (for layered compounds, e.g., a-
MoO3; Figure 1b)

[17] or lateral “lattice fusion” (for ionic
compounds, e.g., ZnO; Figure 1c)[16,18] to generate either
length-multiplied 1D nanostructures or 2D crystal sheets and
walls. Recently, this size-amplifying mechanism was extended
to 3D architectures of 2D crystal strips (formed from 1D
nanoribbons; Figure 1d),[19] in which rhomb-shaped 2D
building blocks can self-aggregate into “dandelion”-like
hollow spheres. Here we report another novel organizing
principle (Figure 1e) with an underlying oriented-attachment
mechanism in which complex geometrical structures (e.g.,
polyhedra) can be built by the assembly route 0D!2D!3D.
Using the wide-band-gap semiconductor tin dioxide as an
example,[11, 20,21] we demonstrate that hollow geometrical

Figure 1. Various organizing schemes for self-construction of nano-
structures by oriented attachment.
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objects of micro- and nanoscales can be prepared by one-pot
solution routes without using templates. This strategy is based
on the ability to stabilize certain crystallographic planes while
the 0D nanocrystallites form and undergo 2D self-aggrega-
tion.
The crystallographic structure and chemical composition

of the SnO2 octahedra were determined by powder XRD and
energy-dispersive X-ray spectroscopy (EDX; Supporting
Information). These data show that the prepared SnO2 has a
rutile-like tetragonal symmetry and a strictly stoichiometric
atomic ratio (space group P42/mnm, ao= 4.738, co= 3.188 A;
JCPDS file no. 21-1250;[11, 20,21] Sn/O= 1:2). In particular, the
broad XRD peaks of (110), (101), (200), (211), and (112)
reflect the nanocrystalline nature of samples, but no lattice
relaxation was detected.
The field-emission scanning electron microscopy

(FESEM) images in Figure 2a show the general morphology
of the hollow SnO2 octahedra synthesized in this work. A high
yield (> 95%) of this polyhedral form can be easily achieved
after only one sedimentation run (Figure 2e). Interestingly,

geometrical parameters of the bipyramidal octahedra, such as
interplanar angles and edge-length ratios, are essentially
identical regardless of the actual sizes of the hollow structures
(Supporting Information). This observation indicates that an
overall crystallographic relationship exists among the nano-
crystallites that constitute the octahedra. The isosceles-
triangular crystal planes (Figure 2b) have angles of 56� 1
and 68� 18,[22] that is, the crystallographic planes of each
octahedral surface are similar to the {111} family (Figure 3d).
There is a total of 16 {111}-like planes per octahedron: eight
for inner surfaces, and eight for outer ones. The interior space
of the hollow SnO2 octahedra was examined directly by
FESEM for incomplete or cracked SnO2 crystal octahedra
(Figure 2d). The size of these hollow octahedra can be as
small as 150 nm to as large as several micrometers (Fig-
ure 2e), and the thickness of the shell walls is in the range of
20–200 nm, depending on synthetic conditions (see also
Supporting Information). In general, higher initial concen-
trations of SnF2 and longer reaction times lead to the
formation of larger octahedra.
The hollow interior and geometrical symmetry of the as-

synthesized octahedra were further elucidated by TEM
(Figure 3). In agreement with the above FESEM findings, a

high geometric symmetry of the examined octahedron can be
seen from the image evolution, while the inner cavity is
clearly revealed by the changes in contrast on tilting the
sample.
Individual crystal sheets that formed the SnO2 octahedra

can be obtained by sonication (5–10 min in an ultrasonic
water bath; Supporting Information). High-resolution TEM
(HRTEM; Figure 4a) indicates that triangular SnO2 sheets
are composed of fine crystallites in a size range of only

Figure 2. FESEM images of hollow SnO2 crystal octahedra. a) General
sample morphology (the framed area indicates the joined part of two
intersecting octahedra). b) A tilted SnO2 octahedron. c) Ridge opening
(indicated by arrows) on a SnO2 octahedron. d) Interior morphology.
e) Overall product morphology after only one sedimentation run (SEM
image).

Figure 3. Sequential TEM images (a–c) for a hollow SnO2 octahedron
taken with different tilt angles (a) was viewed perpendicular to the top
crystal plane), and a schematic illustration of crystal orientation of an
SnO2 octahedron (d). Edge outlines of the octahedra are depicted in
the insets.
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3–5 nm. These particles were well crystallized, as shown by
clear lattice fringes (d110= 3.3� 0.1, d101= 2.6� 0.1, d200=

2.4� 0.1 A, etc.) and relatively sharp selected-area electron-
diffraction (SAED) rings. Although individual crystallites
within a local area seem to be random, the overall crystalline
aggregates still exhibit global features of {111} vicinal surfaces
that suggest long-range ordering of nanocrystallites owing to
oriented attachment.[15–19] As can be seen in Figure 4b and c,
for example, diffraction spots of (�110) and (1�10) of the
[111] zone are visible on the 110 diffraction ring, and they are
aligned parallel to the baseline of the triangle, that is, a clear
crystalline relationship exists among these [111]-oriented
crystallites. Indeed, the lattice fringe of d110 is also prominent
among the observed nanocrystallites (Figure 4a).
To understand the formation mechanism of the octahedral

hollow structures, time-dependent experiments were carried
out, which revealed that the hollow octahedra were grown by
a plane-by-plane process. As shown in Figure 4d, growth
starts with the formation of triangular crystallite aggregates.
With appropriate changes in direction at the edges of the
triangle (i.e., interplanar angle of 95.2 or 117.18), further

planar coalescence leads to three-dimensional construction of
octahedra (Figure 1e and Supporting Information). When
two or more such initial sheets are close to each other under
low-fluidity conditions, the chance of joining exists (Figure 2a
and Figure 4d), that is, the octahedra grow into each other, a
process which can be utilized as a means for fabricating even
more complex hollow polyhedra. About 5–10% of the
octahedra are in this type of joined configuration. It is
believed that the addition of ethylenediamine, in combination
with the present solvent system, is crucial for stabilizing the
{111}-like sheets of SnO2 while maintaining the small
crystallite size. With longer reaction times, smoother crystal
facets can be attained for the hollow octahedra, because of
continuous surface flattening. Liplike slits arising from
accumulated crystal imperfections (twins, disoriented crystal-
lites, etc.), are often found on the edges of the octahedra (e.g.,
Figure 2c) as a result of mismatched closure. This type of
opening may serve as a gateway for materials/chemicals
exchange between the interior cavity and exterior space,
which is of interest for potential applications of the hollow
structures.
In summary, octahedra of rutile-like SnO2 with a central

cavity have been prepared by a template-free hydrothermal
route. The synthesis is based on the two-dimensional attach-
ment of nanocrystallites giving an overall {111}-like termi-
nation for each octahedral surface in the presence of ethyl-
enediamine and 2-propanol/water. In principle, other hollow
polyhedra could also be prepared by stabilizing selected
crystal orientations.

Experimental Section
In a typical experiment, SnF2 (0.24 g) was added to deionized water
(50 mL) with vigorous stirring; the pH value was 2.83. The fresh
solution (1–2 mL, 0.03m), deionized water (3–6 g), 2-propanol (13–
15 g), and ethylenediamine (1–2 g) were added to a Teflon-lined
stainless steel autoclave. The autoclave was kept at 180 8C for 6–50 h
in an electric oven. After reaction, white octahedral products were
harvested by sedimentation (to separate them from smaller irregular
SnO2 aggregates), washed three times with deionized water, and dried
under vacuum overnight. The crystallographic phase of the SnO2
products was determined by powder XRD (Shimadzu XRD-6000,
CuKa radiation). The products were further investigated by scanning
electron microscopy and energy dispersive X-ray spectroscopy (SEM/
EDX, JSM-5600LV), field-emission SEM (FESEM/EDX, JSM-
6700F), transmission electron microscopy and selected area electron
diffraction (TEM/SAED, JEM-2010F, 200 kV), and high-resolution
transmission electron microscopy (HRTEM/SAED/EDX, Tecnai-G2,
FEI).
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Bioinorganic Chemistry

Quaternary Ammonium Groups in Silica-
Associated Proteins**

Stephan Wenzl, Rainer Deutzmann, Robert Hett,
Eduard Hochmuth, and Manfred Sumper*

The formation of inorganic minerals under the control of an
organism (biomineralization) is a widespread phenomenon in
nature. Silica biomineralization on earth is dominated by
simple aquatic life-forms, which include unicellular organisms
such as diatoms, radiolarian, and synurophytes as well as
multicellular sponges.[1] These organisms produce silica based
exo- and endoskeletons. In diatoms, the silica-based cell walls
exhibit intricate patterns in the nano- to micrometer range. As
these patterns are precisely reproduced in each generation of

a diatom, genetic control of this process is evident. Cell-wall
formation in diatoms has been regarded as an example for the
controlled production of nanostructured silica. Therefore,
understanding the underlying mechanism of silica fabrication
may inspire synthetic routes to produce novel silica-based
materials under mild reaction conditions.[2,3] Diatom biosilica
is mainly composed of amorphous, hydrated SiO2 (silica) that
contains a small proportion of proteins, which have long been
speculated to be involved in silica deposition.[4,5] Remarkably,
more than three decades ago, Volcani/s group recognized the
existence of unusual amino acid derivatives such as e-N,N,N-
trimethyl-d-hydroxylysine in diatom biosilica.[6,7] However,
proteins associated with biosilica from C. fusiformis have only
recently been purified to homogeneity and found to be the
source of a number of unusual amino acid modifications.
Typically, these proteins (denoted as silaffins) contain a high
percentage of lysine and serine groups and all of these
residues are modified.[8–10] The serine residues are phosphory-
lated, whereas the lysines are converted into three different
derivatives: e-N,N-dimethyllysine, e-N,N,N-trimethyl-d-
hydroxylysine, and lysines that are covalently linked to
long-chain polyamines (N-methylated polypropyleneimines).
As well as silaffins, many cell walls in diatoms contain the
same type of long-chain polyamines that are bound to
putrescine.[11] Silaffins as well as long-chain polyamines have
been shown to promote the formation of silica nanospheres
from silicic acid in vitro.[8,11,12] A model which is based on
phase-separation processes of polyamines explains the for-
mation of patterns during silica formation.[13] Recently
hexagonal silica structures were produced in vitro under the
influence of polyamines.[14] Polyamines are known to affect
silica formation in several ways: they catalyze the formation
of siloxane bonds and act as flocculating agents.[15,16]

More than 40 years ago, quaternary ammonium ions were
recognized as structure-directing agents in the synthesis of
zeolites.[17] The tetramethylammonium cation favors the
formation of symmetric oligosilicate anions, such as the
cubic octamer Si8O20

8�, and this control of silicate speciation
influences the nucleation phase of silica formation.[18] Fur-
thermore, these organic cations exhibit a high affinity to silica
surfaces. The existence of the e-N,N,N-trimethyl-d-hydroxy-
lysine residue in silaffins from C. fusiformis indicates that
nature exploits this very special interaction in the biominer-
alization of silica.

Herein we demonstrate that quaternary ammonium
cations are indeed a characteristic feature of silica-associated
proteins. Three novel lysine derivatives, which contain
quaternary ammonium groups, were identified in silaffins
that were purified from silica shells of the diatom Eucampia
zodiacus (Figure 1A). Silica was removed from the purified
shells by treatment with anhydrous hydrogen fluoride, and the
remaining silica-associated proteins were analyzed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE). The protein extract from Eucampia shells exhibited
one major protein band with an apparent molecular mass of
22 kDa and three or four additional minor components
(Figure 1B). These proteins were then analyzed for the
presence of unusually modified amino acids. After acid
hydrolysis, the resulting amino acid mixture was directly
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subjected to high performance anion-exchange chro-
matography (Figure 2A). Remarkably, a significant
fraction of the amino acid mixture (Figure 2A,

peak a) did not bind to the anion-exchange matrix even
under the extremely alkaline conditions (NaOH, 60 mm)
which indicates the existence of amino acid derivatives with a
permanently cationic modification that compensates the
charge of the carboxylate anion. Electrospray ionization
mass spectrometry (ESI-MS) of this fraction revealed the
presence of two main components at m/z 246 and 317 as well
as a further component at m/z 260 (Figure 2B). The chemical
structures of these derivatives were analyzed by MS/MS
analysis. The resulting fragmentations of all three species are
documented in Figure 3A, Figure 4A, and Figure 5A. Each

of the spectra displays a fragment at m/z 130 that subse-
quently (MS/MS/MS) decays into a species of m/z 84
(elimination of 46 mass units, which corresponds to the loss
of H2O and CO). This indicates the presence of a lysine
moiety. Aminopropylations as well as methylations of the e-
amino groups of lysine residues were previously found to take
place in silaffins isolated from the diatom C. fusiformis.[8]

Aminopropylation followed by exhaustive methylation of the
terminal amino group would create a lysine derivative of m/z
246 that contains a quaternary ammonium group as depicted
(1a ; Figure 3). Further methylation of the e-amino group of
the lysine moiety would create a derivative with m/z 260 (2a ;
Figure 4). These proposed structures are able to account for
all of the remaining mass fragments observed in MS/MS
analysis (Figure 3A and Figure 4A).

To prove the correctness of this interpretation, both of the
components at m/z 246 and m/z 260 were converted into their
fully methylated derivatives by reductive alkylation. As
expected, reductive methylation converted both species into
a derivative with m/z 288, which corresponds to the intro-
duction of three and two methyl groups, respectively (data not

Figure 1. The silica cell wall of the diatom Eucampia zodiacus and its
protein components: A) SEM image of the cell wall. B) Silaffin pro-
teins extracted from purified cell walls with anhydrous HF—the
extracted proteins were subjected to 12-% SDS-PAGE and were
stained with Coomassie blue (lane a); molecular-weight standards
were applied in lane b.

Figure 2. Amino acid analysis of silaffins: A) High performance anion-
exchange chromatography of amino acids obtained by acidic hydrolysis
of silaffins; the elution times of amino acid standards are indicated on
the upper bar; peak a represents amino acids that contain a cationic
modification. B) ESI-MS analysis (I = relative intensity) of the fraction
that contains cationic amino acids (part A, peak a).

Figure 3. Structural analysis by mass spectrometry of the fragment with m/z 246.
Ions were isolated by the ion-trap mode and were subjected to collision-induced
fragmentation. Fragmentation patterns obtained A) before and B) after reductive
ethylation (m/z after ethylation was 302 which indicates the introduction of two
ethyl groups). m/z values shown in green indicate the results of (MS)3 fragmen-
tations of selected ions.
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shown). Reductive ethylation is known to be less efficient and
converted the a-amino group of the lysine moiety only into
the secondary amine.[19] Under the conditions employed, only
two ethyl residues were introduced into the component at m/z
246 and only one ethyl residue was introduced into the
component at m/z 260. The resulting fragmentation patterns
of the partially ethylated derivatives (Figure 3B and Fig-
ure 4B) confirm the proposed structures (1b ; 2b).

Introduction of a second aminopropyl residue into the
species at m/z 260 would create a homologous structure with
m/z 317 (3a ; Figure 5). The fragmentation pattern of the
component at m/z 317 supported this interpretation (Fig-
ure 5A). As expected, reductive methylation introduced

three methyl groups into the compound and reductive
ethylation introduced two ethyl groups. The fragmentation
spectra of the partially ethylated derivative again confirmed
the proposed structure (3b). Remarkably, the compound with

m/z 317 produced an unexpected fragment
(m/z 246) that appears to result from N�C
bond cleavage at the quaternary ammonium
site. In the partially ethylated derivative, the
corresponding fragment (calculated m/z : 274)
was no longer observed in the fragmentation
pattern. This behavior is likely to be caused by
a favored internal proton transfer from the
terminal secondary amino group as depicted in
Scheme 1. This proton transfer would no
longer be possible after ethylation, and this
observation strongly supports the proposed
structure. Furthermore, 1H NMR analysis of
the compound with m/z 317 at pH 11.8 gave
rise to a signal at d = 3.14 ppm (methyl) whose
position did not shift upon lowering the pH
(pH 5). This is characteristic of methyl groups
attached to a quaternary ammonium group
(data not shown) and confirms the conclusion
drawn from mass spectrometry.

The characterization of novel lysine deriv-
atives with quaternary ammonium groups indi-
cates that this cationic modification represents
a special structural feature of silica-associated
proteins from diatoms. It is well documented
that quaternary ammonium ions exhibit very
unusual behavior in silica systems which is
probably owed to the high affinity of the ions to
silica surfaces and their inability to form
coordinate bonds with the oxygen of SiOH
groups as sodium does.[16] Nature probably uses
these special properties to design proteins with
high affinities for silica surfaces.

Experimental Section
Culture Conditions : Eucampia zodiacus was isolated
from the North Sea and cultivated in an artificial
seawater medium according to the protocol from the
North East Pacific Culture Collection (www.
ocgy.ubc.ca/projects/nepcc/media.htm).

Purification of Silaffins: A 20-L culture of
silaffins was harvested by filtration through a nylon
screen (40 mm). The diatom colonies were suspended
in 10-mL lysis buffer (EDTA (100 mm), SDS (2%)),
and the suspensions were incubated at 95 8C for
10 min. The resulting silica shells were collected by

Figure 4. Structural analysis by mass spectrometry of the fragment with m/z 260. Ions
were isolated by the ion-trap mode and subjected to collision-induced fragmentation.
Fragmentation patterns obtained A) before and B) after reductive ethylation (m/z after
ethylation was 288 which indicates the introduction of one ethyl group). m/z values
shown in green indicate the results of (MS)3 fragmentations of selected ions.

Figure 5. Structural analysis by mass spectrometry of the fragment with m/z 317. Ions
were isolated by the ion-trap mode and subjected to collision-induced fragmentation.
Fragmentation patterns obtained A) before and B) after reductive ethylation (m/z after
ethylation was 373 which indicates the introduction of two ethyl groups). m/z values
shown in green indicate the results of (MS)3 fragmentations of selected ions.

Scheme 1. Proposed mechanism of internal proton transfer to explain
the production of a fragment with m/z 246 (see also Figure 5A) in the
collision-induced fragmentation of 3a.
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centrifugation (2500 E g ; 10 min), washed extensively with water, and
dried in vacuo. Silica shells (100 mg) were dissolved in anhydrous
hydrogen fluoride and the solution was incubated at 0 8C for 30 min.
Hydrogen fluoride was evaporated, and the remaining material was
neutralized with Tris-HCl (250 mm, pH 7.5; 2 mL). HighS cation-
exchange resin (NH4

+ form; Bio-Rad; 100 mL) was added to this
extract, and the mixture was incubated at 4 8C for 1 h. The resin was
washed with H2O, followed by NH4OH (4n), and again with H2O. The
silaffins were then eluted with NaCl (2m)/Na2CO3 (20 mm). After
dialysis against H2O (Spectra/Por CE dialysis tubing; molecular-mass
cutoff: 500 Da), the eluted proteins were size-fractioned on a
Superdex-Peptide HR 10/30 column (Amersham Pharmacia; running
buffer ammonium acetate (250 mm) ; flow rate: 0.3 mLmin�1).
Fractions were analyzed for silaffins by 12-% SDS PAGE with
subsequent staining with Coomassie blue. Silaffin-containing frac-
tions were pooled and dried by lyophilization.

Purification of Basic Amino Acids : Purified silaffins were hydro-
lyzed in HCl (6n; Pierce; Sequanal Grade; 1 mL) at 110 8C for 24 h.
After evaporation, the material was dissolved in H2O (300 mL),
filtered (Millipore; Millex PV 0.22 mm), and loaded onto an Amino-
Pac PA10 4/250 mm anion-exchange column (Dionex; elution gra-
dient: NaOH/NaOAc). Amino acids were detected electrochemically
(Dionex ED40). Basic amino acids modified with a quaternary
ammonium group eluted with NaOH (60 mm). To eliminate Na+ ions,
this fraction was loaded onto a Biorex 70 cation-exchange column
(H+-form; Bio-Rad; 0.6 mL), washed with H2O (1.0 mL) and NH4OH
(0.15n; 3.4 mL), and eluted with NH4OH (0.5n; 0.7 mL). After
filtration and drying, the residue was dissolved in H2O (200 mL).

Alkylation of Modified Lysine Residues : A dried sample, which
contained lysine residues modified with a quaternary ammonium
group, was dissolved in sodium phosphate (50 mm, pH 7.0), and the
solution was treated with sodium cyanoborohydride and acetalde-
hyde (reductive ethylation) according to a previously described
protocol.[19] Reductive methylation was similarly carried out with
sodium cyanoborohydride and formaldehyde.[19]

Mass Spectrometry of Basic Amino Acids : Electrospray ioniza-
tion MS and fragmentation were performed by using an Ion Trap
ESQUIRE LC instrument (Bruker, Billerica, MA). Samples were
infused by a nanospray source in MeOH (50%)/AcOH (0.5%).
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Self-Assembly

A Palladium(ii)-Clipped Aromatic Sandwich**

Kazuhisa Kumazawa, Yoshinori Yamanoi,
Michito Yoshizawa, Takahiro Kusukawa, and
Makoto Fujita*

Enclathration of large p-conjugated molecules by a synthetic
receptor is an interesting task because the properties of these
molecules, such as stability, reactivity, solubility, and photo-
and electroresponse, can be controlled.[1] To enclathrate large
p-conjugated molecules, however, a synthetic receptor with a
cavity is required, whose dimensions should be larger than
that of the p-conjugated guests. While there are many
examples of three-dimensional receptors,[2] large two-dimen-
sional receptors have been less explored.[3] Herein we
describe the self-assembly of a p-stacked host–guest system
in which large aromatic guests are sandwiched by metal-
clipped p-conjugated ligands. The ligand 1 is a roughly 2-nm-
sized hexagonal planar molecule that consists of ten aromatic
rings with six pyridyl donor sites at the periphery. Upon
complexation with [(en)Pd(NO3)2] (en= 1,2-ethanediamine)
this ligand is assembled to give large two-dimensional
receptors. In the presence of D3h-symmetric guests (2),
sandwich complexes [2�3]12+, where 312+ has a composition
of [{(en)Pd}6(1)2]

12+, are quantitatively assembled. The guest
molecule is wrapped by two ligands whose pyridyl donor sites
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are fully clipped by six {(en)Pd}2+ units at the rim of the
structure (Scheme 1).

An excess of 2a (suspension) was treated with 1
(3.5 mmol) and [(en)Pd(NO3)2] (15 mmol) in D2O:CD3CN
(2:1; 0.7 mL) for 2 h at 60 8C. After filtration of non-
enclathrated 2a, a simple 1H NMR spectrum was obtained
from the clear solution, which indicated the formation of a
single product (Figure 1). The seven signals observed in the
aromatic region (Ha–g) agree with the D3h structure of 312+.
Highly upfield-shifted signals (Hh–j), showing a typical phenyl
splitting pattern, were assigned to guest 2a accommodated
within the cavity of 312+. The [2a�3]12+ structure was strongly
supported by NOESY experiment, which showed correlation
between Hf of 3

12+ and Hj of 2a.
[4]

Cold spray ionization mass spectroscopy (CSI-MS) clearly
suggested the formation of [2a�3]12+, it showed a series of
prominent peaks corresponding to [2a�3+ (NO3

�)m +

(dmf)n]
12�m+(m= 5–9, n= 0–14). For example, in 4+ and 5+

regions, two intense peaks at m/z 872.3 and 729.4 were
assigned to [2a�3+ (NO3

�)8 + (dmf)2]
4+ and [2a�3+

(NO3
�)7 + (dmf)5]

5+, respectively (Figure 2).[5] Note that,

under CSI-MS conditions, there was little indication for the
presence of either guest-free species or fragmented species,
which shows the remarkable stability of the [2a�3]12+

complex in solution.
When guest 2a was replaced by 1,3,5-triphenylbenzene

(2b), single crystals suitable for X-ray analysis were obtained
by slow diffusion of THF into an aqueous solution of the
complex.[6] The X-ray analysis revealed the expected structure
where two molecules of 1 are clipped by six {(en)Pd}2+ units
allowing the complete wrapping of the large planar guest
(Figure 3). The conformation of 1 is not planar but slightly
concave. The pyridine ring centers are situated above the face
of the core benzene ring at an average separation of 1.2 E.
The 3-pyridyl groups are tilted by 31–428 with respect to
adjacent phenyl groups so that they coordinate to PdII centers
with ideal bite angles (89–918). Thus, host distortion exists not
around the PdII centers but along the large framework of 1,
which suggests that close host–guest packing generates a

Scheme 1. The self-assembly of [2�3]12+ complex.

Figure 1. 1H NMR spectrum of [2a�3]12+. Assignments of Ha–Hj are
given.

Figure 2. CSI-MS spectrum of [2a�3]12+ (H2O:CH3CN:DMF = 12:6:1,
RT).
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greater distortion. The core benzene ring of 2b is tightly
stacked with the two ligands (3.5 E van der Waals contact). In
the crystal, D3 symmetry is observed (not D3h), each phenyl
group of the guest being tilted by 30–368 allowing efficient
p–p and CH–p interactions with four surrounding pyridine
rings (Figure 3b). As a result, 2b is fully wrapped by 312+.

While [2�3]12+ complexes are stabilized by sufficient
host–guest interactions, the host framework itself is consid-
erably distorted. In the absence of a guest, therefore, less
distorted structure 424+ is formed (Scheme 2). Compound 424+

is a dimer of 312+ generated through the breaking of two Pd�N
bonds. The high-yield formation of 424+ was confirmed by
NMR spectroscopy and CSI-MS spectrometry. When 1 and
[(en)Pd(NO3)2] were mixed in a 1:3 ratio without guest
molecules, 19 resonance signals, corresponding to half the
framework of 1, appeared in the aromatic region indicating
the reduction, after complexation, of the inherent D3h

symmetry of 1 into D2h symmetry (Figure 4a). CSI-MS
measurement showed the molecular weight of 6562 Da,
which is exactly twice as much as 312+[NO3

�]12, supporting
the proposed M12L4 dimeric structure 424+.

A smaller aromatic guest, triphenylene (5), is included in
the cavity of 424+ (which is expanded compared to that of 312+)
in a 1:2 ratio upon treating it with a solution of 424+ for 2 h at
60 8C. The formation of the [(5)2�4]24+ complex was revealed
by NMR spectroscopy with the highly upfield-shifted signals
of 5 (d = 6.9 and 6.0 ppm) and the slightly shifted 19 signals in
the aromatic region of the host (Figure 4b). Some minor
signals in Figure 4b may be assigned to other host–guest
complexes, such as 1:1 complex [5�4]24+ or monomer complex
[5�3]12+. CSI-MS also indicated the required stoichiometry
for the [(5)2�4]24+ complex (see Supporting Information).

When guest 2a was suspended in the solution of the
[(5)2�4]24+ complex, guest exchange took place at 60 8C
within 24 h concomitant with host monomerization.[7] That is,
[(5)2�4]24+ was converted into [2a�3]12+, as shown by NMR
spectroscopy (Figure 4b–e). Clearly, the self-assembly of
hosts 312+ and 424+ is dynamic owing to the labile nature of
the Pd�N bond. The host–guest stabilization in [2a�3]12+

dominates over the distortion of the host framework, whereas
less distorted 424+ is favored when a guest is absent or less
efficiently trapped by the host.

In summary we have constructed a large p-conjugated,
expanded two-dimensional receptor by self-assembly. Exten-
sion of this study could ease the handling of very large p-
molecules, such as molecular graphites, which are in general
tedious to treat in solution because of their very poor
solubility. The chemical and physical properties of such
large p-molecules may be restricted within large two-dimen-
sional cavities.

Received: June 4, 2004
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Figure 3. X-ray crystallographic structure of [2b�3]12+. a) Space-filling
representation (top view), b) top view showing the D3 orientation of
guest 2b. Around the phenyl group P, p–p stacking with pyridine rings
A and C, and CH–p contact with pyridine rings B and D are observed;
c) A side view.

Scheme 2. Self-assembly of the dimeric structure, 424+.
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Single-Molecule Magnets

[(Tp)8(H2O)6Cu
II
6Fe

III
8(CN)24]

4+: A Cyanide-
Bridged Face-Centered-Cubic Cluster with
Single-Molecule-Magnet Behavior**

Shi Wang, Jing-Lin Zuo,* Hong-Cai Zhou,*
Hye Jin Choi, Yanxiong Ke, Jeffrey R. Long, and Xiao-
Zeng You*

In the past decade, an increasing number of molecular clusters
have been shown to exhibit magnetic bistability. These

species, called single-molecule magnets (SMMs), have
gained considerable attention because they retain informa-
tion in a single molecule rather than in a magnetic particle or
array of particles[1] and can potentially be used in quantum
computers.[2] Furthermore, understanding the magnetic prop-
erties of these molecules is important to help bridge the gap
between the quantum and classical understanding of magnet-
ism.[3] The most thoroughly studied SMMs are [Mn12O12(CH3-
CO2)16(H2O)4] and its derivatives,[4] but there are a number of
other clusters containing FeIII,[5] VIII,[6] CoII,[7] or NiII [8] ions
that have been reported to be SMMs. These species are all
homometallic systems in which magnetic exchange interac-
tions occur through bridging oxygen atoms.

Important to the future of the field of SMMs is the
development of new synthetic schemes that can yield clusters
with a large spin and/or anisotropy. Metal–cyanide cluster
systems offer an advantage for achieving such control,
through the substitution of various metal ions into a given
structure type. Moreover, the nature of the magnetic
exchange coupling between different metal ions in the
resulting cluster is readily predicted.[9] One approach to
synthesizing high-nuclearity metal–cyanide clusters employs
multidentate capping ligands to inhibit growth of an extended
solid and direct the structure of the product. Many clusters
have been prepared by this method,[10–12] including the face-
centered-cubic species [(Me3tacn)8Cr8Ni6(CN)24]

12+ (Me3tacn=

N,N’,N’’-trimethyl-1,4,7-triazacyclononane)[11b] and [(tach)8-
(H2O)6Cu6Co8(CN)24�THF]12+ (tach = 1,3,5-triaminocyclo-
hexane).[11d] However, as far as we know, there are only a
very few cyanide-bridged SMMs,[13] and none of the estab-
lished SMMs exhibit cubic symmetry.

In an effort to extend this chemistry, we have chosen to
employ the precursor compound (Bu4N)[(Tp)Fe(CN)3] (1;
Tp�= hydrotris(pyrazolyl)borate), featuring a low-spin FeIII

center octahedrally coordinated by three CN� groups and the
tridentate ligand Tp� . This monoanionic complex has also
been utilized by Julve and co-workers as the tetraphenyl-
phosphonium salt.[14] Tp� is a classical scorpionate ligand with
a C3 axis, and in contrast to neutral capping ligands, such as
Me3tacn and tach, is negatively charged which should help
alleviate the build-up of excessive positive charge in clusters.
Thus, [(Tp)Fe(CN)3]

� is anticipated to direct the formation of
new cyanide-bridged compounds with interesting structures
and magnetic properties. Indeed, we have recently reported
its use in the preparation of [(Tp)2Fe2(CN)6Cu(CH3OH)·
2CH3OH]n, a single-chain magnet with a blocking temper-
ature of approximately 6 K.[15] Herein, we disclose its use in
the synthesis of [(Tp)8(H2O)6CuII

6FeIII
8(CN)24]

4+, a face-
centered-cubic cluster exhibiting SMM-type behavior.

The compound [(Tp)8(H2O)6Cu6Fe8(CN)24](ClO4)4·
12H2O·2Et2O (2) crystallizes in space group Immm,[16] with
the well-isolated [(Tp)8(H2O)6Cu6Fe8(CN)24]

4+ molecules
residing on special positions of mmm site symmetry. As
shown in Figure 1, the clusters adopt a face-centered-cubic
geometry, in which eight Tp�-capped FeIII ions are arranged in
a cube and linked through cyanide to six CuII ions located just
above the center of each cube face. Here, each octahedral
[(Tp)Fe(CN)3]

� unit uses the three cyanide groups to connect
with three CuII ions, which are further ligated by water to give
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a square pyramidal {Cu(NC)4(H2O)} coordination sphere.
The Fe�C bond lengths (1.879(7)–1.937(10) A) are in good
agreement with those observed previously in related com-
pounds.[14, 15] The Cu�N bonds range from 1.955(6) to
1.972(5) A, and the Cu�O bonds vary from 2.108(9) to
2.224(10) A. The O-Cu-N bond angles are 92.7(2)–99.6(2)8.
All of the cyanide bridges deviate slightly from strict linearity,
as reflected in the Fe-C-N and Cu-N-C angles, which are
distributed within the range 171.3(6)–177.6(6)8. The C�N
stretching region in the IR spectrum of 2 is consistent with the
presence of only bridging cyanide ligands (a peak of medium
intensity at 2176 cm�1) and the high symmetry of the
structure. In all, the cluster closely approaches cubic (Oh)
symmetry, with Fe···Fe cube edge distances in the range
6.827–6.938 A and crystallographically imposed Fe···Fe···Fe
angles of 908.

Importantly, the Cu6Fe8 cluster represents the first
structurally characterized example of a face-centered-cubic
cluster in which both metal sites are occupied by para-
magnetic ions. Magnetic measurements were therefore per-

formed on a sample of pulverized single crystals of 2 in the
temperature range of 1.8–300 K. The variation of cMT with
temperature is plotted in Figure 2. At room temperature its
value is 5.77 emuKmol�1, somewhat above the spin-only

value of 5.25 emuKmol�1 expected for eight low-spin FeIII

(S= 1/2) and six CuII (S= 1/2) ions in the absence of any
exchange coupling. With decreasing temperature, cMT
increases, reaching a maximum of 27.94 emuKmol�1 at
approximately 5 K, after which point it decreases to
23.57 emuKmol�1 at 1.8 K. This magnetic behavior is indica-
tive of the expected ferromagnetic interactions between the
orthogonal spin orbitals of the FeIII and CuII ions,[9] resulting
in an S= 7 ground state. This conclusion is confirmed by the
field dependence of the magnetization of 2 at 1.8 K, which
saturates at a value of MS = 13.78 NmB (see the Supporting
Information). The sudden decrease in cMT below 5 K is
attributed to the presence of zero-field splitting, the effects of
which are also discernible in the magnetization data shown in
Figure 3. The cMT data above 5 K were simulated employing

Figure 1. Structure of the face-centered-cubic cationic cluster in 2.
Top: repeat unit, thermal ellipsoids are set at 50% probability. Bottom:
red Fe, turquoise Cu, orange B, gray C, blue N, dark red O; hydrogen
atoms have been omitted for clarity. Selected bond lengths [J] and
angles [8]: Fe1-C1 1.879(7), Fe1-C2 1.925(7), Fe1-C3 1.937(10), Cu1-N2
1.955(6), Cu2-N3 1.971(6), Cu3-N1 1.972(5), Cu1-O1 2.146(9), Cu2-O2
2.224(10), Cu3-O3 2.108(9); Fe1-C1-N1 173.6(6), Fe1-C2-N2 174.2(6),
Fe1-C3-N3 174.6(7), Cu1-N2-C2 177.6(6), Cu2-N3-C3 171.3(6), Cu3-
N1-C1 172.6(6), O1-Cu1-N2 99.59(17), O2-Cu2-N3 92.74(17), O3-Cu3-
N1 97.68(15).

Figure 2. Temperature dependence of cMT for compound 2, as mea-
sured in an applied DC field of 2000 G. The solid line corresponds to a
simulation of the data with J =15 cm�1, g =2.00, and temperature-
independent paramagnetism (TIP)=0.00070 emumol�1.

Figure 3. Plot of reduced magnetization, M/NmB (N is Avogadro’s
number and mB is Bohr magneton) versus H/T for 2. Data were mea-
sured in the 1.8–10 K range and at seven magnetic fields: (M ) 10.0,
(+) 20.0, (~) 30.0, (!) 40.0, (^) 50.0, (*) 60.0, and (&) 70.0 kG.
The solid lines resulted from least-squares fitting of the data in the
1.8–10 K range; see text for fitting parameters.
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MAGPAK[17] and an exchange Hamiltonian of the form given
in Equation (1).

ĤH ¼ �2 J½ŜSFe1 � ðŜSCu1 þ ŜSCu2 þ ŜSCu3Þ þ ŜSFe2 � ðŜSCu1 þ ŜSCu3 þ ŜSCu4Þþ
ŜSFe3 � ðŜSCu1 þ ŜSCu4 þ ŜSCu5Þ þ ŜSFe4 � ðŜSCu1 þ ŜSCu2 þ ŜSCu5Þþ
ŜSFe5 � ðŜSCu6 þ ŜSCu2 þ ŜSCu3Þ þ ŜSFe6 � ðŜSCu6 þ ŜSCu3 þ ŜSCu4Þþ
ŜSFe7 � ðŜSCu6 þ ŜSCu4 þ ŜSCu5Þ þ ŜSFe8 � ðŜSCu6 þ ŜSCu2 þ ŜSCu5Þ


ð1Þ

The best simulation was obtained with J= ++ 15 cm�1,
which indicates significantly stronger coupling than previ-
ously observed for complexes containing more bent FeIII-CN-
CuII bridges.[18]

To assess the zero-field splitting associated with the S= 7
ground state, magnetization data were collected on com-
pound 2 at a variety of fields in the temperature range 1.8–
10 K (see Figure 3). The seven isofield data sets were fitted
using ANISOFIT[11c] to give zero-field splitting parameters of
D=�0.16 cm�1 and E= 0.0055 cm�1 with g= 1.93. Thus,
despite the near cubic symmetry of the cluster, the presence
of orbitally degenerate low-spin FeIII centers enables the
development of significant axial magnetic anisotropy. Indeed,
if the sign and magnitude of D obtained from the fit are
correct, then the Cu6Fe8 cluster should behave as an SMM
with a spin reversal barrier of U= S2 jD j= 7.8 cm�1.

One of the defining characteristics of an SMM is the
observation of a frequency-dependent out-of-phase AC
magnetic susceptibility (cM’’) signal. To determine whether
the slow magnetization relaxation behavior occurs in 2, AC
magnetic measurements were performed in the temperature
range of 1.8–6 K (Figure 4). Although no maximum was

observed down to 1.8 K, frequency-dependent cM’’ signals
were observed below 3 K, which indicates the superparamag-
net-like slow relaxation of an SMM. The results are similar to
those observed for [(tmphen)Mn5(CN)12] (tmphen = 3,4,7,8-
tetramethyl-1,10-phenanthroline),[13b] and place an upper
bound of 20 cm�1 (assuming an attempt frequency of 1/t0<

1010 Hz) on the effective spin-reversal barrier for the Cu6Fe8

cluster.
In summary, the use of Tp� as a capping ligand has

permitted isolation of a face-centered-cubic cluster, with a

well-isolated S= 7 ground state. Despite its cubic symmetry,
the molecule possesses substantial axial magnetic anisotropy
(D=�0.16 cm�1), which leads to single-molecule-magnet
behavior.

Experimental Section
1: Prepared by a modified literature method.[14] 2 : Solid
Cu(ClO4)2·6H2O (37 mg, 0.13 mmol) was added to a solution of
(Bu4N)[(Tp)Fe(CN)3] (59 mg, 0.10 mmol) in acetonitrile and ethanol
(5 mL; mole ratio = 2:1). The solution was filtered. Brown block-
shaped crystals of 2 were obtained in 85% yield by diffusing diethyl
ether vapor into the filtrate. IR: n = 2176 cm�1(nCN); elemental
analysis (%) calcd for C96H116B8Cl4Cu6Fe8N72O34: C 29.73, H 3.01, N
26.00; found: C 30.02, H 2.73, N 26.24.
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Luminescent Cluster Compounds

Surface-Cap-Mediated Host–Guest Chemistry of
Semiconductor CdS: Intercalative Cation
Accumulation around a Phenyl-Capped CdS
Cluster and Its Notable Effects on the Cluster
Photoluminescence**

Takayuki Hiratani and Katsuaki Konishi*

Semiconductor nanoclusters of cadmium chalcogenides have
attracted continuing attention in relation to their unique
optical and electronic properties.[1] These small clusters

usually bear multiple surface organic ligands, which are
utilized not only for stabilizing the cluster core but also for the
construction of conjugates with chemical and biochemical
reagents.[2, 3] Although a variety of ligands with covalently
appended functionalities have been designed to date,[3] there
have been few examples of the host–guest-type conjugation
involving guest penetration into the surface organic shell.
Herein we show that simple aromatic groups at the cluster
surface are capable of trapping organic cations in an
intercalative fashion, allowing guest penetration close to the
cluster core without direct bonding interactions. We also
report the notable effects of this guest penetration on the
cluster photoluminescence.

Aryl- and alkyl-capped molecular clusters of cadmium
chalcogenides have been of interest as models and precursors
of colloidal particles.[4,5] The clusters we use in this case are
neutral [Cd10S4(SPh)12] (1) and [Cd10S4(SC6H13)12] (2) bearing
a truncated tetrahedral {Cd10S16} core and twelve surface
substituents.[5] The four unsaturated cadmium atoms at the
apexes serve as coordination sites for donating ligands.
Accordingly, these clusters easily formed ionic complexes
with organic bromide salts by coordination of bromide anions
to the apex cadmium atoms.[5b] When the cation moiety has a
long alkyl chain, such as cetyltrimethylammonium (CTA+), 1-
cetylpyridinium (CP+), or tetraoctylammonium (TOA+), the

resulting complexes were very soluble in chloroform, in
contrast to the original clusters (1, 2).

1H NMR spectroscopic studies of the phenyl-capped
cluster 1 upon complexation with the bromide salts of
CTA+ and CP+ (CTAB and CPB, respectively) indicated the
close cation proximity to the surface phenyl groups. For
example, when CTAB (9.2 mm) was mixed with 1 (2.3 mm) in
CDCl3, clear upfield shifts were observed for the signals
arising from the N-CH3 (d = 3.48!d = 3.04 ppm) and N-CH2

(d = 3.57!d = 3.17 ppm) of the cation (Figure 1a: 1, 3).
Similar upfield shifts were observed when CPB was used in
place of CTAB. These upfield shifts indicate that the cations
are bound to 1 in an intercalative fashion (Figure 2), where
the cationic center is located in close proximity to the SPh

[*] T. Hiratani, Prof. Dr. K. Konishi
PRESTO
Japan Science and Technology Agency (JST) and
Creative Research Initiative “Sosei” (CRIS) and
Division of Material Science
Graduate School of Environmental Earth Science
Hokkaido University
North 21 West 10, Sapporo 001-0021 (Japan)
Fax: (+81)11-706-9290
E-mail: konishi@ees.hokudai.ac.jp

[**] This work was partly supported by Nagase Science and Technology
Foundation.

Angewandte
Chemie

5943Angew. Chem. Int. Ed. 2004, 43, 5943 –5946 DOI: 10.1002/anie.200461190 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



groups and thus near the cluster core, while the C16 chain is
extended away from the cluster surface.

On the other hand, when sterically hindered TOAB was
used for the complexation with 1, only very small shifts of the
signals arising from the cation were observed. Owing to the
severe steric bulk around the cationic center, TOA+ seems
reluctant to intercalate into the interstitial space and is
therefore located outside the cluster periphery. This “outside-
cation” complex still has vacant intercalation sites that can

accommodate small cations. The intercalative binding of
CTA+ and CP+ towards the preformed 1/TOAB complex
occurred similarly to that towards 1 alone. Job plots for the
complexation with CTAB in the presence of TOAB,[6] where
the sum of [SPh]0(= 12B [1]0) and [CTAB]0 was kept constant,
exhibited a maximum at a [SPh]0:[CTAB]0 ratio of unity
(Figure 1b), indicating the 1:1 stoichiometry of SPh and
CTA+ ions. Likewise, CPB gave a similar Job diagram to show
a 1:1 complexation with SPh. Thus, considering twelve SPh
groups at the surface of 1, multiple, up to twelve, cations
participate in the complexation with a single cluster molecule.
From the NMR spectroscopy titration data (Figure 1c),[6] the
association constants for the 1:1 complexation were estimated
to be 94 m�1 for CPB and 70m�1 for CTAB.[7]

The cation accumulation near the CdS core of 1, thus
observed, is considered to be the results of cation–p inter-
action with the surface phenyl groups and/or direct cation
adsorption on the polar sites of the anionic cluster
[Cd10Br4S4(SPh)12]

4� (e.g., the Br, S sites). The latter has
been claimed as a possible driving force in surfactant-
stabilized colloid systems,[8] but seems not dominant in the
present case. This assumption was supported from the photo-
luminescence quenching profiles of 1 and the alkyl-substi-
tuted control 2 by using CP+ ion as the electron acceptor:
Upon excitation of the cluster moieties at 360 nm, 1 and 2, in
the presence of TOAB in CHCl3, showed trap emissions at
560 and 530 nm, respectively. Both emissions were quenched
by the addition of CPB, but the Stern–Volmer plots of the two
systems were different. As expected from the intercalative
binding of the quencher CP+ near the cluster core, 1 gave a
clear saturation behavior (Figure 3). On the other hand, 2

showed a less efficient luminescence quenching with a
linear Stern–Volmer correlation (r= 0.996; Figure 3)
characteristic of a dynamic process. This situation indi-

cates there exists no particular static interaction leading to the
close proximity of the quencher to the cluster-anion moiety of
2.[9] Therefore, a p-mediated force associated with the surface
phenyl groups is most likely to be responsible for the cation
intercalation towards the phenyl-capped cluster 1.

The photoluminescence changes upon complexation with
CTAB were also investigated. In colloidal systems, the
addition of tetraalkylammonium salts induces some degree
of dynamic quenching.[10] In contrast, the intercalative binding

Figure 1. a) 1H NMR spectra of 1) CTAB (9.2 mm), 2) 1/CTAB (2.3/
46.0 mm), and 3) 1/CTAB (2.3/9.2 mm) in CDCl3 at 25 8C; b) Job plots
for the intercalative complexation between SPh of 1 and CTAB. Plots of
[complexed CTA+] versus [SPh]0/([SPh]0+ [CTAB]0) with [SPh]0+ [CTAB]0
kept constant (38 mm); c) 1H NMR titration of CTAB (4.3 mm) with 1/
TOAB (1:4 molar ratio) in CDCl3 at 25 8C. Plots of d values for N-CH3

protons versus [1]0/[CTAB]0.

Figure 2. Schematic illustration of the complexation between 1 and CTAB or CPB
showing cation intercalation among the surface phenyl groups.

Figure 3. Stern–Volmer plots for the photoluminescence quenching
of CdS clusters (1 (&), 2 (*); 6.7 mm) by CPB in the presence of
TOAB (3.3 mm) in CHCl3 at 25 8C. The fluorescence intensities (I,
lex =360 nm) were monitored at 560 nm for 1 and 530 nm for 2.
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of CTA+ ions with 1 caused notable luminescence enhance-
ment. For example, when CTAB (2.0 mm) was added to a
mixture of 1 and TOAB in CHCl3 under Ar, the emission
intensity was drastically increased with a shift to a longer
wavelength (570 nm; Figure 4(b)),[11] whereas the absorption

spectrum showed a small change (Figure 4a). Excitation
spectra before and after the addition of CTAB were similar in
shape with a maximum at approximately 360 nm (Figure 4c),
which indicates that the strong luminescence of the CTAB
complex arises from the cluster core. On the other hand,
alkyl-substituted 2 under similar conditions showed a small
decrease of the luminescence intensity, which is similar to that
reported for colloidal system.[10] Thus, the large luminescence
enhancement with 1 is not due to simple salt effects, but is
caused by the intercalative cation binding near the cluster
core.

The luminescence enhancement reported above appears
to be correlated to the structural changes of the phenyl-group
shell surrounding the cluster core upon intercalation. In
connection with this, in the 1H NMR spectrum the SPh signals
showed a significant change upon cation intercalation: The
nonintercalative complex 1/TOAB showed broad and com-
plicated pattern of signals at d = 6.0–7.8 ppm (Figure 5a),
which reflects the disordered orientation of the SPh groups
arising from S�C bond rotation. On the other hand, upon

addition of 20 equivalents of CTAB to this solution, the SPh
signals converged into three major signals assignable to the
ortho,meta, and para protons (Figure 5b), which suggests that
the cation intercalation restricts the phenyl-ring rotation and
so induces a uniform arrangement. Such ordered orientation
and/or enhanced conformational rigidity of the surface
substituents may suppress the quenching path to the
medium by effective core protection and thus increase the
luminescence intensity.[11, 12]

In conclusion, we have demonstrated p-interaction medi-
ated cation accumulation around a phenyl-capped CdS cluster
and the guest-responsive photoluminescence properties of
this cluster. Application to sensing systems by rational tuning
of the p-functionalities as well as the sizes and structures of
the clusters is worthy of further investigations.

Experimental Section
1: [Cd10S4(SPh)16](NMe4)4

[4b] (1.16 g, 0.35 mmol) was heated under
vacuum at 180 8C for 6 h, and the resulting solid was washed with
hexane and chloroform to give 1 as a pale-yellow solid (0.87 g, 97%),
which gave satisfactory IR and 1H NMR spectra. Elemental analysis
calcd (%) for C72H60Cd10S16: 33.75, H 2.36, S 20.02; found: C 33.56, H
2.37, S 19.87; no nitrogen was found.

2 : Compound 2 was prepared by the thiolate-exchange reaction
of 1 with C6H13SH in the presence of TOAB. 1-hexanethiol (21 mmol)
was added to an MeCN solution of 1 (100 mg, 0.039 mmol/5 mL)
containing TOAB (0.16 mmol), and the mixture was stirred at RT for
12 h. The mixture was evaporated to dryness and the residue was
washed copiously with MeOH to give 2 as a white solid (81 mg, 78%),
which gave satisfactory IR and 1H NMR spectra. Elemental analysis
calcd (%) for C72H156Cd10S16: C 32.52, H 5.91, S 19.29; found C 32.27,
H 5.47, S 18.89; no nitrogen was found.

Received: July 5, 2004
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Stereochemistry

Stereochemical Assignment in Acyclic Lipids
Across Long Distance by Circular Dichroism:
Absolute Stereochemistry of the Aglycone of
Caminoside A**

John B. MacMillan, Roger G. Linington,
Raymond J. Andersen, and Tadeusz F. Molinski*

In memory of D. John Faulkner

The glycolipid caminoside A (1, Figure 1), isolated from the
marine sponge Caminus sphareoconia from Dominica, was
shown to be an inhibitor of a type III bacterial secretory
system.[1] The components of type III secretory pathways
mediate insertion of virulence factors into host cells by
pathogenic bacteria including Bordetella pertussis, Chlamydia
trachomatis, Salmonella typhi, and enterohemorrhagic
Escherichia coli (EHEC); the later being responsible for
“hamburger” disease. Caminoside A is an unusual marine
glycolipid[2] with a non-glycerol aglycone (the C19 hydroxy-
ketone 2) that is glycosylated at the C10 hydroxy group by a
tetrasaccharide consisting of d-deoxytalose, two d-glucose
units, and l-quinovose that are linked through 1,2’ and 1,6’-
O-glycosidic bonds. The secondary C10 OH group of 2 is
separated from the chain termini by at least seven CH2

groups, consequently, the configuration could not be assigned
by conventional NMR spectroscopic methods. This situation
typifies a well-recognized problem in natural products
structure elucidation—assignment of stereochemistry at
remote stereocenters in acyclic molecules.[3]

The problem can be described in terms of the logical order
of analysis employed by natural products chemists when
addressing absolute configuration by NMR spectroscopy.
Assignment of configuration at stereogenic centers along an
acyclic carbon chain requires reliable chemical shift assign-
ments to reduce the problem to one of defining the stereo-
topicity of groups flanking the left and right sides of each
substituted carbon in the chain (Figure 2). For example, the
configurations of many secondary alcohols are conveniently
assigned from their derived Mosher[4] or mandelate esters[5]
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by interpretation of anisotropic shifts (Dd) of the families of
chemical shifts [a, b, g…] and [a’, b’, g’…]. Data are fitted to
an empirical model which orders the diastereotopic groups
located to the left and right of the CH(OH) group by the sign
of their Dd values. The use of integrated 1H-1H and 1H-13C
coupling constant analysis (Karplus-like analysis) provides
assignments of stereochemistry from defined dihedral angle
dependencies (J-based methods).[6] J-based analysis can relay
stereochemical information along the chain (a to b to g…) to

reveal relative stereochemistry at contiguous carbon atoms
(1,2-disubstituted) or even alternating substituted carbon
atoms (1,3-disubstituted). The requirement (and limitation)
of these methods is that stereotopicity of the signals of
intervening CH2 groups must be made by measurements of J
coupling constants under favorable conditions of NMR
spectroscopy signal dispersion and dihedral angles that con-
form to all-staggered molecular conformations. These meth-
ods, although usually successful for polyketides bearing
contiguous 1,2 or 1,3-disubstituted stereoelements, become
less reliable for molecules containing two or more stereo-
centers separated by three or more methylene bridges
because the two diastereotopic chain segments subtended at
each stereocenter cannot always be differentiated by NMR
spectroscopy.[7]

We describe, herein, the configurational assignment of the
aglycone of caminoside A (2) in which these limitations are
overcome by exploiting long-range exciton-coupling circular
dichroism (ECCD) of 1,n-glycol diesters in acyclic lipid chains
that are formulated in highly uniform liposomes prepared
from 1,2-distearoyl-sn-glycero-3-phosphocholine (DPC). The
success of the method (defined here as liposomal exciton-
coupling circular dichroism, LECCD) relies on the structural
order imposed on the long-chain lipid by the hydrophobic
alignment of the 1,n-glycol diesters of O-tetraphenylporphyr-
incarboxylic acid (TPP, X = OH 3) upon being constrained by
the fatty acyl chains in small diameter, uniform DPC lip-
osomes (average1� 30 nm, Figure 3). Partial ordering of the

lipid chain limits conformational averaging and allows
detection of ECCD that would not be observable in isotropic
solution. The TPP chromophore was chosen from the many
chromophores useful in ECCD[8] because of its exceptionally
strong charge-transfer band and successful applications across
long distances in conformationally rigid diols and amino-
alcohols.[9] Since the TPP ester chromophore dipole moments
are aligned predominantly along the C�O bond vectors of the
ester groups at defined angular orientations, the sign of the
resulting bisignate CD bands reveals the sign of the absolute
helicity or “screw” angle subtended by the C�O bonds and
the stereochemistry at the OH substituted carbon atoms.[10]

Herein, we demonstrate an application to an otherwise
intractable problem of natural product stereochemical assign-
ment: the relative and absolute configurations of a natural
product containing an OH group isolated within an acyclic

Figure 1. Caminoside A (1), the aglycone 2, and the four possible ster-
eoisomers of reduced aglycone (6a–d) and 5-(4’-carboxy)-5,10,15,20-
tetraphenylporphyrin (TPP, X=OH, 3).

Figure 2. Acyclic 1,n-glycol. The configuration of C1 can deduced from
NMR spectroscopic assignments of the stereotopicity of the two fami-
lies of chemical shifts [a, b, g…] and [a’, b’, g’…]. To obtain the relative
configuration of the 1,n-glycol, similar conditions must be satisfied for
Cn, or the C1 and Cn configurations must be cross-correlated.

Figure 3. Imposing order upon random coiled, long-chain 1,n-diol TPP-
carboxylate esters (a) by chain alignment within liposomes (b). Red cir-
cles TPP chromophores, blue DCP, R=alkyl
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lipid chain. The LECCD achieves exceptional sensitivity
(limit of detection � 40 pmol) through two factors: the use of
liposomes with uniform, small diameters (< lmax) that reduce
CD signal loss from non-Rayleigh scattering and the colossal
charge-transfer dipole moment of the TPP chromophore (l =

418 nm, e 350000[9b]) which allows propagation of relative
stereochemical information in substituted acyclic lipids over
distances of at least 10 C.

We recently showed that the stereochemistry of meso and
C2v symmetric 1,5-glycols can be assigned based on the
LECCD spectra of their derived TPP esters and that the
method can be extended to 1,7- and 1,9-glycols.[10] To apply
the bis(TPP glycol) method to 2, the C2 carbonyl group was
asymmetrically transformed to introduce a stereodefined C2
OH group that would be used to “interrogate” the remote
C10 OH configuration. A sample of 1 was methanolyzed
under acidic conditions (Scheme 1, MeOH, HCl, reflux) and
the resulting mixture of aglycone and O-methyl glycosides
separated by silica gel chromatography (7:3 hexanes/EtOAc)
to afford pure 2.[11] A convenient UV chromophore (2-
naphthoic acid: l = 234 nm, e 58000m�1 cm�1) was first
attached at the C10 hydroxy group to assist detection of
intermediates during each of the following conversions.
Esterification of 2 (� 0.6 mg, N-2-naphthoylimidazole, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), CH3CN) gave 4 that
was reduced (NaBH4, EtOH) to a mixture of C2 epimeric
glycol mononaphthoates (4a,b). The mixture was resolved by
enzyme-catalyzed acetylation (Novozym 435, vinyl acetate,
CH3CN, 458C) to give the product (2R)-O-acetate ester 5a

(48%) and residual (2S)-alcohol 4b (45%), which were easily
separated by silica chromatography. The configurations at C2
of 5a and 4b followed from the enantiopreference of
Novozyme 435 for (2R)-methyl carbinols[12] and were sup-
ported by Mosher ester analysis of synthetic homologues (see
below).[13]

The configuration of the natural product-derived glycol
diester 5a corresponds to one of the family of stereoisomers
6a–d depicted in Figure 1. As expected, the relative stereo
relationship of the known C2 center to C10 in 5a or 4b could
not be determined at this stage owing to the large distance
between the two OH groups, however, the correct natural
product configuration was successfully elucidated as follows:
The ester groups in 5a were removed (NH3, MeOH, 15 min,
97%) to give the 1,9-glycol 6a. Glycol 6a was converted into
the purple TPP ester 7a (Scheme 1; lmax 416 nm, e428000,
HRFABMS m/z 1582.9874, [MH]+) via the mixed TPP
anhydride (O-pivaloyl TPP, CH2Cl2, 8 h, Et3N) followed by
HPLC purification (74%). CD measurement of a sample of
7a that had been constituted into liposomes (DPC 2 mgmL�1,
average diameter 1� 30 nm, c = 0.65 mm based on the
extinction of TPP, e 428000) showed strong exciton coupling
(Figure 4) characterized by a high intensity positive bisignate
CD signal (A =++ 22), however, the CD of 7a in MeOH
showed only baseline as expected from conformational
averaging of the lipid chains of 7a in isotropic solution.

We propose that the lipid chains are partially oriented in
the extended conformation by hydrophobic packing with the
fatty acyl chains of DPC. Assuming that the liposomal bilayer

Scheme 1. Conversion of 1 into nonadecane-1,10-diol TPP-carboxylate diester (7a).

Communications

5948 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5946 –5951

http://www.angewandte.org


orients the long-chain bis(TPP ester) 7a in an extended
conformation and that the O-TPP groups subtend torsional
angles as shown in Figure 5, the observed positive bisignate

signal would be expected for the (2R,10R)-7a where the two
TPP groups are oriented anti with respect to the plane of the
extended chain conformation (Figure 5a). Conversely, a
negative signal would be expected for the anti-oriented TPP
groups of the enantiomeric (2S,10S)-7c (Figure 5c) and a
weak or baseline signal would be observed for the synper-
iplanar TPP groups of the remaining “pseudo-meso” stereo-
mers, (2S,10R)-7b and (2R,10S)-7d (Figure 5b). Indeed, the
configurational assignment of 7a was entirely supported by
measurements of the corresponding TPP esters of synthetic

homologues 8a and 8b, each prepared from (R)-1,2-epoxy-
nonane (Scheme 2).[10,13] The CD spectrum of liposomal
formulations of the corresponding TPP ester (2R,10R)-9a
(Scheme 2) was virtually identical to that of the natural
product derived 7a, but the synthetic epimer, (2S,10R)-9b,
gave only baseline signal.

In conclusion, the C10 configuration of caminoside A is
assigned as R, which completes the entire configurational
assignment of 1.[14] The advantage of LECCD lies in partial
ordering of the lipid chains that induces a non-averaged net
ECCD signal in 1,9-glycol TPP diesters that communicates
the relative configuration of the 1,9-glycol, derived from
aglycone 2 in a stereodefined manner. Since the C2 config-
uration of 6a is securely established, the absolute config-
uration at C10 is communicated by the relative stereochem-
istry revealed from LECCD measurements of the corre-
sponding 1,9-glycol TPP diesters 7a and 7b. In principle, the
method maybe extended to other suitably derivatized acyclic
hydroxy-substituted long-chain lipids that defy conventional
methods for stereochemical interrogation because they con-
tain remotely located stereocenters, such as the antiviral
glycolipids, fattiviracin[15] from Streptomyces microflavus
No. 2445 and cycloviracins from Kibdelosporangium albatum
so. nov. (R761-7).[16] We have estimated, by extrapolation of
the A magnitudes from LECCD spectra of 1,n-glycol TPP
esters (n = 7, 9), that a measurable LECCD signal should be
observed up to n = 13,[10] however, refinements of methods for
ordering of long-chain esters in liposomes may extend
transmission of stereochemical information beyond this limit.

Experimental Section
All the new compounds were purified by HPLC and gave satisfactory
high-resolution mass spectra (HRMS) and 1H NMR spectra.

LECCD: General procedures for liposome preparation and
characterization of the materials by TEM are described in detail,
elsewhere.[10] Briefly, measured aliquots of DPC and TPP ester 7a
were dissolved in CHCl3 and “shell-evaporated” in a round bottom
flask. Water (2 mL) was added and the mixture sonicated (ultrasound
bath). The crude liposomes were annealed by thermal cycling (60!
25 8C!60 8C, K 3) before repeated passage through a porous nylon
membrane (100 nm pore, Liposofast, Avestin). CD spectra were on
purified material were measured at room temperature (23 8C) in a 1-

Figure 4. CD spectra of TPP esters formulated in MeOH or DPC
liposomes (2 mgmL�1, 1,2-distearoyl-sn-glycero-3-phosphocholine),
T =22 8C. a) “pseudo-C2v” 9a in liposomes. b) 7a in liposomes.
c) “pseudo-meso” 9b in liposomes. d) 7a in MeOH.

Figure 5. Predicted sign of exciton coupling CD for extended conforma-
tion of long-chain 1,n-glycol TTP diesters (n =7,9). a) anti conforma-
tion, positive helicity (“pseudo-C2v” symmetric)!positive split CD.
b) synperiplanar (“pseudo-meso”)!zero signal; c) anti conformation,
negative helicity (“pseudo-C2” symmetric)!negative split CD.

Scheme 2. Synthesis of model 1,9-diols.
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mm path-length cell (Jasco 810 spectropolarimeter). No smoothing or
noise reduction algorithms were applied to the spectral data.

4a and 4b : A solution of 2 (0.6 mg, 2 mmol), N-2-naphthoylimi-
dazole (1.0 mg, 4.48 mmol), and DBU (0.5 mg, 3.3 mmol) in CH3CN
(0.5 mL) was heated to 65 8C. After 8 h the mixture was cooled to
room temperature and the volatiles were removed under a stream of
N2. The residue was purified on a short SiO2 column (pipette, 5:95
EtOAc/n-hexane) to obtain a yellow oil of crude naphthoate esters
(0.78 mg, 87%). The ester mixture was dissolved in EtOH and treated
with NaBH4 (1 mg, 26 mmol) at 0 8C. After stirring for 20 minutes, the
mixture was quenched with NH4Cl (sat. aq) and extracted with
CH2Cl2 (2 K 2 mL). The volatiles were removed, and the residue
purified through a short plug of silica (1:4 EtOAc/n-hexane) to
provide an inseparable mixture of 4a and 4b (0.71 mg, 84% yield
over 2 steps) that was used immediately in the next step. 1H NMR
(CDCl3): d = 7.28–7.51 (m, 7H), 4.02 (m, 1H), 3.34 (m, 1H), 1.57 (m,
4H), 1.19–1.47 (m, 26H), 0.90 (t, J = 6.8 Hz, 3H).

5a : Novozym 435 (1 mg) was added to a solution of 4a and 4b
(0.7 mg, 1.6 mmol) in CH3CN (1 mL) followed by the addition of a
solution of vinyl acetate (2.7 mmol) in CH3CN (100 mL). The mixture
was heated to 45 8C with vigorous stirring for 17 h, cooled to room
temperature and filtered through a plug of cotton. Purification of the
product on a short SiO2 column (4K 10 mm, 1:99 EtOAc/n-hexane)
gave acetate 5a (0.36 mg, 48%). FAB HRMS m/z [M+H]+ found
497.3634; calcd for C32H49O4, 497.3631.

6a : A methanol solution of acetate 5a (0.34 mg, 0.7 mmol) was
treated with saturated solution of NH3 in MeOH (0.5 mL), and the
mixture allowed to stir at 0 8C for 15 minutes before neutralization
with 1m HCl (aq). The mixture was concentrated, extracted with
CH2Cl2 (2 K 1 mL) and the volatiles removed to provide 6a (0.2 mg,
97%). Desorption chemical ionization (DCI) HRMS m/z [M+H]+

found 301.3015; calcd for C19H41O2, 301.3017.
7a : The mixed anhydride (4 mg, 6.1 mmol), prepared from 5-(4’-

carboxyphenyl)-5,10,15,20-tetraphenylporphyrin and pivalic acid, in a
solution of 6a (0.19 mg, 0.7 mmol) in CH2Cl2 (1 mL) was treated with
Et3N (4 mL). After stirring for 8 h, the mixture was washed with H2O,
dried over Na2SO4, and concentrated to give a purple film.
Purification of the product by normal phase HPLC (SiO2, 5 m, 4.6 K
250, 2:98 iPrOH:n-hexane) gave 7a (0.92 mg, 74%). FAB HRMS m/z
[M+H]+ found: 1582.9874; calcd for C109H97N8O4: 1582.9877. UV
(MeOH) l645 (e4700), 511 (16300), 416 nm (428000).
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Natural Product Synthesis

Enantioselective Total Synthesis of
(+)-Milnamide A and Evidence of Its
Autoxidation to (+)-Milnamide D**

Chaomin Liu, Makoto N. Masuno, John B. MacMillan,
and Tadeusz F. Molinski*

Milnamides A,[1a] C,[1b] and D[1c] (1–3), (�)-hemiasterlin
(4),[2a–d] and hemiasterlins A–C (5–7)[2b,d] (Figure 1) comprise
a small family of exceptionally cytotoxic tripeptides that were
isolated from marine sponges Auletta sp., Hemiasterella
minor, Cymbastella sp. and Siphonochalina sp. Compounds
1–7 are powerful antimitotics that disrupt microtubule
assembly during cell division and inhibit growth of cultured
tumor cells (e.g. 4, IC50< 1 nm, MCF-7 breast tumor cells).[4]

Hemiasterlin is a more potent cytotoxin in vitro than
paclitaxel (Taxol) and is comparable to dolastatin 10.[2c] As
a consequence of this exceptional activity, a synthetic
analogue of 4, SPA110, has entered advanced phase I clinical
trials for the treatment of solid tumors.[4] X-ray crystallo-
graphic analyses confirmed the relative stereochemistries of 2
and (�)-4, and by the total synthesis of (�)-4, the S configu-
rations at each a-amino acid residue were verified.[3,4] Very

recently, the X-ray crystal structure of 2 was reported,[1c]

however, the absolute stereochemical configurations of 1–3
were not defined. Comparison of the 1H NMR spectroscopic
data of 1–3 suggests that the differences from (�)-4 are
located solely within the region of the heterocyclic amino
acid. Because the highly methylated b-carboline amino acid 8,
which is found in 1–3, has no precedent in other natural
products, the preparation of both 3R and 3S (b-carboline
numbering) stereoisomers of 1 would inform stereochemical
determinations of the milnamide family. Herein, we report
the first enantioselective total syntheses of (3S)-1 and (3R)-1
that employs an expedient synthesis of the requisite 8 through
an oxazoline–dihydrooxazinone rearrangement. The synthe-
sis confirms the absolute configuration of natural (+)-1 as
(3S,12S,15S) and demonstrates the first use of the aforemen-
tioned rearrangement in natural peptide synthesis. Further-
more, we show that 1 undergoes facile autoxidation to
milnamide D (3) which thus correlates the absolute config-
urations of both natural product peptides and suggests a
nonbiogenic origin for the iminium salt 3.

Retrosynthetic analysis of 1 (Scheme 1) suggests discon-
nections to a pivotal intermediate, namely the b-carboline
amino acid (8), and the known dipeptide 9.[3a] The precursor
10 to the heterocyclic amino acid arises from aromatic
electrophilic substitution of N-methylindole (11) by an
epoxide 12, which itself is obtained by a Darzen8s-type
condensation of (4R)-2-chloromethyl-4-phenyloxazoline and
acetone.

The synthesis of 1 is outlined in Scheme 2. The pivotal step
relies upon our SeO2-promoted oxidative rearrangement of 2-
alkyl- or 2-(arylmethyl)oxazolines to 3,5-disubstituted dihy-
dro-2H-oxazinones.[5] The required oxazinone 10 was synthe-
sized in two steps as follows. N-methylindole and the epoxide
12[6] were coupled under Lewis acid conditions (SnCl4,
CH2Cl2, �78 8C, 56%)[7] to provide the requisite oxazoline

Figure 1. Milnamides A, C, and D (1–3), hemiasterlin (4), and hemiasterlins A–C
(5–7). Numbering is taken from Reference [1a].
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13 as a mixture of epimers.[8] Attempted oxidative rearrange-
ment of 13 to the required 5,6-dihydro-2H-1,4-oxazin-3-one
10 with SeO2 under standard conditions (dioxane, reflux) was
disappointing (� 23% yield), probably owing to decomposi-
tion of the indole ring.[9] A survey of varying conditions
(Table 1) identified that SeO2 in CHCl3 or ethyl acetate at
reflux provided rapid reactions and the highest yields.
Accordingly, oxazoline 13 was smoothly converted (SeO2,
CHCl3, reflux) into 10 in 90% yield.

Control of the correct configuration at the C3 center in 8
was anticipated from the diastereofacial hydrogenation of the
C=N bond directed by the Ph substituent at the C5 center of
the dihydrooxazinone 10. The synthesis of either enantiomer
of 8 is possible by the choice of the configuration of the

phenylglycinol that is used in the preparation of the oxazoline
12. Thus, reduction of (5R)-10 or (5S)-10would provide (3S)-1
or (3R)-1, respectively. After experimentation under different
conditions (Table 2), we found that 10 underwent hydro-
genation (PtO2, H2, 4 atm, MeOH, RT, 90%) to give 14 with
excellent diastereoselectivity (� 70:1). The major isomer,
14a, which was separated from the mixture by column

chromatography (silica gel), was shown to have
the expected cis configuration by NOE studies;
irradiation of the H3 center (CDCl3, d = 4.39, s)
resulted in an NOE enhancement of the benzylic
proton H5 (oxazinone numbering). Condensation
of 14a with H2C=O under optimized Pictet–
Spengler[10] conditions (paraformaldehyde,
MgSO4, benzene, 75 8C) gave 15 in quantitative
yield. Removal of the chiral auxiliary from 15 by
hydrogenolysis–hydrolysis (Pd(OH)2/C, H2,
4 atm, TFA/H2O, 89%),[11] followed by reductive
methylation (paraformaldehyde, Pd/C, H2,
MeOH, 50 8C, 78%)[12] provided the key amino
acid 8.

The amide coupling of 8 and 9[3a] was far more
troublesome than expected. Attempted amide
bond formation with a variety of coupling
reagents (dicyclohexyl carbodiimide (DCC),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
hydrochloride (EDC), O-(7-azabenzotriazol-1-yl-
N,N,N’,N’-tetramethyluronium hexafluorophos-
phate (HATU), bromotripyrrolidinophospho-
nium hexafluorophosphate (PyBrOP)) all failed
to produce the expected tripeptide. Clearly, the
highly hindered molecule 8 precluded the forma-
tion of the amide bond with the sterically crowded
tert-leucyl amino terminus of 8 under conditions

that were similar to those employed by Andersen et al in the
synthesis of 4 from the less hindered (2S)-N-Boc-N,N’C,C-
tetramethyltryptophan (52%).[3a] Eventually, amide coupling
was possible under mixed anhydride conditions (pivaloyl
chloride, iPr2EtN, THF, 0 8C, 10%) to give the ethyl ester
17.[13] Saponification of 17 (LiOH, MeOH, H2O, degassed, N2,

Scheme 1. Retrosynthetic analysis of 1.

Scheme 2. Synthesis of (+)-milnamide A (1): a) 12,[6] SnCl4, CH2Cl2, �78 8C (56%);
b) SeO2, CHCl3, reflux (90%); c) PtO2, H2, MeOH, room temperature (90%); d) para-
formaldehyde, MgSO4, benzene, 75 8C (100%); e) Pd(OH)2/C, H2, 4 atm, TFA, H2O
room temperature (89%); f) paraformaldehyde, Pd/C (10%), H2, MeOH, 50 8C
(78%); g) 9,[3a] pivaloyl chloride, iPr2EtN, THF, 0 8C (10%); h) LiOH, MeOH, H2O,
degassed, room temperature (92%). TFA = trifluoroacetic acid.

Table 1: Oxidative rearrangement of 13 to 10 with SeO2 (2.6 equiv).

Entry Solvent T [8C] t [h] Yield of 13 [%]

1 dioxane 100 2 –[a]

2 dioxane 30 72 87
3 dioxane 40 72 23
4 CH2Cl2 40 72 53
5 EtOAc 77 2[b] 90
6 CHCl3 61 4 90

[a] Trace. [b] Stirred at 24 8C for an additional 14 h.

Table 2: Hydrogenation of 10 in the presence of PtO2 (20 mol%).

Entry Solvent PH2
[atm] t [h] d.r.[b] (14a :14b) Yield of 14a,b [%]

1 CH2Cl2 2 48 17:1 90
2 EtOAc 4 52 39:1 96
3 CH3OH 4 72 72:1 90[a]

[a] Isolated yield of 14a. [b] From integration of 1H NMR spectra.
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RT, 92%) completed the synthesis of (3S)-1. Its counterpart
(3R)-1[14] was synthesized by the same route starting with the
(4S)-oxazoline 12. Synthetic (3S)-1 was identical to natural
(+)-1 from 1H NMR and circular dichroism (CD; see
Figure 2) spectroscopic analysis, ESI-MS measurements, and
LC–MS retention times.[15] However, the CD spectrum of epi-
milnamide A ((3R)-1) differed significantly from that of
natural (+)-1.

Over time, 1 slowly autoxidized to 3 upon standing in
solvent. Both (3S)-1 and (3R)-1 were oxidized at similar rates,
but the apparent rate of autoxidation was greatly accelerated
when samples were stored in aged CDCl3 or CHCl3.

[16] As the
analyses of this autoxidation product 3 were identical to those
of natural milnamide D by CD (Figure 2) and 1H NMR
spectroscopy and LCMS, we conclude that the latter also has
the 3S configuration. Given the ease of this oxidation, it is
plausible that 3, which is obtained from natural sources,
originates from the autoxidation of 1 during its isolation–
purification process, although we cannot exclude 3 as a “true”
natural product or an intermediate precursor in the biosyn-
thesis of 1.

The key feature of this synthesis of (+)-milnamide A (1) is
the high-yielding preparation of the highly methylated b-
carboline amino acid 8, which is made possible through the
facile oxidative rearrangement of oxazoline 12 to the
corresponding substituted dihydrooxazinone. This rearrange-
ment reaction was exploited for the first time in natural
product synthesis for the preparation of amino acid 8 and
should find application in the synthesis of other marine-
derived peptides that containing rare tert-alkyl amino acids.[17]
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.Keywords: carboline · enantioselectivity · natural products ·
peptides · total synthesis
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Figure 2. CD spectra of milnamides: a) synthetic milnamide A [(3S)-1] (c), synthetic epi-
milnamide A [(3R)-1] (b), and natural milnamide A [(3S)-1] (a); b) synthetic milnamide D [(3S)-3]
(b) and natural (+)-milnamide D [(3S)-3] (c).
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reduced back to 1 (NaBH4, MeOH, 100%).
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Lett. 1994, 35, 609.
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Biofunctionalization

Biofunctionalization of Fluorescent Rare-Earth-
Doped Lanthanum Phosphate Colloidal
Nanoparticles**

Felix Meiser, Christina Cortez, and Frank Caruso*

In recent years, the utilization of nanoparticles (NPs) for
conjugation with biomolecules has attracted widespread
interest.[1–7] In particular, fluorescent semiconductor colloidal
nanoparticles, or quantum dots (QDs), have played an
important role in the application of NPs in biomedical
applications.[1–3] Compared with their organic fluorophore
counterparts, QDs can be prepared with high chemical
stability, high quantum yield, and can exhibit high resistance
to photobleaching. In addition, the optical properties of QDs
can be tuned by controlling their size through synthesis. A
range of biomolecules, such as deoxyribonucleic acid (DNA)
and proteins, have been conjugated to QDs and used in
labeling studies.[1] For example, QD bioconjugates have been
used in the fluorescent labeling of cells,[2, 3] agglutination
assays,[3] in vitro detection assays,[8] and most recently, in
selective and generalized imaging of live cells.[9–11] Despite the
wide and successful use of QDs in diverse biomedical studies,

commercial preparations of QDs face challenges associated
with reproducible QD preparation, suitable surface coatings,
and, in certain cases, cytotoxicity issues, particularly in
vivo.[12, 13]

An alternative class of colloidal NPs that are potentially
promising for biolabeling studies are those based on rare-
earth-doped lanthanum phosphates (LaPO4). Recent work by
Haase and co-workers reported the synthesis of monodisperse
fluorescent LaPO4 NPs.[14–16] These NPs, approximately 7 nm
in size, have fluorescence that originates from their bulk
properties—transitions between d and f electron states and
their local symmetry—and is independent of their size.[14–16]

The optical properties of the LaPO4 NPs can also be tuned by
the rare-earth dopant used—different colors are available by
varying the dopants used in their synthesis (e.g., Ce, Tb, Eu,
Dy).[14–17] The high chemical stability, high quantum yield (up
to 61%),[16] and expected low toxicity[18] of these NPs make
them potentially suitable for biological labeling applications.
In addition, the application of rare-earth-doped LaPO4 thin
films (from micron-sized powders) as coatings for lumines-
cent lamps points to a high photostability of such materi-
als.[19, 20] Herein, we report the first demonstration of the
biofunctionalization of nanometer-sized colloidal LaPO4 NPs.
Green (Ce/Tb-doped) LaPO4 NPs[17] were conjugated to the
model protein avidin, a tetrameric protein that can bind with
high affinity to four biotin molecules. NP functionalization
was examined by using a suite of techniques, including
analytical ultracentrifugation (AUC), microelectrophoresis,
absorption and fluorescence spectroscopy, dynamic light
scattering (DLS), and transmission electron microscopy
(TEM).

Figure 1 illustrates the conjugation of LaPO4 NPs with
avidin. A primary requirement was to first obtain stable,
aqueous colloidal dispersions of the NPs. This was achieved
by dispersing the LaPO4 NPs in an aqueous solution contain-

Figure 1. Schematic illustration showing the biofunctionalization of
fluorescent Ce/Tb-doped LaPO4 NPs with avidin. The NPs were first
modified with AHA, and the carboxy groups of AHA were then acti-
vated by EDC to conjugate avidin through the formation of amide
bonds. The binding of avidin–NP bioconjugates with biotinylated mole-
cules is also shown.
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ing the bifunctional spacer 6-aminohexanoic acid (AHA).
AHA imparts a negative charge on the surface of the NPs, as
confirmed by the strongly negative z-potential at basic pH
values (Figure 2). The isoelectric point (pI) of 4.5 obtained for

the AHA-modified LaPO4 NPs is close to values reported for
particles bearing carboxy groups,[21,22] which suggests that the
amine group of AHA is attached to the particle surface,
whereas the carboxy group is directed into the surrounding
solution. Modification of the LaPO4 NPs with AHA serves
two important purposes. First, it confers sufficient colloidal
stability to the nanoparticles where subsequent biofunction-
alization is to be performed (pH 7). Support for this is also
provided by examination of the AHA-coated LaPO4 NPs by
TEM, which reveals no signs of significant NP aggregation
(Figure 3). Second, the terminal carboxy group at the particle
surface allows the immobilization of amine-containing
ligands, such as proteins. The protein avidin was chosen in
this study to make use of the highly specific interaction
between avidin and biotin (Kd = 10�15m),[23] since a wide
variety of biotinylated molecules are commercially available.
Avidin is composed of four identical subunits with each
subunit folded in the form of a barrel (b-barrel).[24] The biotin-
binding site is positioned near one end of the avidin barrel,
hence two biotin-binding sites are present on each end of the
protein.

The covalent coupling of avidin to the NP surface was
facilitated by the crosslinker 1-ethyl-3-[3-dimethylaminopro-
pyl]carbodiimide (EDC), which activates the carboxy groups
on the NPs and leads to the formation of amide bonds with
avidin. The avidin-coated AHA-modified LaPO4 NPs showed
a pI of 7.5, with a positive z-potential (30 mV) at pH 4.75
(Figure 2). The shift in z-potential after exposure to avidin (pI
of 10–10.5)[25] indicates the successful conjugation of avidin to
the NP surface.

Figure 4 shows the absorption and fluorescence spectra of
the LaPO4 NPs before and after conjugation with avidin.
Three washing steps after the reaction ensured the removal of

unconjugated avidin in solution. The absorption spectrum of
the AHA-modified Ce/Tb-doped LaPO4 NPs (Figure 4,
spectrum a) shows intense peaks at 257 and 274 nm, which
are due to the absorption of the cerium dopant.[16] As
expected, the avidin/AHA-LaPO4 NP bioconjugates
(Figure 4, spectrum b) show absorption features characteristic
of both the AHA-functionalized NPs (peaks at 257 and
274 nm) and of pure avidin (major peak at ~ 200 nm, Figure 4,
spectrum c). These results support the microelectrophoresis
data for avidin conjugation to the NP surface. For the AHA-
modified NPs three distinct fluorescence peaks are observed
at 545, 585, and 622 nm (Figure 4, spectrum d). These
fluorescence peaks are due to the d–f orbital transitions of
the dopants.[14–16] An additional peak was also observed at
490 nm (not shown).[26] The same characteristic fluorescence
peaks can also be observed after avidin biofunctionalization
(Figure 4, spectrum e). These data are in agreement with our
previous work where the characteristic fluorescence peaks of
LaPO4 NPs interacting with polyelectrolytes in multilayer
thin films appear at the same spectral positions as those for
the corresponding NPs in solution.[17]

To verify the increase in diameter as a result of biocon-
jugation, AUC was used to measure the size distribution of
the NPs before and after avidin coating (Figure 5a). Assum-
ing a density of 5.0 gcm�3 for the LaPO4 NPs,[27] we
determined an average diameter of 7.6 nm for the AHA-

Figure 2. z-potential of the functionalized Ce/Tb-doped LaPO4 NPs as
a function of pH: after modification with AHA (&); and after AHA-
modification and avidin bioconjugation (*). The plot shows the shift
in isoelectric point upon AHA modification and avidin coating. The
curves drawn are to guide the eye.

Figure 3. TEM image of AHA-modified Ce/Tb-doped LaPO4 NPs.

Figure 4. Absorption (A ; a, b, c) and fluorescence (F ; d, e) spectra of
AHA-modified Ce/Tb-doped LaPO4 NPs before (c) and after (a)
avidin functionalization. The absorption peaks of the NPs at 257 and
274 nm are evident. The absorption spectrum of pure avidin (c, g)
is also shown.
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modified NPs. This value is close to that derived from TEM
(mean size 6–8 nm; see Figure 3 and ref. [17]).[28] After
bioconjugation, if the same density is assumed, the diameter
increases to 21.8 nm, which is consistent with having a
monolayer of avidin molecules, approximately 7 nm in size.
This value is slightly higher than the size of avidin (dimen-
sions 6.0 D 5.5 D 4.0 nm[29]). Since the exact density of avidin-
coated NPs is not known, the method of DLS was also
employed to yield information on the hydrodynamic radius of
the NPs. Figure 5b shows the DLS diameters of the individual
AHA-modified LaPO4 NPs and avidin, as well as the avidin–
LaPO4 NP bioconjugate. The measured diameter for the
AHA-modified NPs (~ 7 nm) is in good agreement with that
determined from TEM and AUC, while the measured
diameter of avidin (~ 7 nm) is similar to that determined
from AUC experiments. The DLS diameter of about 22 nm
for the bioconjugate closely agrees with the AUC data when
assuming a density of 5.0 gcm�3 for the AUC experiments
(Figure 5b). Both the AUC and DLS data further support
avidin functionalization of the LaPO4 NPs.

We also performed an assay utilizing biotin covalently
linked to the organic dye fluorescein (biotin-FITC) to test the
binding capacity of the avidin-functionalized NPs to biotin.
The bioconjugates were mixed with biotin-FITC in the
presence of 2-[N-morpholino]ethanesulfonic acid (MES)
buffer (pH 4.75) and phosphate buffer (PB, pH 9) in a 9:1
volume ratio, and then centrifuged to sediment the particles,
leading to the formation of a pellet. The supernatant
fluorescence was measured and compared against a standard
of known biotin-FITC concentration. A decrease in the
amount of biotin-FITC in the supernatant (i.e., decrease in
fluorescence intensity) was observed after incubation with the

bioconjugates, indicating biotin-FITC binding to the avidin-
functionalized LaPO4 NPs. The decrease in fluorescence
intensity is directly correlated to the amount of biotin-FITC
bound, and the point at which the fluorescence begins to
appear in the supernatant corresponds to saturation binding
of the avidin-coated LaPO4 NPs. From these experiments, we
calculated that 29 biotin molecules are bound per particle (see
Supporting Information). Assuming that each avidin can bind
four biotin molecules, the number of avidin molecules
conjugated to each NP is calculated as about seven.

A second approach, the micro BCA protein assay, was
performed to determine the amount of avidin conjugated to
the NPs. This method is based on a colorimetric measurement
and involved the comparison of the amount of avidin per NP
with a standard concentration series of avidin (see Supporting
Information). Approximately 6.2 D 1017 avidin molecules were
calculated to be present in a sample of 7.7 D 1016 avidin-
functionalized NPs, which equates to approximately eight
avidin molecules per NP. This value is in good agreement with
that determined from the fluorescence assay. The protein-to-
nanoparticle ratio obtained is similar to that reported for
bioconjugation of a maltose binding protein, which is slightly
smaller than avidin (size 3 D 4D 6.5 nm), with 6-nm diameter
QDs, where it was found that about ten proteins were coupled
to each QD NP.[30]

In conclusion, fluorescent Ce/Tb-doped LaPO4 NPs with a
diameter of about 7 nm have been prepared as stable colloidal
dispersions by modification with AHA, and subsequently
biofunctionalized with the model protein avidin. Assays show
that approximately eight avidin molecules are conjugated to
each LaPO4 NP. The avidin molecules on the NP surface
remain active, as demonstrated by the ability of these avidin–
NP conjugates to bind biotin. Since biotinylated molecules
are easily obtained, we envisage the applicability of these
bioconjugates in biosensing and biolabeling applications
where their photostability and fluorescent properties should
prove useful. Binding to biotinylated antibodies would
demonstrate their use in immunofluorescence assays, partic-
ularly in ELISA-type applications. The successful bioconju-
gation of the AHA-functionalized LaPO4 NPs with avidin
suggests that, in principle, coupling of other biomolecules
(such as protein A, antibodies, and DNA) to the rare-earth-
doped LaPO4 NPs through the same protocol is possible.
Other features, such as dopant-tunable emission,[14–17] photon-
upconversion properties,[31] and the possibility to detect
multiple labels using a single excitation wavelength with no
spectral overlap,[17] offer considerable promise for the use of
biofunctionalized rare-earth-doped lanthanide phosphate
NPs in various biotechnological applications.

Experimental Section
Ce/Tb-doped LaPO4 NPs, as a powder, were kindly provided by
Nanosolutions GmbH, Hamburg, Germany. The NPs were synthe-
sized according to the method of Haase and co-workers.[16] Modifi-
cation of the NPs was achieved by dispersing them with AHA in 0.1m
NaOH. The NPs were washed several times in 0.1m tris(hydroxyme-
thyl)aminomethane hydrochloride (Tris) buffer (pH 9) and ethanol,
and then redispersed in 0.1m Tris buffer (pH 9). For details see
Supporting Information. This dispersion was colloidally stable for at

Figure 5. Diameter distribution of AHA-modified Ce/Tb-doped LaPO4

NPs before (c) and after (a) avidin functionalization, as deter-
mined by a) AUC and b) DLS methods. In the AUC measurements (a),
a particle density of 5.0 gcm�3 was used. In (b), the diameter distribu-
tion of avidin is also shown (g).
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least two months when stored at 4 8C. The AHA-modified NPs were
functionalized with avidin in a reaction mixture containing EDC
dissolved in N-methyl-imidazole buffer (0.05m, pH 7), and then
redispersed in 0.05m MES buffer, pH 4.75. For details see Supporting
Information.

z-potentials of the NPs in aqueous solution were measured by
using a ZetaSizer 2000, Malvern Instruments. DLS data were
obtained with a High Performance Particle Sizer from Malvern
Instruments. AUC measurements were performed on a Beckman-
Coulter Optima XL-1 ultracentrifuge. UV/Vis spectra were obtained
with a 8453 spectrophotometer from Agilent Technologies. The
LaPO4 NPmolar extinction coefficient at a wavelength of 274 nm was
calculated as 9.0 D 105m�1 cm�1, using a density of 5.0 gcm�3 and a
radius of 3.8 nm. Fluorescence spectral measurements were per-
formed by using a Cary Eclipse fluorescence spectrophotometer. The
excitation wavelength for the LaPO4 NPs was set at 254 nm.
Excitation of biotinylated fluorescein was at 494 nm. TEM experi-
ments were carried out on a Philips CM120 BioTWIN TEM operated
at an acceleration voltage of 120 kV. Samples for TEM experiments
were prepared by placing 3 mL of the NPs diluted 1/100 in 0.01m Tris
buffer (pH 9) on a TEM copper grid and allowing them to air dry
overnight.

Binding of biotinylated fluorescein (biotin-FITC) to the avidin-
functionalized NPs was tested by mixing the two components in the
presence of buffer and centrifuging at 15000g for 15 min to sediment
the NPs containing bound biotin-FITC. The fluorescence of the
supernatant was measured and compared against a standard contain-
ing the same initial amount of biotin-FITC. The concentration at
which the avidin-coated NPs were saturated with biotin was
determined by performing the assay with final concentrations of
biotin-FITC ranging from 0.05 mm to 2.5 mm. An adsorption isotherm
was plotted and the amount of biotin bound to the avidin-coated NPs
was determined, and hence the amount of avidin per NP (see
Supporting Information). TheMicro BCAProtein Assay Reagent Kit
was obtained from Pierce (Rockford, IL) and used as described in the
protocol (see Supporting Information)
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Materials Science

Two- and Three-Dimensional Mesoporous Iron
Oxides with Microporous Walls**

Feng Jiao and Peter G. Bruce*

There is intense interest in preparing mesoporous transition-
metal oxides—in part because of their potential applications,
including for catalysis, electron transfer, energy conversion
and storage, and as magnetic materials.[1,2] Several mesopo-
rous transition-metal oxides have been prepared, such as
TiO2, ZrO2, Nb2O5, WO3, and MnOx,

[3,4] however, mesopo-
rous iron oxides are of particular interest. Reversible
intercalation of Li can occur for nanoparticlate Fe2O3, but it
is much more difficult to carry out such intercalation with
Fe2O3 of normal particle size. Similar behavior may be
possible with mesoporous iron oxides since the walls are of
nanodimensions. The limited dimensions of the walls will also
alter the magnetic behavior from that of bulk Fe2O3.
Although disordered iron oxides with high surface areas
(ca. 270 m2g�1) have been prepared, to the best of our
knowledge no ordered mesoporous iron oxides have been
synthesized directly.[5] Herein, we report the synthesis of
ordered mesoporous Fe2O3 with controllable pore structures.
Ordered two-dimensional (2D) hexagonal mesoporous iron
oxide (2DMIO) with P6mm symmetry and three-dimensional
(3D) cubic mesoporous iron oxide (3DMIO) with Fm3m
symmetry have been prepared by using decylamine as the
template and FeIII ethoxide as the precursor. Different aging
conditions were used for 2DMIO and 3DMIO, and in both
cases, the walls exhibit a microporous structure.
We first confirmed successful removal of the template

from 2DMIO and 3DMIO by elemental analysis. As-pre-
pared 2DMIO contained C 44.0%, H 9.69%, and N 4.82%
by weight, while the 2DMIO after ethanol extraction
contained C 6.48%, H 2.17%, and N 0.28%. As-prepared
3DMIO contained C 37.9%, H 8.80%, and N 4.14%, while
the values for 3DMIO after ethanol extraction were C 7.08%,
H 1.71%, and N 0.35%. Based on the elemental analysis for
nitrogen, about 94% and 92% of the template had been
removed from 2DMIO and 3DMIO, respectively. Slightly
high C and H contents were observed after removal of the
template, which may correspond to a small amount of ethanol
remaining in the pores (< 7% by weight in both cases).
A transmission electron microscopy (TEM) image of

ordered 2DMIO was recorded along the (001) direction
(Figure 1a) and the corresponding electron diffraction pat-

tern (Figure 1b) confirmed a hexagonal structure over a large
area. Examination of a wide range of particles demonstrated
that they all had similar structures. Combining these results
with the TEM result recorded along the (110) direction
(Figure 1c) led to the conclusion that our 2DMIO has a large-
scale well-ordered 2D hexagonal array of mesopores, similar
to those typically observed in 2D hexagonal mesoporous silica
materials, such as MCM-41 and SBA-15.[6] The TEM results
recorded along the (110) direction confirmed that the meso-
porosity exists throughout the particles, not just near surface
regions. An average pore size of 70 > and wall thickness of
40 >, with a cell parameter a0 of 110 >, were estimated from
the high-resolution transmission electron microscopy
(HRTEM) image recorded along the (001) direction of as-
prepared 2DMIO (Figure 1d). The low-angle powder X-ray
diffraction (PXRD) pattern (Figure 2a) of as-prepared
2DMIO exhibits a diffraction peak at 2q = 1.148, which
translates to a d spacing of 97.6 > (FeKa1

, l = 1.936 >). The
peak may be indexed as the (100) reflection, based on the
hexagonal space group P6mm identified by TEM/electron

Figure 1. a) TEM image of as-prepared 2DMIO recorded along the
(001) direction, b) the corresponding electron diffraction pattern,
c) TEM image recorded along the (110) direction. The HRTEM images
recorded along the (001) direction of d) as-prepared 2DMIO and
e) after ethanol extraction. f) Enlarged HRTEM image of a selected
area of (e).
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diffraction analysis. The (100) reflection corresponds to a unit
cell parameter a0 of 113 >, which is in good agreement with
the TEM data. From the well-ordered hexagonal arrange-
ment of mesopores revealed in Figure 1a–c, peaks might also
be expected in the PXRD pattern at 2q = 1.97 and 2.298,
which corresponds to d spacings of 56.4 and 48.4 > for the
(110) and (200) reflections, respectively. These peaks are not
evident. This appears to result, at least in part, from the
existence of a broad peak in the range of 2q from 2.2 to 48,
which corresponds to d spacings between 25 and 45 >. Such a
broad peak is consistent with disordered microporous regions
within the walls as observed by HRTEM (Figure 1 f) and
discussed later. After removing the template by ethanol
extraction, the HRTEM image of 2DMIO (Figure 1e) shows
a smaller average pore size of 54 > and a wall thickness of
51 >; the reduced pore diameter is a consequence of
shrinkage accompanying removal of the decylamine. Such a
pore size is larger than those previously reported for
mesoporous transition-metal oxides templated by alkyl
amines of comparable size, such as TiO2 and Nb2O5,

[1,4, 7]

which indicates the formation mechanism may be different
in the present case. Samples of 2DMIO were calcined at
various temperatures to investigate the thermal stability.
TEM analysis confirmed that the mesostructure was ther-
mally stable up to 250 8C. Moessbauer measurements indicate
that the Fe oxidation state is + 3 (high spin) and that the iron
is in an octahedral environment of oxygen atoms. More
details concerning the Moessbauer studies will be published
subsequently, along with magnetic measurements; however,
the Moessbauer data suggest superparamagnetic behavior
consistent with the small (approximately 51 >) dimensions of
the walls.
A detailed examination of the HRTEM image (Figure 1 f)

for as-prepared 2DMIO shows a large quantity of disordered
micropores within the walls and with pore sizes of around
10 >. This observation suggests that the mechanism for the
formation of 2DMIOmesopores may involve self-assembly of
microporous structures. Further extensive studies will be

required to understand the exact nature of the formation
mechanism for this micro-/mesoporous solid, including the
role of the template and self-assembly of microporous
structures into the micro-/mesoporous solid; this is beyond
the scope of the present study. The microporosity of 2DMIO
is further confirmed by nitrogen adsorption/desorption anal-
ysis. The N2 adsorption/desorption isotherms (Figure 3a) for

2DMIO after removal of the template show predominantly a
type I curve, thus indicating that the dominant surface area is
in fact the micropores. There is a small step at a relative
pressure of 0.7–0.8, which corresponds to mesoporous
adsorption in 2DMIO. The identification of microporosity
in the walls of mesoporous materials has only occasionally
been observed before, particularly in SBA-15, MAS-7, and
MTS-9.[8] There is an important and unique difference
between SBA-15, MAS-7, and MTS-9 and our materials:
The ratio of micropores to mesopores is much higher in the
transition-metal oxides, as is evident from the small mesopore
adsorption at relative pressures of 0.7 and 0.8. As the TEM
image clearly indicates significant mesoporosity, we propose
that the surfaces of the mesoporous walls may themselves be
highly microporous so that N2 “sees” a mainly microporous
material during adsorption. The Brunauer–Emmett–Teller
(BET) surface area of 2DMIO is 340 m2g�1.
Our approach can also be used to prepare three-dimen-

sional mesoporous iron oxides by adjusting the aging temper-
ature. Ordered 3D cubic mesoporous iron oxide (3DMIO)
with Fm3m symmetry is obtained when the FeIII ethoxide/
decylamine mixture is further aged at 150 8C. TEM images
recorded from different directions (Figure 4a–c) confirmed
the large area of ordered cubic Fm3m mesoporous iron
oxides, and Moessbauer measurements confirmed that the
oxidation state is + 3. The low-angle PXRD spectra (Fig-
ure 2b) show a main diffraction peak at 2q = 1.068, which
corresponds to a d spacing of 104.6 >. The unit cell parameter
a0 calculated from the PXRD pattern is 182 >, which is in
reasonable agreement with the value of 192 > determined

Figure 2. Low-angle PXRD patterns: a) as-prepared 2DMIO; b) as-pre-
pared 3DMIO.

Figure 3. Nitrogen adsorption/desorption isotherms: a) 2DMIO and
b) 3DMIO after ethanol extraction. The inset shows an enlarged region
of the curves between relative pressures of 0.6 and 0.8.
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from the TEM analysis. Microporosity similar to that
observed in 2DMIO is seen in 3DMIO by HRTEM (Fig-
ure 4d) and in the N2 adsorption/desorption analysis (Fig-
ure 3b). The BET surface area calculated from the desorption
isotherm is approximately 610 m2g�1, which is about twice
that for 2DMIO, perhaps because of the higher accessible
pore surface in the three-dimensional structure.
The simultaneous presence of micro- and mesoporous

structures is not common. This is the first time alkyl amine
templates have been used as bifunctional surfactants which
can template micro- as well as mesostructures.

Experimental Section
The synthesis procedure was adapted from that employed for
Nb2O5.

[4] In a typical synthesis of 2D hexagonal ordered mesoporous
Fe2O3, Fe

III ethoxide (0.573 g, 3 mmol; 99%, ABCR) was dissolved in
ethanol (35 mL), with stirring for 5 minutes, followed by addition of
decylamine (0.472 g, 3 mmol; 95%, Aldrich). After stirring the
mixture at 40 8C for 2 h, it was maintained at 40 8C for 24 h, and
further aged at 80 8C for 6 h. In the case of 3DMIO, additional aging
at 150 8C was carried out. The products were then filtered and washed
with ethanol. The template may be removed by extraction with excess
ethanol. As-prepared material (0.1 g) was added to ethanol (100 mL)
with stirring at RT for 30 min, followed by filtration and drying at
70 8C under vacuum for 1 h. The materials before and after template
removal were characterized by elemental analysis (Carlo Erba CHNS
analyzer), TEM (Jeol JEM-2011), PXRD (Stoe STADI/P diffrac-
tometer operating in transmission mode with FeKa1

radiation, l =

1.936 >), N2 adsorption (Hiden IGA porosimeter), and Moessbauer
spectroscopy (57Fe Moessbauer spectra, collected at RT on a EG&G
constant accelerator spectrometer in transmission mode).
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Figure 5. Low-angle PXRD patterns: a) as-prepared 2DMIO and
b) 2DMIO after removal of the template.
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should, however, be noted that pore dimensions are not well-
determined by TEM. The N2 isotherms are consistent with smaller
mesopores (M. Kruk and M. Jaroniec, Chem. Mater. 2001, 13,
3169), as observed in mesoporous TiO2 (D. M. Antonelli,
Micropor. Mesopor. Mater. 1999, 30, 315), and the presence of
microporosity; they also indicate that the pores are distributed in
size. Further work is required to rationalize the isotherms and
TEM data in detail. One possible explanation is that the pores
shrink unevenly on removal of the template, thus leading to
distortion of the pores and rough walls; some material may even
detach from the walls and locate within the pores. As a result the
pores cannot be described as regular cylinders and exhibit a
smaller effective diameter than suggested by TEM. The TEM
data after template removal (for example, Figure 1e) are
consistent with pores that are more distorted than prior to
removal of the template. An X-ray diffraction pattern after
removal of the template shows one low-angle peak (see Figure 5)
indicating that the pore order is not sufficient to generate higher
angle peaks.
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C–O Activation

Self-Oxidation of a Phenolate Complex to a
Bimetallic Stilbene Quinone**

Milko E. van der Boom,* Tatiana Zubkov, Atindra
D. Shukla, Boris Rybtchinski, Linda J. W Shimon,
Haim Rozenberg, Yehoshoa Ben-David, and
David Milstein*

Oxidation chemistry of phenol derivatives is of interest,[1–4]

mainly since it affords convenient routes to a variety of basic
chemicals.[1] Widely used phenolic food antioxidants, such as
4-methyl-2,6-di-tert-butylphenol (butylated hydroxy toluene,
BHT) are known to form a diversity of compounds upon
oxidation, including colored stilbenequinone systems.[2] Selec-

tive oxidative C�C coupling of alkylated phenols to stilbene-
quinones is rare[3] and this process often requires strong
oxidants.[4] To our knowledge, self-oxidation of phenols or
phenol derivatives, in the absence of external oxidant, has not
been reported. Herein we report an unprecedented oxidative-
coupling process in which a phenolate oxygen atom serves as
the oxidant, which results in cleavage of the aryl–oxygen
bond. This process involves a phenolate metal complex and
results in the synthesis and crystallographic characterization
of a new bimetallic stilbenequinone complex having two
quinonoid C=O bonds h2-coordinated to the metal centers.[5]

The metal oxidation state in the C�O cleaved product is
retained. Oxidative coupling of the metal complex, can also
be affected by an external oxidant, and, significantly, it is
metal selective.

Treatment of the 4-methylphenol bisphosphine ligand 1[6]

with 0.5 equivalents of [{RhCl(cyclooctene)2}2] in CH2Cl2 at
room temperature for 15 min followed by addition of Ag2O
(2–3 equiv) and continuous stirring for 5 h resulted in the
selective formation of the bimetallic stilbenequinone complex
2 [Eq. (1)]. Formation of 2 was indicated by a change of the
green reaction mixture to deep blue.

The diamagnetic complex 2 was formed quantitatively as
judged by 31P{1H} NMR spectroscopy, isolated as a blue solid
in 50% yield, and fully characterized by a combination of 1H
and 31P{1H} NMR spectroscopy techniques, UV/Vis spectros-
copy, FAB mass spectrometry, and by single-crystal X-ray
crystallography. The 31P{1H} NMR spectrum showed a
doublet at d = 44.18 ppm (1JRh,P = 117.7 Hz), which indicates
that the phosphorus atoms are chemically equivalent and
coordinated to a metal center. FAB-MS measurements
showed the signal for the molecular ion (m/z 1118.307) and
a correct isotope pattern. The UV/Vis spectrum of 2 exhibited
one broad charge-transfer band at lmax = 576 nm (w1=2

=

77 nm, e = 29B 103 in acetone).
Dark blue crystals of complex 2 were obtained upon slow

evaporation of a CH2Cl2 solution under a nitrogen atmos-
phere at room temperature. The X-ray structure of 2 reveals
the formation of the bimetallic stilbenequinone structure and
the rare h2 coordination mode of the metal centers to the
quinonoid C=O double bonds (Figure 1).[17]

The fourteen carbon atoms of the stilbenequinone back-
bone are located in the same plane with the two metal-
coordinated oxygen atoms out of the plane by about 0.3 D.
The relatively short C(14)-C(14A) bond length of 1.404(5) D
may indicate a contribution of other resonance structures.[3]

The phosphine groups are mutually trans with a significantly
distorted P-Rh-P angle of 167.84(2)8. Distorted P-M-P angles
are common for pincer complexes.[7] The C�O, Rh�O, and
Rh�C bonds of 1.325(3), 2.0562(16), and 2.186(2) D, respec-
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tively, compare well with those observed for a monomeric IrI

phenoxonium cation.[8] Other coordination modes in quino-
noid systems are much more common.[9–12]

1H, 31P{1H}, and 13C{1H} NMR spectroscopy measure-
ments of a sample of the reaction mixture before addition of
the oxidation reagent indicated the initial formation of the
unstable RhIII hydride complex 3 as the only detectable
phosphorus-containing product [Eq. (2)]. Remarkably, con-
tinuous stirring of the reaction mixture for three days without
Ag2O in a sealed vessel with rigorous exclusion of air resulted
in the disappearance of intermediate 3 with formation of the
stilbenequinone 2 and complex 5 in a 1:3 molar ratio as judged
by 31P{1H} NMR spectroscopy.

Complex 5 shows very similar spectroscopic properties to
an analogous complex lacking the p-methyl group on the
aromatic ring.[13] The 1H NMR spectrum clearly shows a
characteristic rhodium-hydride double triplets at d =

�27.53 ppm (1JRh,H = 52.8 Hz, 2JP,H = 12.0 Hz), which collapse
into a doublet in the 1H{31P} NMR spectrum, whereas the
31P{1H} spectrum shows a doublet at d = 74.9 ppm (1JRh,P =

115.1 Hz). The product distribution does not change after
consumption of intermediate 3, and the stoichiometry is
consistent with the formation of water. Water has been
detected by GC-MS. Performing this reaction at 60 8C for
three days resulted in the same outcome. Formation of
complex 5 by activation of the strong aryl C�O bond at room
temperature is unexpected. Only a few cases of aryl�O bond
cleavage of ethers or phenols under mild homogeneous
reaction conditions have been reported.[6, 14,15]

Formation of complex 2 is a clear example of transition-
metal-based selectivity. Treatment of compound 1 with
0.5 equivalent of [{IrCl(cyclooctene)}2] resulted in O�H

activation and quantitative formation of the fully character-
ized IrIII phenoxy hydride complex 4 [Eq. (2)]. Orange
crystals of 4 were obtained from a benzene solution by slow
evaporation of the solvent under N2 at room temperature
(Figure 2).[17] The C�O, Ir�O, Ir···C separations of 1.334(9),
2.083(5), and 2.363(8) D are in agreement with a phenoxy
type structure.[16]

In sharp contrast to the aforementioned reactivity of the
analogous RhIII hydride complex 3, no formation of bimetallic
compounds or other iridium complexes was detected even
after three days of heating at 60 8C in THF in a sealed pressure
tube. Attempts to oxidize complex 4 with Ag2O, O2,
ferrocenium hexafluorophosphate, and cyclic voltammetry
resulted in an indicative color change from red to purple but
31P{1H} NMR spectroscopy measurements showed mixtures
of unidentifiable compounds. Apparently the metal center
plays an important role in the stilbenequinone complex
formation. Although in both cases (3, 4) a d6 metal center is
used, the second-row metal hydride complex 3 is less stable
and readily undergoes stilbenequinone formation whereas the
third-row metal hydride complex 4 is far more thermally
robust but exhibits an unselective reactivity pattern.

Mechanistically, it is likely that the room-temperature
dearomatization and dimerization of complex 3 at the methyl
group to form 2 proceeds via a p-quinonemethide intermedi-
ate. An unusual series of monomeric phosphorus–carbon–
phosphorus(PCP)-type RhI and IrI quinone methide com-
plexes (C=C bond bound to the metal center) have been
isolated.[11] Formation of a strong metal–olefin bond may
contribute to the stability of these compounds, whereas the
RhI intermediate proposed herein (C=O bond bound to the
metal center) undergoes oxidative coupling to afford 2.
However, other mechanistic pathways are also possible. The
steric hindrance provided by the two bulky CH2PtBu2 groups
and stabilization of the p-quinonemethide structure by h2-C=

O bond coordination to the low-valent rhodium center may
allow this postulated intermediate sufficient lifetime to

Figure 1. Ortep diagram of complex 2 (thermal ellipsoids set at 50 %
probability). Selected bond lengths [D] and angles [8]: Rh(1)-O(6)
2.0562(16), Rh(1)-C(5) 2.186(2), Rh(1)-Cl(2) 2.3156(8), Rh(1)-P(3)
2.3290(7), Rh(1)-P(4) 2.3457(7), C(5)-O(6) 1.325(3), C(13)-C(14)
1.395(3), C(14)-C(14A) 1.404(5); P(3)-Rh(1)-P(4) 167.84(2).

Figure 2. Ortep diagram of complex 4 (thermal ellipsoids set at 50 %
probability) Selected interatomic distances [D] and angles [8]: Ir(1)-O2
2.083(5), Ir(1)···C1(1) 2.363(8), Ir(1)-Cl(1) 2.349(3), Ir(1)-P(2) 2.354(1),
Ir(1)-P(3) 2.363(72), C1(1)-O(2) 1.334(9); P(2)-Ir(1)-P(3) 163.97(8).
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interact with a second intermediate. No coupling products
with complex 5 or solvents were detected. It is remarkable
that quantitative formation of the stilbenequinone complex 2
occurs even in the absence of an added oxidant. The RhIII

hydride intermediate 3 plays a dual role—as precursor for
formation of stilbenequinone complex 2 and as an oxygen-
transfer agent. Examples of chemical processes wherein one
metal complex fulfills two or more distinctly different tasks
are not common.

In summary, a unique oxidative dimerization process of a
phenolic compound has been observed with a pincer model
system, in which the phenolic oxygen atom itself serves as an
oxidant by aryl–oxygen and C–H cleavage, leading to a new
metal complex. The oxidative dimerization process can also
be affected by an external oxidant. The process is metal
selective.
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Radical Reactions

a,a-Difluoro-H-phosphinates: Useful
Intermediates for a Variety of Phosphate Isosteres

Arnaud Gautier,* Goulnara Garipova, Carmen Salcedo,
S�bastien Balieu, and Serge R. Piettre*

Dedicated to Professor Clayton Heathcock

Research efforts have long since established H-phosphinates
1 as important and valuable intermediates for the preparation
of bioactive analogues of natural phosphates (Scheme 1).[1]

Despite various methodologies for their easy preparation, the
synthesis of phosphonate 2, phosphonothioates 3, and phos-
phinates 4 remains an area of intense activity.[2]

Moreover, major progress has been made in the chemistry
of a,a-difluorophosphonates 7 since their introduction
slightly more than two decades ago.[3] Indeed, physicochem-
ical studies have provided some rationale for the isosteric
behavior of the above functional group to the phosphate
group, and numerous applications have flourished.[4] Among
these, analogues targeting phospholipase C (PLC), purine
nucleoside phosphorylase (PNP), and protein phosphotyro-
sine, phosphoserine, or phosphothreonine phosphatases have
been reported.[5] This functional group has also been success-
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fully used to mimic the phosphate group in nucleotide
monophosphates and triphosphates: analogues of adenosine
monophosphate, cyclic adenosine monophosphate, adenosine
triphosphate, and adenosyl adenosine triphosphate, as well as
structurally related potent inhibitors of the reverse tran-
scriptase of human immunodeficiency virus (HIV), have been
described in the literature.[6]

Despite their potential both as a new class of isosteres of
natural phosphates and as important intermediates in the
synthesis of numerous a,a-difluorinated organophosphorus
compounds, reports on fluorinated H-phosphinates 5 are
scarce.[7] The main reasons behind this situation are the
synthetic problems underlying their preparation. Indeed,
processes such as nucleophilic substitution of halodifluori-
nated centers (including the Arbuzov reaction) have long
been known to be disfavored,[8] and we and others have
confirmed the sluggishness of phosphorus-centered radicals
with respect to addition onto difluoroalkenes, when compared
to their nonfluorinated analogues.[9] In this context, we found
that the sodium salt 6 of hypophosphorous acid behaves in a
unique way, and have developed an efficient and practical
preparation of a,a-difluoro-H-phosphinates. As shown below,
these compounds can be easily transformed into difluoro-
phosphonates 7, difluorophosphonothioates 8, and difluoro-
phosphinates 9 (Scheme 1).

When a solution of 6 (0.2m, 1.3 equiv) in methanol was
refluxed for four hours with difluoroalkene 10–13 in the
presence of tert-butyl peroxypivalate (TBPP) or tert-butyl 2-
ethylhexyl peroxycarbonate (TBEC)[10] as a radical initiator,
complete consumption of the substrate occurred and led to
the formation of a single product in each case. A simple
workup led to the isolation of products 14–17 in 75, 85, 83, and
80% yield, respectively, in the case of TBPP (Table 1). Later,
we found that the Et3B/O2 system also allows a smooth
conversion to take place.[11] The a,a-difluoro-H-phosphinates
are stable for weeks under standard conditions (room
temperature and air). As expected, the 31P NMR spectra of
compounds 14–17 displayed signals around 20 ppm with a P,H
coupling constant of 590 Hz and P,F coupling constants of
about 120 Hz. Similarly, the 19F NMR spectra were charac-
terized by signals with two-bond F,P and three-bond F,H
couplings, in accordance with the depicted structures. Addi-
tionally, FTIR signals were detected at 1250(s) and around
2370(m) cm�1, which correspond to the P=O and P�H bonds,
respectively.[7]

The weak phosphorus–hydrogen bond present in adducts
14–17 renders it prone to homolytic cleavage and highlights
the possibility of generating yet another phosphorus-centered
radical by treating these compounds with a radical initiator,
and of a second radical addition on an alkene. Thus,
interaction of a 1.6m methanolic solution of 15 with methyl-
enecyclohexane in the presence of a catalytic amount of
radical initiator (TBPP) led to the formation of the expected
a,a-difluorophosphinic acid, which was isolated in the form of
its methyl ester 18 (diazomethane) in 53% yield (Scheme 2).
A similar two-step process involving sequential addition of 4-
phenylbut-1-ene and diazomethane gave methyl difluoro-
phosphinate 19 in 80% yield.

The documented tautomeric equilibrium between an H-
phosphinate and the corresponding phosphite led us to
envision the possible transformation of a,a-difluoro-H-phos-
phinates into the corresponding bis-O,O-silylated difluoroal-

Scheme 1. General structure of H-phosphinates 1, related structures
2–4 obtained therefrom, and target compounds 5–9.

Table 1: Structures of gem-difluoroalkenes and a,a-difluoro-H-phosphi-
nates, and yields of the latter.

Entry Substrate Product Yield [%]

1 10 14 75[a]

2 11 15 85[a,b]

3 12 16 83[a,c]

4 13 17 80[a]

[a] Using TBPP. [b] A complete conversion also occurred with B(Et)3/O2.
[c] Isolated as a 4:1 mixture of diastereoisomers.

Scheme 2. Transformation of a,a-difluoro-H-phosphinates into difluoro-
phosphonates, difluorophosphonothioates, and difluorophosphinates.
a) 1. Alkene, 6 (0.3 equiv), C6H6, 55 8C, 18 h; 2. CH2N2, Et2O, 12 h;
b) bis(trimethylsilyl)acetamide (BSA, 3 equiv), CH2Cl2, 25 8C, 1 h; c) O2,
CH2Cl2, 25 8C, 0.5 h; d) S8, CH2Cl2, 25 8C, 0.5 h; e) 1. but-3-en-2-one,
BSA (3 equiv), CH2Cl2, 25 8C, 18 h, 2. CH2N2, Et2O, 12 h; f) 1. pivalalde-
hyde, BSA (5.5 equiv), CH2Cl2, 25 8C, 3 h, 2. CH2N2, Et2O, 12 h.
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kylphosphites, and the use of the nucleo-
philic PIII species.[12] Accordingly, treatment
of 16 with a threefold excess of trimethyl-
silyl chloride (TMSCl) and pyridine led to
quantitative formation of the corresponding
air-sensitive phosphites 20 and 21, as dem-
onstrated by a shift of the 31P NMR signals
to about 130 ppm, and the lack of any one-
bond P,H coupling. Exposure of the bis-
O,O-trimethylsilyl phosphites to oxygen or
elemental sulfur quickly transformed these
products into difluorophosphonates 22 or
difluorophosphonothioates 23.

Interactions between bissilylated
difluoroalkylphosphites and electrophilic
carbon atoms were exemplified through
the 1,2- and 1,4-addition reactions (Abra-
mov and Pudovic reactions, respectively).[13]

Thus, a degassed solution of 15, methyl vinyl
ketone, BSA, and TMSCl in dichlorometh-
ane was stirred at room temperature, and
the crude sample was sequentially subjected
to a classical workup and treatment with
diazomethane, which delivered difluoro-
phosphinate 24 in 57% yield. Similarly,
trimethylacetaldehyde (pivalaldehyde)
reacted with 21 to furnish a,a-difluoro-a’-
hydroxyphosphinate 25 (64% yield). Few
examples of difluorophosphinates have so far been repor-
ted,[2b,9a,14] and the present methodology constitutes the first
general preparation of these compounds. It was particularly
gratifying to note that the presence of the fluorine atoms did
not prevent the PIII species from interacting with electro-
philes.

The scope of the methodology was investigated by
developing an application in the field of ribofuranosyl and
cyclitol phosphates. Thus, reaction between 6 and ribofura-
nose derivatives 26 or 27 resulted in complete conversions,
and the desired adducts 30 and 31 could be isolated in yields
of 78 and 63%, respectively (Table 2). Similarly, cyclitol
derivatives 28 and 29 reacted smoothly with 6 to deliver
compounds 32 and 33 in good yields. These results are
significant in light of the complete lack of reactivity of both
diethyl phosphite and diethyl thiophosphite under similar
conditions.[15]

Table 2 clearly indicates the complete failure of any
addition process in the case of phosphonyl and phosphono-
thioyl radicals, despite the demonstrated higher reactivity of
the latter.[9a–b,16] The involvement of a tautomeric PIII species
of the radical generated from 6 has been ruled out by
Beckwith,[17] and the nature of this radical and those
generated from phosphites and thiophosphites should there-
fore be similar. Additional physicochemical studies will be
needed to explain the peculiar, but synthetically useful,
behavior of 6 and shed light on the steric and electronic
factors at play in this reaction.[18] a,a-Difluoro-H-phosphi-
nates 30 and 31 are useful intermediates to various com-
pounds with potential applications in the fields of modified
nucleotides and oligonucleotides (hence the antisense and

antigene strategies). For example, H-phosphinate 30 was
easily transformed into difluorophosphonate 34 and difluoro-
phosphonothioate 35 by treatment with TMSCl, pyridine, and
the requisite O2 or S8 (Scheme 3).[2a, 15,19] In addition, H-
phosphinate 31 could easily be esterified by reaction with
ribofuranose 36 in the presence of dicyclohexylcarbodiimide
(DCC) and trifluoroacetic acid (TFA). The resultant H-
phosphinate was treated with sulfur and TMSCl in pyridine to

Table 2: Addition of hypophosphorous acid sodium salt, diethyl phosphite, and diethyl thiophosphite to
difluoroalkenes 26–29.

Entry Substrate Product Phosphorus
precursor

Conversion [%]
(yield [%])

1
2
3

26 30
NaOP(O)H2

(EtO)2P(O)H
(EtO)2P(S)H

100 (78[a,b])
0
0

4
5
6

27 31
NaOP(O)H2

(EtO)2P(O)H
(EtO)2P(S)H

100 (63[b,c])
0
0

7
8
9

28 32
NaOP(O)H2

(EtO)2P(O)H
(EtO)2P(S)H

100 (76[a])
0
0

10
11
12

29 33
NaOP(O)H2

(EtO)2P(O)H
(EtO)2P(S)H

100 (70[a,d])
0
0

[a] Using TBPP. [b] The addition proceeded with a diastereoselectivity greater than 95%. [c] Using
B(Et)3/O2. [d] Isolated as a 3:7 mixture of diastereoisomers.

Scheme 3. Transformation of a,a-difluoro-H-phosphinates 30 and 31
into difluorophosphonate 34 and difluorophosphonothioates 35 and
37. a) Pyridine/TMSCl/O2 or pyridine/TMSCl/S8; b) DCC/TFA; c) pyri-
dine/TMSCl/S8. Bz=benzoyl, Piv=pivaloyl.
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afford difluorophosphonothioic acid monoester 37 in 50%
yield (a 1:1 mixture of two diastereoisomers at the phospho-
rus center).[2a] This last result demonstrated the efficacy of the
methodology in providing precursors of modified dinucleo-
tides with new phosphorus-centered linkers.

In summary, radical addition of 6 on gem-difluoroalkenes
constitutes a powerful method of constructing the previously
unreported a,a-difluoro-H-phosphinates. This new functional
group is easily and efficiently transformed into difluoro-
phosphonates, difluorophosphonothioates, and difluorophos-
phinates. The methodology can be expected to have a major
impact on the preparation of difluorophosphonyl, difluoro-
phosphonothioyl, and difluorophosphinyl analogues of natu-
ral phosphates.

Experimental Section
General procedure for the synthesis of a,a-difluoro-H-phosphinates
using tert-butyl peroxypivalate or tert-butyl 2-ethylhexyl peroxycar-
bonate as initiator: The requisite 1,1-difluoroalkene[20–22] (1.0 equiv)
and initiator (0.3 equiv) were added to a solution of hypophosphorous
acid sodium salt monohydrate (0.2m, 1.3 equiv) in degassed meth-
anol. The solution was refluxed for 4 h under a nitrogen atmosphere
and cooled to room temperature. The solution was poured into water
and the aqueous phase was extracted with diethyl ether and
lyophilized after separation of the layers. The solid was dissolved in
aqueous NaHSO4 (2.0m) and extracted with dichloromethane. The
organic layer was dried and evaporated to give a viscous oil.

Gram-scale synthesis of 31: Hypophosphorous acid sodium salt
monohydrate (1.24 g, 1.7 mmol, 4.0 equiv) was added to a solution of
27 (1.0 g, 2.8 mmol, 1.0 equiv) in nondegassed methanol (25 mL) at
room temperature in an open flask. Triethylborane (5 mL, 1m
solution in hexane, 5.0 mmol, 5.0 equiv) was added under vigorous
stirring, and the solution was stirred for 10 min. This operation was
repeated twice. The fast addition of Et3B solution was crucial. After
the third addition of Et3B, the solution was stirred for 1 h and then the
solvent removed by evaporation. Water (50 mL) was added and the
aqueous layer was extracted with ethyl acetate (20 mL). The aqueous
layer was lyophilized and the crude solid was dissolved in aqueous
triethylammonium carbonate (1.0m, 30 mL). The solution was
extracted twice with dichloromethane (30 mL); the organic layer
was dried and evaporated to give a viscous oil (930 mg, 63%). [a]D20 =
+ 33.9 (c= 1.08 in CHCl3);

1H NMR (200 MHz, CDCl3): d = 7.10 (dd,
J= 556 Hz, J= 6 Hz, 1H), 7.92 (d, J= 8.7 Hz, 2H), 7.33 (d, J= 8.7 Hz,
2H), 5.80 (d, J= 3.9 Hz, 1H), 5.04 (t, J= 3.9 Hz, 1H), 4.8 (m, 1H),
4.73 (d, J= 12 Hz, 1H), 4.32 (dd, J= 12 Hz, J= 5.5 Hz, 1H), 3.00 (q,
J= 7.3 Hz, 6H), 2.70 (m, 1H), 1.50 (s, 3H), 1.26 (s, 3H), 1.26 ppm (t,
J= 7.3 Hz, 9H); 13C NMR (50 MHz, CDCl3): d = 165.1, 139.1, 130.9,
128.4, 128.1, 120.2 (td, J= 257 Hz, J= 121 Hz, CF2), 112.5, 104.7, 79.4
(d, J= 7.6 Hz), 74.4, 64.6, 49.0 (td, J= 22.7 Hz, J= 13.6 Hz), 45.3, 26.3
(d, J= 6.1 Hz), 8.26 ppm; 31P NMR (81 MHz, CDCl3): d = 9.7 ppm
(dd, J= 92 Hz, J= 86 Hz); 19F NMR (188 MHz, CDCl3, C6F6): d =
51.5 (ddt, J= 301 Hz, J= 85 Hz, J= 10 Hz), 47.4 ppm (ddd, J=

301 Hz, J= 92 Hz, J= 23 Hz); IR (NaCl): ñ = 2986, 1721, 1455,
1275, 1091 cm�1. MS (MALDI, matrix: 2,4,6-trihydroxyacetophe-
none) m/z= 425.1 [M�102.1].

37: Compound 24 (58 mg, 0.28 mmol, 1.5 equiv), DCC (118 mg,
0.76 mmol, 4.0 equiv), and trifluoroacetic acid (72 mL, 0.95 mmol,
5.0 equiv) were added to a solution of 31 (100 mg, 0.19 mmol,
1.0 equiv) in degassed dichloromethane (3 mL). A white precipitate
immediately formed and the slurry was stirred for 10 min. Powdered
S8 (200 mg, 6.2 mmol, 32.6 equiv), pyridine (1 mL, 12.2 mmol,
43.8 mmol), and TMSCl (1 mL, 7.9 mmol, 28.1 equiv) were then
added sequentially. The reaction was stirred for an additional 15 min,
then water (1 mL) was added, and the solution was filtered. The

filtrate was extracted with ice-cold aqueous HCl (0.1m, 10 mL),
washed with aqueous triethylammonium carbonate (1.0m), and
evaporated. The residue was purified by flash chromatography over
silica gel (AcOEt/MeOH/triethylamine 90:8:2) to give a viscous oil
(70 mg, 50%) as a 1:1 mixture of two diastereoisomers (stereogenic
phosphorus atom). A second chromatography procedure was per-
formed which allowed partial separation of one of the diastereoisom-
ers from the mixture. [a]D25 = ++ 17.2 (c= 0.5 in CHCl3);

1H NMR
(200 MHz, CDCl3): d = 8.00 (d, J= 8.4 Hz, 2H), 7.30 (d, J= 8.4 Hz,
2H), 5.80 (d, J= 3.7 Hz, 1H), 5.10 (t, J= 3.7 Hz, 1H), 4.90 (s, 1H),
4.82 (d, J= 5.8 Hz, 1H), 4.70 (dd, J= 10.2 Hz, J= 3.6 Hz, 1H), 4.54 (d,
J= 5.8 Hz, 1H), 4.40–3.90 (m, 4H), 3.30 (s, 3H), 3.10 (q, J= 7.3 Hz,
6H), 1.50 (s, 3H), 1.4 (s, 3H), 1.3–1.2 ppm (m, 16H); 13C NMR
(50 MHz, CDCl3): d = 165.4, 139.2, 131.0, 128.6, 128.4, 112.5, 111.9,
109.0, 104.5, 85.4, 84.9, 81.6, 80.4(m), 75.0, 66.7, 65.1, 54.6, 47.4(m),
45.4, 26.8, 26.3, 26.3, 24.8, 8.3 ppm (CF2 not observed); 31P NMR
(81 MHz, CDCl3): d = 61.5 ppm (dd, J= 93 Hz, J= 90 Hz); 19F NMR
(188 MHz, CDCl3, C6F6): d = 56.4 (ddd, J= 306 Hz, J= 97 Hz, J=

14 Hz), 50.0 ppm (ddd, J= 306 Hz, J= 97 Hz, J= 17 Hz); IR
(NaCl): ñ = 2987, 2935, 1722, 1274, 1108, 1093, 1013 cm�1; MS
(MALDI, matrix: 2,4,6-trihydroxyacetophenone) m/z= 643.1
[M�103.1].
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Metal-directed self-assembly reactions have become a power-
ful method used for the construction of supramolecular
architectures including molecular squares, cages, and other
polygons, as well as numerous polymeric and dendrimeric
species.[1] In the last decade, scientists have become partic-
ularly intrigued with the effect of incorporating chiral ligands/
groups into metallosupramolecular systems. These materials
have demonstrated potential in numerous enantioselective
processes including asymmetric catalysis,[2] chemical sens-
ing,[3] and selective guest inclusion.[4]
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In most cases, the synthesis of metal-contain-
ing chiral supramolecules involves derivatization
of an enantiopure building block, as in the
numerous chiral binaphthyl-based molecules.
Using a typically step-wise process, these chiral
segments are elaborated with functionality capa-
ble of binding to a metal or metal ion, such as
pyridyl and alkynyl moieties.[5] These larger
segments are then assembled into the desired
supramolecule, and this ultimately provides a
chiral metal-containing architecture of predict-
able size, shape, and function.

The most costly component of a chiral framework is
nearly always the optically pure building block. Thus, a
synthetic sequence that initiates from a chiral building block
will inherently suffer from losses due to subsequent synthetic
and purification steps.[2,3] A more attractive approach would
be a method that introduced chirality after construction of the
desired supramolecular assembly. This approach would not
only circumvent waste of the chiral build-
ing block prior to the ultimate synthetic
step, but would also facilitate the diver-
gent preparation of both enantiomers of a
given target from a common precursor.
Described herein is a simple and general
protocol that provides economical access
to chiral metal-containing molecules by
ligand exchange between trans platinum
acetylide complexes (1) and the chiral
diphosphine ligands (R,R)- and (S,S)-
chiraphos (Scheme 1).

Metal-organic frameworks can be
expediently accessed by the conversion
of terminal acetylenes (2) into trans
platinum acetylide complexes (1) by reac-
tion with [PtCl2(PR3)2].

[6] It has been
established that transformation of trans
complexes 1 into their cis counterparts 3
can be readily accomplished by ligand
exchange with a chelating diphosphine
ligand,[7] provided the lability of the
exiting phosphine ligand is carefully con-
trolled. In the case of trans acetylides with
PEt3 ligands (e.g., 1, R=Et), ligand
exchange to give the cis derivatives 3 is
either extremely slow or completely
retarded in reactions with dppee.[7] The
trans complexes 1 with pendant PPh3
ligands, on the other hand, are readily
converted to their cis counterparts 3 in
good to excellent yield, when using dppee
to effect ligand exchange.

For the current study, formation of
requisite trans platinum complexes 4a–e
(Schemes 2 and 3) was effected by treat-
ing the appropriate terminal acetylene
with [PtCl2(PPh3)2] in degassed Et2NH
with a catalytic amount of CuI.[8] In the
case of cyclic derivatives such as 4b–e,

Scheme 1. Construction of achiral and chiral cis platinum acetylide complexes by
ligand exchange.

Scheme 2. Synthesis of chiral cis acetylide complex 5a.

Scheme 3. Synthesis of chiral macrocycles 5b–f. a) (S,S)-chiraphos, CH2Cl2, RT; b) (R,R)-
chiraphos, CH2Cl2, RT.
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high dilution was used to facilitate closure of the macrocyclic
skeleton. All trans complexes were readily purified by either
selective precipitation or flash chromatography on silica gel.

To probe the transformation of the achiral complexes into
chiral supramolecules, the acyclic system 4a was used as a
model system. Treatment of 4a with (S,S)-chiraphos in
CH2Cl2 at RT for 14 h cleanly formed the chiral cis complex
5a in 89% yield (Scheme 2). This protocol was next applied to
a structurally diverse selection of metallamacrocycles 4b–e.[9]

Gratifyingly, the reaction of these trans acetylide complexes
with (S,S)-chiraphos under analogous conditions led to the cis
acetylide macrocyclic complexes 5b–e in good to excellent
yields. The reaction of 4e with the ligand (R,R)-chiraphos to
give 5 f was equally successful, highlighting the economy of
our methodology which allows for the divergent generation of
both enantiomeric macrocycles, 5e and 5 f, from 4e by simply
changing the ligand system in the final step of the synthesis.
Thus, this one-step transformation is equally effective for
carbocyclic systems such as 5b,c and complexes with pyridine
rings containing one (5d) or two metal centers (5e, f). The
successful formation of 5d–f is noteworthy as they are
excellent candidates for use as chiral building blocks in self-
assembly reactions, through coordination through the pyri-
dine unit(s).[10]

The formation of 5a–f is easily monitored by 1H and
31P NMR spectroscopy. The alkyl protons of the free ligand,
(S,S)-chiraphos, appear as a multiplet (methine) and quartet
(methyl) at d = 2.50–2.43 and 1.17 ppm, respectively. Upon
binding to the metal center, these protons are shifted upfield
and appear as broad multiplets centered at d = 2.49–2.16 and
0.95–0.84 ppm, respectively. Even more diagnostic are the
31P NMR spectra. The free chiraphos ligand gives rise to a
singlet at d =�8.7 ppm that diminishes in intensity as ligand
exchange proceeds, while the resonance of uncoordinated
PPh3 emerges at d =�4.4 ppm. Concurrently, the intensity of
the 31P NMR resonance from the ligated PPh3 of the trans
acetylide complex 4, observed at d = 18–21 ppm, disappears
as the reaction proceeds. It is replaced by a new resonance at
d = 42–47 ppm from the chiraphos ligand bound to platinum
in complex 5. As the coordination geometry about the
platinum center changes from trans to cis, a diagnostic
change in the coupling constant JP-Pt is also observed (2600–
2720 Hz for 4a–e, 2190–2250 Hz for 5a–f).

It is well known that five-membered chelate rings can
adopt two puckered, chiral conformations (Figure 1).[11] In the
presence of stereogenic centers (as is the case with chiraphos),
these two conformations become diastereomeric, and one
conformation is therefore energetically more favorable. For
(S,S)-chiraphos, the most stable conformation is the one in

which the substituents of the chelate ring are equatorially
disposed (the d conformation). As a result of this conforma-
tional preference, the phenyl groups on the phosphorus
centers are locked into a chiral arrangement. It is through this
arrangement that the chiraphos ligand can convey chirality to
the entire molecular framework by the steric influence of the
phenyl groups of the phosphine, which is relayed to other
ligands bonded to platinum.

Conclusive structural proof of the chiral structures of 5a
and 5d as a result of the chiraphos ligand has been provided
by single crystal X-ray crystallographic analysis. The ORTEP
drawing of 5a (Figure 2) shows that the complex is in the

expected d conformation in which the two methyl groups of
the chiraphos ligand are pseudoequatorial.[12] The coordina-
tion geometry about the platinum center is square planar with
angles of 86.29(2)8 (P1-Pt-P2) and 87.93(9)8 (C3-Pt-C5) which
are comparable to other PtII–chiraphos complexes.[13] All
other angles and bond lengths are unremarkable.

The solid-state structure of 5d, by contrast, shows several
unexpected features. Complex 5d crystallizes with two
independent molecules in the unit cell (molecule A is
shown in Figure 3).[14] While much of the macrocyclic core is
nearly planar, the structure pivots dramatically at the
alkylidene carbons C17 and C23 to accommodate the cis
acetylide linkage to platinum. In spite of the inherent strain,
the coordination geometry about the platinum center remains
unchanged with bond angles about the metal of 87.5(6)8 (C20-
Pt1-C21) and 86.04(16)8 (P1-Pt1-P2). The strain imparted by
the cis conformation is therefore borne almost exclusively by
the enyne core of the macrocycle, as evidenced by the
alkylidene and alkyne bond angles, which have mean values
of 112.28 and 172.38, respectively.

The most remarkable feature of the solid-state structure
of 5d is that the Chiraphos ligand has adopted a l

conformation, which places the two methyl groups in
pseudodiaxial positions with a dihedral angle C43-C41-C42-
C44 between the methyl groups of 166.28 (molecule B is
similar, with C43-C41-C42-C44= 167.48). This is only the
second example of Chiraphos adopting this conformation (in

Figure 1. d and l conformations resulting from bonding of (S,S)-chira-
phos to platinum.

Figure 2. ORTEP drawing of 5a (20% probability level; solvent mole-
cules and all but the ipso carbon atoms of the phenyl rings have been
removed).
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the solid-state) that could be found in the Cambridge
structural database.[15] It is speculated that this unusual
result is directed by steric interactions between the phenyl
groups on the diphosphine ligand and the pendant diphenyl-
alkylidene groups of the macrocycle.

The CD spectra for chiral cis complexes 5a–f are shown in
Figure 4. The CD curve for complex 5b shows the strongest

response and is dominated by two intense Cotton effects that
form a negative couplet centered at l = 358 nm, attributable
to the p!p* transition.[16,17] A third, positive Cotton effect is
observed at high energy (l� 260 nm). The CD curves for
complexes 5e and 5 f demonstrate several moderately strong
signals, and the two spectra mirror each other in both form
and intensity, consistent with an enantiomeric relationship.
More specifically, these spectra show two bisignate signals,
centered at l� 360 and 305 nm. The lower energy couplet
likely arises from the MLCT absorption band, whereas the
high-energy band is associated with an unassigned transition

in the UV/Vis absorption spectrum at l = 305 nm. Unlike
complexes 5b and 5e, f, the remaining complexes, acyclic 5a
and the more strained macrocycles 5c and 5d, show only
weaker, high-energy signals in the lower energy region of the
CD spectra.

The solid-state and CD spectroscopic data for 5a–f
unambiguously demonstrate the ability of the chiraphos
ligand to efficiently transfer chirality to the conjugated
molecular framework of platinum acetylide complexes.
There are, however, several important design considerations
that appear to govern this process. As demonstrated by CD
spectroscopy, the chiral influence from chiraphos is strongest
when the acetylenic chromophore attached to the platinum
metal center is large and sufficiently rigid to interact with the
chiral array of phenyl groups on the diphosphine ligand, as
observed for macrocycles 5b and 5e–f. The macrocycle must
also, however, maintain sufficient conformational mobility to
be biased by this interaction, that is, when the macrocycle is
too strained or rigid, the chiral influence is minimal, as
observed for 5c and 5d. Optimization of this process and the
formation of chiral, conjugated frameworks using ligand-
exchange methodology with other chiral phosphine ligands
are currently underway.
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Asymmetric Catalysis

Readily Available Biaryl P,N Ligands for
Asymmetric Catalysis**

Thomas F. Kn�pfel, Patrick Aschwanden,
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Erick M. Carreira*

The discovery and development of new chiral ligands for
transition-metal complexes is critical for expanding the scope
of catalytic asymmetric synthesis.[1] The P,N ligands are a
highly successful class,[2] in which quinap[3] holds a special
place because it displays unique reactivity and selectivity[4]

(e.g. in hydroboration,[4a] alkyne addition,[4c] diboration[4d] and
azomethine cycloaddition).[4e] Herein, we present new, readily

available atropisomeric P,N ligands (pinap)[5] that are struc-
turally similar to quinap and have parallel reactivity. They

have the additional advantage, however, that, unlike quinap,
they are conveniently prepared and resolved as well as easily
amenable to structural and electronic modifications. We
describe their synthesis, as well as applications in reactions
involving Rh, Ag, and Cu catalysts, which demonstrate their
utility. In the Cu-catalyzed coupling of acetylenes and imines
they are superior to quinap and afford products with the
highest enantioselectivity reported to date.

Quinap was developed by Brown and co-workers in
1993.[6] The six-step sequence for its synthesis includes a Pd-
catalyzed coupling of 2-methoxy-1-naphthylboronic acid and
1-chloroisoquinoline to generate the biaryl scaffold. After
introduction of the phosphinyl group, the resolution of the
enantiomeric atropisomers is carried out as the final step by
treatment of (� )-quinap with a preformed chiral Pd complex
prepared from (R)- or (S)-N,N-dimethyl-1-naphthalen-1-
ylethylamine.[7] Quinap is commercially available, but it is
rather expensive.[8] The design and synthesis of related biaryl
P,N ligands has been the focus of numerous research
groups.[2a,c] However, resolution of the ligands has proven
difficult and has inevitably involved fractional crystallization
of diastereomeric Pd complexes. This has limited the extent of
structural and electronic modification that can be examined
with this scaffold.

Key to our ligand design is the use of a covalently bound
chiral group, which facilitates resolution at any of the various
steps of the ligand synthesis. As shown in Scheme 1, the core
of the ligand is easily accessed by coupling 1,4-dichloro-
phthalazine with 2-naphthol to give 1 in 77% yield.[9]

Importantly, the use of the dichlorophthalazine allows both
convenient construction of the biaryl unit and subsequent
introduction of a chiral amine or an alcohol.

Treatment of 1 with (R)-phenylethanol afforded the
diastereomeric aryl ethers (82% yield, d.r.= 1:1), which
were subsequently converted into triflates 2 (91% yield).
Ni-catalyzed coupling of 2 with HPPh2 furnished ligands 3a
and 3b in 70% combined yield. The two atropisomeric
diastereomers were separated at this stage either by chroma-
tography on silica gel or, alternatively, by crystallization.[10]

The absolute configuration of 3a was shown to be R,M by X-
ray structure analysis.[11]

The synthesis of a related structure incorporating (R)-(+)-
a-phenethylamine was carried out similarly (Scheme 1).
Ligands 5a and 5b were isolated in 69% yield over three
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steps (d.r.= 1:1.2). These ligands are conveniently separated
by crystallization or chromatography on silica gel.[10] The
stereochemistry of 5a was assigned unambiguously by X-ray
structure analysis.[11]

We tested these ligands in three different reactions. In the
Rh-catalyzed hydroboration[12] the cationic RhI complex
formed with 3a proved to be optimal,[13] leading to optically
active alcohols in 2 h using 1 mol% catalyst (room temper-
ature). The regio- (86:14 to > 99:1) and enantioselectivity
(84–92% ee ; Table 1) are comparable to those reported for

quinap, which is the ligand that demonstrates the broadest
scope for this reaction.[4a] Interestingly, an important differ-
ence in reactivity was observed for the RhI complex of 3a
when compared to previous work. Thus, in contrast to
reactions with quinap, the electronics of the aryl substrate
exerted little influence on the ee value of the product
(Table 1, entries 5 and 6), indicating an unanticipated advant-
age of the complex derived from 3a.

The asymmetric, Ag-catalyzed azomethine cycloaddition
reaction with acrylates first reported by Zhang et al.[14] was
examined next. Its substrate scope has been recently
expanded by using a Ag–quinap catalyst.[4e] We have observed

that 3 mol% of the putative AgI complex of 3a catalyzes the
reaction, affording adducts with high yields and enantiose-
lectivities (Scheme 2).[15]

Our interest in the chemistry of terminal acetylenes[16]

compelled us to examine the ligands in the Cu-catalyzed
reaction of alkynes and imines. First reported in 1963,[17] these
additions have been recently investigated by Knochel et al.
with the complex formed by quinap and CuBr.[4c] We have
observed that the CuI complexes of 5a and 5b catalyze the
formation of the propargylic amines in 90–99% ee,[18] which
are the best values obtained to date (Table 2).

Scheme 1. a) AlCl3, DCE, 80 8C, 77%; b) (R)-phenylethanol, NaH (2 equiv), THF, 23 8C, 82%; c) Tf2O, pyridine, CH2Cl2, 0 8C, 91%; d) [NiCl2(dppe)]
(10 mol%), HPPh2, DABCO, DMF, 100 8C, 70%; e) Tf2O, pyridine, CH2Cl2, 0 8C, 93%; f) (R)-phenylethylamine (5 equiv), neat, 120 8C, 93%,
g) [NiCl2(dppe)] (10 mol%), HPPh2, DABCO, DMF, 130 8C, 80%. DABCO=1,4-diazabicyclo[2.2.2]octane, DCE=1,2-dichloroethane, Tf= trifluoro-
methanesulfonyl.

Table 1: Rh-catalyzed hydroboration.

Entry R Yield [%] ee [%] Quinap [%ee][4a]

1 Ph 73 92 92
2 p-Tol 94 92 89
3 m-Tol 85 84 86
4 o-Tol 81 91 92
5 p-MeO-C6H4 80 90 94
6 p-Cl-C6H4 87 87 78

Scheme 2. Ag-catalyzed azomethine cycloaddition reaction with acryl-
ates.

Table 2: Cu-catalyzed addition of alkynes to imines.

R R’ Ligand Yield [%] ee [%] Quinap [%ee][4c]

iPr Me3Si 5a 84 98 (R) 92
5b 82 99 (S)

iPr Ph 5a 88 90 (R) 84
5b 82 95 (S)

iBu nBu 5a 74 91 (R) 82
5b 72 94 (S)
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In the examined reactions, the configuration of the biaryl
moiety dictates stereoinduction. It is noteworthy that in this
process subtle remote effects are observed with respect to the
stereogenic center in the phenethyl group. Thus, when
compared to 5a, the use of the diastereomeric ligand 5b can
lead to a measurable and consistent increase (up to 5%) in
the ee value of the product (Table 2). Interestingly, in these
additions it is the R,P-configured ligand that affords the
higher selectivities, whereas in the hydroboration and cyclo-
addition reactions the R,M-configured ligands proved supe-
rior.

In conclusion, we have presented a new class of P,N li-
gands and demonstrated their utility in three different
asymmetric reactions with three different metals. The effi-
ciency (four steps from commercially available material) and
modular nature of the synthesis should permit fine tuning of
the ligand to accommodate a broad scope of asymmetric
transformations. Further studies aimed at diversifying the
structure of the ligands and their application in new reactions
are underway in our laboratories.
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Label-Free Assay

Profiling Kinase Activities by Using a Peptide
Chip and Mass Spectrometry**

Dal-Hee Min, Jing Su, and Milan Mrksich*

Herein we describe a strategy that combines peptide chips
with matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) to evaluate kinase
activities rapidly and semi-quantitatively. We have already
shown that monolayers of alkanethiolates on gold are well-
suited as substrates for MALDI-TOF MS, and could be used
to measure enzyme activities and to perform high-throughput
screenings.[1, 2] A significant aspect of this approach—which
we term SAMDI (self-assembled monolayers for MALDI)
MS—is that it avoids the use of labels, greatly simplifying the
formatting of assays. Herein we establish two important
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benefits that make this method well-suited to profiling
multiple enzyme activities. First, SAMDI allows different
classes of analytes, which may normally each require separate
labeling strategies, to be evaluated by using a single method.
Second, by using peptide substrates that are mass-resolved,
the substrates can be immobilized on a single surface as
mixtures, and do not need to be patterned into arrays.
Protein kinases are enzymes that catalyze the transfer of a

phosphate group to tyrosine, serine, or threonine residues of
substrate proteins. Protein kinases serve important regulatory
functions in essentially all cellular processes including cell
growth, migration, differentiation, and death.[3] Hence, assays
that measure kinase activities are important in research and in
the identification of lead compounds in drug discovery.
Traditional kinase-activity assays follow
one of two formats. In the first, a radioactive
32P atom is used to label the phosphorylated
substrates. Separation of the phosphorylated
products using gel electrophoresis, phospho-
cellulose binding, or liquid chromatography
then allows quantitation of the extent of
phosphorylation and therefore of the kinase
activity.[4] In the second format, the phos-
phorylated peptides are detected with anti-
bodies that recognize the phosphopeptide.
The assays can employ many strategies to
analyze the binding of the antibody, includ-
ing enzyme linked immuno sorbent assay
(ELISA) formats and fluorescence polar-
ization.[5] These techniques provide reliable
methods for measuring kinase activities, but
they do require substantial manipulation
and are not readily extended to multikinase
formats. Recent efforts have recognized that
mass-spectrometric techniques could prove
useful for measuring the activities because
these techniques avoid labels, which leads to
simpler assay formats.[6] A remaining chal-
lenge with these methods is to ease the
requirement for sample enrichment, includ-
ing by HPLC and affinity chromatography,
prior to MS analysis.
We illustrate the SAMDI assay with the

c-Src kinase.[7] We prepared mixed self-
assembled monolyers (SAMs) presenting
maleimide groups among a background of
tri(ethylene glycol) groups.[8] A peptide
substrate for c-Src (Pep1, 1 mm) was immo-
bilized by the reaction of the terminal
cysteine residue with the maleimide groups.
Analysis of the monolayer by MALDI-TOF
MS showed a single major peak at m/z 2079
([P1+H]+) corresponding to the mixed
disulfide derived from the peptide-termi-
nated alkanethiol and a glycol-terminated
alkanethiol (termed P1 (from Pep1)). An
identical monolayer was treated with c-Src
kinase (0.4 UmL�1 N-(2-hydroxyethyl)-N’-
(2-ethanesulphonyl)piperazine (HEPES)

buffer (pH 7.5) containing 80 mm adenosine-5’-triphosphate
(ATP), 15 mm MgCl2) for 1 h at 30 8C. The monolayer was
then rinsed, treated with matrix (2,4,6-trihydroxyacetophe-
none (THAP), 2 mL, 5 mgmL�1 in methanol) and analyzed by
MALDI-TOF MS.[9] The original peak arising from the
substrate peptide was absent and a new peak resulting from
phosphorylation of the peptide was observed at m/z 2159
([PP1+H]+; Figure 1a). Importantly, all of the original pep-
tide underwent phosphorylation, which shows that the
ligands, when immobilized to the structurally well-defined
monolayers, retain full activity towards the enzyme.
We assayed the catalytic subunits of protein kinase A

(PKA), protein kinase G (PKG), calmodulin-dependent
protein kinase II (CaMKII), casein kinase I (CKI), and Abl

Figure 1. Design of monolayers for characterizing enzyme activities by MALDI-TOF MS.
a) A peptide substrate for c-Src kinase (Pep1) was immobilized on a SAM presenting
maleimide groups. The monolayer was treated with c-Src kinase. Both monolayers before
and after the kinase treatment were analyzed by MS, which showed one major peak corre-
sponding to the mixed disulfide containing the peptide ([P1+H]+) and phosphorylated
product([PP1+H]+), respectively. b) Sequences and masses of substrate peptides used in
this work are listed. c) Molecular structures corresponding to mass peaks observed in this
study are shown.
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kinase by using the set of selective substrate peptides in
Figure 1b.[10] The enzymatic reaction conditions were chosen
to give complete phosphorylation by each kinase. Represen-
tative mass spectra are shown in Figure 2. We found that in
each case, the kinase reactions resulted in the expected mass
change of 80, which confirms the addition of phosphate
groups to each of the peptide substrates.
Multiple kinase activities can be measured simultaneously

by using monolayers that present mixtures of kinase-specific
peptide substrates. We treated a maleimide-terminated
monolayer with a mixture of four peptides (Pep2, Pep4,
Pep5, and Pep7). The ratio of the peptides in the mixture was
adjusted to give monolayers that displayed the four peptides
at similar intensities in MALDI-TOF spectra.[11] Indeed, a
mass spectrum of the monolayer showed four well resolved
peaks corresponding to disulfides derived from each peptide-
terminated alkanethiolates ([P2+H]+ m/z 1839, [P4+H]+ m/z
2292, [P5+H]+ m/z 2514, [P7+Na]+ m/z 2018; Figure 3a). An
identical monolayer was treated with the CK I kinase, which
is expected to phosphorylate only Pep5. Mass analysis
revealed that the original mass peak for the CK I substrate
peptide ([P5+H]+) was absent and gave rise to a new peak
corresponding to phosphorylation of this peptide ([PP5+H]+

m/z 2594), while the other peptides remained unmodified by
the kinase (Figure 3b). In an additional example, we treated
the same chip with PKA and found that the peptide substrate
for this kinase was phosphorylated ([PP2+H]+ m/z 1919), but
the other peptides were not modified (Figure 3c). These
examples show that the SAMDI approach can be applied to
peptide chips for rapid and easily interpretable character-
ization of enzymatic reactions in a multi-analyte format.
The SAMDI assay can be used to quantitatively charac-

terize the inhibition of kinases by known inhibitors. We
prepared several solutions containing CKI (1 UmL�1) and the
inhibitor N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquino-
linesulfonamide (H-89) at concentrations ranging from
0.001 to 1 mm in assay buffer (pH 7.5 2-amino-2-(hydroxy-
methyl)-1,3-propanediol (Tris) buffer containing 10 mm

MgCl2 and 0.2 mm ATP). A portion of each reaction mixture
(1 mL) was applied onto a circular region (2 mm in diameter)

of a monolayer presenting CKI selective substrate peptide,
Pep5. The array was incubated for 30 min at 25 8C to allow the
kinase reactions to proceed and then each spot was charac-
terized by SAMDI to determine the extent of reaction.
Figure 4a shows the relationship between the concentration
of H-89 and the extent of the phosphorylation reaction. The
data are fit well by a 1:1 inhibition model and give an IC50
value of 93 mm.[12] We followed the same procedure to

Figure 2. Characterization of three different kinase reactions with MALDI-TOF MS. MS spectra of the monolayers presenting substrate peptides
are shown before (top) and after (bottom) treatment with a) PKA onto Pep2-immobilized SAMs, b) PKG onto Pep3-immobilized SAMs, and
c) CaMKII onto Pep4-immobilized SAMs. After treatment with kinases, the original peaks ([Pn+H]+) were absent and gave rise to new peaks cor-
responding to the phosphorylated product peptides ([PPn+H]+).

Figure 3. Enzymatic reactions on monolayers presenting multiple pep-
tide substrates. a) The monolayer was prepared by applying a mixed
solution of the four peptides (Pep2, Pep4, Pep5, and Pep7) to mono-
layers presenting maleimide groups. Molecular ion peaks correspond-
ing to disulfides containing each substrate peptide were well resolved.
b) Treatment of the monolayer with CK I resulted in phosphorylation of
only the CK I substrate peptide Pep5 ([P5+H]+). c) Treatment of the
monolayer with PKA resulted in phosphorylation of only Pep2
([PP2+H]+). Dotted vertical line indicates the position of the peak for
the substrate peptide.
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characterize inhibition of Abl kinase by the approved drug
Gleevec (also known as STI571, a 2-phenylaminopyrimidine
derivative) on a monolayer presenting a selective substrate
peptide of Abl kinase, Pep6.[13] A dose-dependent inhibition
curve showed an IC50 value of 0.13 mm (Figure 4b).[14] These
data show that the SAMDI approach enables quantitative
analysis of kinase activities to evaluate inhibition kinetics.
The method reported herein advances a significant body

of work in which MS was employed to analyze enzyme
activities. Siuzdak and co-workers, for example, have charac-
terized enzymatic glycosylation by b-1,4-galactosyltransferase
and showed that enzyme inhibitors could be quantitatively
characterized with electrospray ionization (ESI) MS.[15] Leary
and co-workers have evaluated enzyme kinetics of the
carbohydrate sulfotransferase and hexokinase, and screened
a mock library to identify possible inhibitors of hexokinase by
using ESI MS.[16] Henion and co-workers have quantitatively
evaluated the hydrolysis of dinucleotides by ribonuclease A
and the hydrolysis of lactose by b-galactosidase using HPLC
MS.[17] Additionally, phosphorylated proteins and peptides
have been characterized by MS after enriching samples by
affinity chromatography or liquid chromatography before MS
analysis.[6] The features that distinguish our method is that the
peptide substrate is immobilized on an inert surface. The
immobilization simplifies the preparation of the sample for
MS analysis, since the spectator molecules can be removed by
rinsing. The use of an inert surface permits quantitative
enzyme reactions in a solid-phase format.[18]

The high sensitivity for detecting analytes and the
avoidance of labels have led many researchers to apply MS
to biochemical studies, including enzyme assays, protein-
ligand interactions, and biomarker characterization from
biological samples.[6, 15–17,19–21] One limitation with these prac-
tices is that the preparation of samples for MS analysis is not
straightforward. Our goal is to develop relatively simple
processes that can be routinely used in biological research.
The use of immobilized substrates together with surfaces that
provide for specific interactions, is an advance in this
direction. We believe that the ability to conduct multiple
assays on a single surface will prove useful in chemical biology
and signal transduction research.
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Asymmetric Synthesis

A Highly Stereoselective Addition of the Anion
Derived from a-Diazoacetamide to Aromatic
N-Tosylimines**

Yonghua Zhao, Zhihua Ma, Xiaomei Zhang,
Yaping Zou, Xianglin Jin, and Jianbo Wang*

a-Diazocarbonyl compounds have found wide application in
organic synthesis as a result of their diverse reactivities.[1] The
previous research activities in this area have mostly concen-
trated on the transition metal complex catalyzed diazo
decompositions, which generate metal–carbene intermedi-
ates. In addition to serving as metal–carbene precursors,
however, the relatively stable a-diazocarbonyl compounds
can tolerate a variety of transformations with retention of the
diazo functionality, thus allowing the chemical modification
of a-diazo compounds.[1c,2] One such transformation is the

base-promoted, aldol-type nucleophilic addition of acyldiazo-
methane to aldehydes or ketones to afford diazoketols.[3] A
similar addition to N-tosylimines gives a-diazocarbonyl com-
pounds bearing a b-(N-tosyl)amino substituent, which dem-
onstrate a novel reactivity in various transition-metal-cata-
lyzed reactions.[4] To further explore the chemistry of this type
of nucleophilic addition, we decided to study the stereo-
control of the reaction. Herein, we report a highly diaster-
eoselective base-promoted condensation of an a-diazocar-
bonyl compound and N-tosylimines in the presence of Evans,
chiral oxazolidinone auxiliary.[5] The condensation products
can be further converted into syn- and anti-a-hydroxy-b-
amino esters.[6]

Our investigation began with the reaction of N-tosylben-
zaldimine (2a) with the a-diazocarbonyl compounds 1a–d[7]

that contain chiral auxiliaries (Scheme 1, Table 1). The

Scheme 1. Base-promoted reaction of chiral diazo compounds 1a–d
with N-tosylimines 2a–m.

Table 1: Base-promoted reaction of 1a–d with N-tosylbenzaldimine 2a.

Entry Diazo Base T [8C] Additive[a] d.r.[b] Yield
compound [%][c]

1 1a LDA �78–RT –[d] 51:49 50
2 1b LDA �78–RT – 55:45 52
3 1c LDA �78 – 17:83 46
4 1d LDA �78 – 88:12 87
5 1d LDA �23 – 84:16 14
6 1d LDA �98 – 90:10 90
7 1d NaHMDS �98 – 76:24 95
8 1d DBU �98–RT – – –[e]

9 1d Et2Zn �98–RT – – –
10 1d LDA �98 LiCl 88:12 81
11 1d LDA �98 MgBr2 75:25 97
12 1d LDA �98 HMPA 95:5 84

[a] Five equivalents of additive were employed. [b] Diastereomeric ratio
was determined from the 1H NMR (400 MHz) spectrum of the crude
product, or by HPLC analysis. [c] Yield of the inseparable diastereomeric
mixture after silica gel column chromatography. [d] No additive was
used. [e] No reaction.
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reaction with diazo esters 1a and 1b gave the addition
products in moderate yields, although with essentially no
stereoselectivity (Table 1, entries 1 and 2). The reaction with
diazoamides 1c and 1d, on the other hand, gave good
diastereomeric ratios of 17:83 and 88:12, respectively
(Table 1, entries 3 and 4). Further improvement of the
reaction was then focused on N-(diazoacetyl)oxazolidinone
(1d). The reaction temperature was found to have an
influence—reaction at higher temperature (�23 8C) resulted
in a lower yield (Table 1, entry 5), presumably because of the
instability of the diazo compounds. A slightly higher selec-
tivity can be achieved at �98 8C without affecting the yield or
the reaction time (Table 1, entry 6). Changing the base from
lithium diisopropylamide (LDA) to sodium hexamethyldisil-
azide (NaHMDS) gave an improved yield, but with lower
stereoselectivity (Table 1, entry 7). Both 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) and Et2Zn, which are known
to promote condensation of acyldiazomethane with aldehydes
and imines,[3i, 8] failed to promote the reaction of 1d with 2a
(Table 1, entries 8 and 9). Commonly used additives, such as
LiCl or MgBr2, were found to have no effect on the
stereoselectivity. However, we quite unexpectedly found
that HMPA, which binds strongly to lithium ions,[9] signifi-
cantly improved the stereoselectivity (Table 1, entry 12).[10] It
is likely that HMPA disrupts the ion pairing by coordinating
to lithium, thus allowing the a-diazocarbonyl anion to react
more efficiently at low temperature.

Table 2 illustrates the scope and limitation of the opti-
mized reaction conditions for the reaction of 1d with a series
of aryl N-tosylimines 2a–m. The reaction of most imine

substrates gave high diastereoselectivities and yields,
although the stereoselectivities were lower with N-tosyl-
imines bearing ortho substituents (Table 2, entries 8–10). In
the case of N-tosyl-2,6-dichlorobenzaldimine, the reaction
was essentially nonselective (Table 2, entry 10).

Although most of the addition products were isolated as
amorphous solids, one of them (3dm) yielded crystals that

allowed us to determine the stereochemistry of the newly
created chiral center. A single-crystal X-ray diffraction study
of this product indicated that the new chiral center has an
R configuration.[11]

Preliminary experiments also indicated that the LDA-
promoted diastereoselective reaction of 1dwith imines can be
further extended to aliphatic N-tosylimines. Thus, N-tosyl-n-
butylimine, which was generated in situ from the sulfonamide
sulfone 5,[12] was treated with 1d under similar reaction
conditions, but without HMPA additive, to give the addition
product 6 in 81% yield and a diastereomeric ratio of 94:6
(Scheme 2).

The stereochemical outcome of the reaction can be
rationalized by the transition states depicted in Scheme 3.

Initial deprotonation of 1d generates the diazocarbonyl anion
or enolate.[13] Since the HMPA additive coordinates strongly
to the lithium ion, the diazocarbonyl anion becomes less
associated.[14] Moreover, the N-tosylamino group coordinates
only weakly to lithium because of the strongly electron-
withdrawing tosyl group. Consequently, the nucleophilic
addition proceeds through a nonchelated open transition
state in which the N-tosylimine approaches from the less
sterically hindered side of the anion with an orientation that
avoids steric repulsion between the aryl group and the
oxazolidinone auxiliary. The anions derived from diazo
amides 1c and 1d are conformationally more rigid than the
corresponding anions derived from diazo esters 1a and 1b
because of the rotational restriction of the amide C�N bond.
The rigid structure of the anion might be responsible for the
high diastereoselectivities observed for the reactions of 1c or
1d in the absence of chelation,[15] while the reaction with

Table 2: Base-promoted reaction of 1d with aryl N-tosylimines 2a–m.[a]

Entry Ar group of imine 2 Product d.r.[b] Yield [%][c]

1 C6H5 3da 95:5 84
2 p-PhC6H4 3db >95:5 90
3 p-ClC6H4 3dc >95:5 82
4 p-FC6H4 3dd >95:5 84
5 p-MeOC6H4 3de 93:7 79
6 m-CNC6H4 3df >95:5 83
7 m-BrC6H4 3dg 95:5 73
8 o-MeC6H4 3dh 76:24 76
9 2,4-Cl2C6H3 3di 90:10 94
10 2,6-Cl2C6H3 3dj 56:44 85
11 C6H5CH=CH� 3dk 91:9 76
12 2-(5-bromo)thienyl 3dl 94:6 73
13 2-furyl 3dm >95:5 78

[a] Reaction was carried out with LDA (1.2 equiv), 1d (1.0 equiv), and
HMPA (5.0 equiv), followed by slow addition of a solution of 2
(1.5 equiv) in THF at �98 8C. [b] The diastereomeric ratio was deter-
mined from the 1H NMR (400 MHz) spectrum of the crude product.
[c] Yield after purification by silica gel column chromatography.

Scheme 2. LDA-promoted reaction of 1d with sulfonamide sulfone 5.

Scheme 3. Plausible stereochemical pathway for the addition of depro-
tonated 1d to 2a.
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diazo esters 1a or 1b is nonselective because of the flexibility
of the anion conformation. This stereochemical process is in
contrast with the addition of the enolates of acyl oxazolidi-
nones to C=O or C=N bonds,[5,16] where complexation is
usually responsible for the high stereoselectivities. Interest-
ingly, the reaction of aromatic aldehydes with 1d under
similar conditions gave rather poor diastereoselectivities and
low yields.

The utility of the addition products 3was demonstrated by
the concise synthesis of syn- and anti-a-hydroxy-b-amino acid
derivatives. Thus, the chiral oxazolidinone auxiliary was
removed by addition of lithium methoxide in THF to give
the chiral methyl a-diazoesters 7a–g,k–m, and 8 (Table 3).[17]

The diazo groups of 7a–c were subsequently oxidized with
dimethyldioxirane (DMD) to give a-ketoesters 9a–c, respec-
tively (Scheme 4). Reduction of the oxo group with NaBH4 in

THF at �10 8C was highly efficient and stereoselective to
afford the anti-a-hydroxy-b-amino esters 10a–c.[18,19] Pd/C-
catalyzed hydrogenation of the a-ketoesters 9a–c, on the
other hand, gave the syn-a-hydroxy-b-amino esters 11a–c,[20]

respectively, also with high yields and selectivities
(Scheme 4).[18,19b]

In summary, this study is the first example of the highly
diastereoselective nucleophilic addition of the anion derived
from a-diazocarbonyl compounds to a C=N bond. This
reaction can be successfully applied to the synthesis of both
anti- and syn-a-hydroxy-b-amino acid derivatives. Since the
diazo group has diverse reactivity, it should be possible to
apply the addition products obtained by this reaction to other
organic syntheses.
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Mesoporous Materials

Highly Ordered Mesoporous Bioactive Glasses
with Superior In Vitro Bone-Forming
Bioactivities**

Xiaoxia Yan, Chengzhong Yu,* Xufeng Zhou,
Jiawei Tang, and Dongyuan Zhao*

Bioactive glasses (BGs) have attracted much attention since
the pioneering work by Hench et al. in 1971.[1] Glass ceramics
with CaO-P2O5-SiO2-MO (M = Na, Mg, etc) compositions
have been widely studied and used in clinical applications
because such materials can chemically bond with living
bone.[2,3] The inorganic part of the human bone is hydroxy-
carbonate apatite (HCA), and when BGs are implanted in the
human body an HCA layer with the ability to bond with living
bone is formed on the surface of the bioactive material. For
the sol–gel-derived BGs[4,5] to exhibit in vitro behaviour, it has
been shown that both the composition and structure are
important,[6–9] while melt-derived glasses show a direct
dependence on composition. Increasing the specific surface
area and pore volume of BGs may greatly accelerate the
kinetic deposition process of HCA and therefore enhance the
bone-forming bioactivity of BGs.[6] More importantly, precise
control over porosity, pore size, and internal pore architecture
of BGs on different length scales is essential for the under-
standing of the structure–bioactivity relationship and the
rational design of better bone-forming biomaterials. How-
ever, a multicomponent glass system is quite complex and
consists of mainly amorphous oxides, and thus the synthesis of
ordered mesoporous BGs by using a well-studied surfactant-
templating route[10] has not been reported. Herein we
demonstrate that highly ordered mesoporous bioactive
glasses (MBGs) have been successfully synthesized by
templating with a block copolymer.[11] MBGs lead to superior
bone-forming bioactivities in vitro compared to normal BGs
derived from sol–gels. Moreover, the mesostructure of MBGs
is also shown to be important with regard to their bioactiv-
ities. Such MBGs are important in both mesoporous material
and biomaterial research and may open up new opportunities
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in implanting, drug delivery, and as coating-materials in tissue
engineering.[12–16]

Highly ordered MBGs were synthesized by using nonionic
block copolymers as structure-directing agents[11] through an
evaporation-induced self-assembly (EISA) process.[17] The
powder X-ray diffraction (XRD) pattern of the calcined
MBG 80S15C (80S and 15C represents the molar fraction of
Si and Ca, respectively) shows three diffraction peaks in the
small-angle regime (2q = 1.19, 2.11, 2.418), which can be
indexed to the (100), (110), and (200) diffractions of a two-
dimensional hexagonal (p6mm) lattice with a cell parameter a
of 8.50 nm (Figure 1a). Transmission electron microscope

(TEM) images along the [001] and [100] directions also reveal
a highly ordered hexagonal arrangement of one-dimensional
channels (Figure 2a and b, respectively). Nitrogen sorption
isotherms further confirm the existence of uniform mesopores
(Figure 1b). The BET surface area, pore volume, and pore
size is calculated to be 351 m2g�1, 0.49 cm3g�1, and 4.60 nm,
respectively. For comparison, calcined BG 80S15C synthe-
sized without surfactants has a relatively lower pore volume
of 0.067 cm3g�1. MBGs synthesized in a range of compositions

by using P123 as the template in an EISA process possess
ordered hexagonal structures. Furthermore, the pore sizes of
MBGs can be tuned in the range of 4–7 nm by varying the
structure-directing agent, for example, F127 or B50-6600. The
physicochemical properties of the MBGs studied are sum-
marized in Table 1.

Thermogravimetric analysis (TGA) and differential TGA
(DTGA) curves for MBG 80S15C and BG 80S15C are shown
in Figure 3. As the heating process proceeds, four clear mass
losses are observed for BG samples between 18 and 150 8C,
150 and 300 8C, 300 and 430 8C, and 440 and 560 8C. For the
MBG samples, two mass losses are observed between 25 and
125 8C as well as between 140 and 270 8C; a steep weight loss
stage occurs between 300 and 325 8C. Larger mass losses
(70%, between 25 and 700 8C) are observed in the case of
MBG compared to BG (55%) as a result of the extra weight
loss of the surfactants. A comparison of the TGA and DTGA
profiles of two samples suggests that MBG samples are more
homogenous in composition than BG samples.[18] The peak
appearing around 300–325 8C most likely arises from the
simultaneous decomposition of inorganic precursors and
block copolymers.

Most of the previous syntheses of sol–gel-derived BGs
were carried out under aqueous conditions, and a high-
temperature (> 100 8C) drying process was required to
remove the solvents; therefore, ordered MBGs were not

Figure 1. a) XRD pattern and b) N2 sorption isotherm of calcined MBG
80S15C synthesized in the presence of P123 template. The inset shows
a plot of the pore size distribution (calculated by BdB method).

Figure 2. TEM images of calcined hexagonal MBG 80S15C recorded
along the a) [001] and b) [100] directions.

Table 1: Physicochemical properties of MBGs and BGs.

Structure d (100)
[nm]

BET surface
area [m2g�1]

Pore volume
[cm3g�1]

Pore
size [nm]

100S-P123 p6mm 6.9 300 0.40 4.4
80S15C-
P123

p6mm 7.4 351 0.49 4.6

70S25C-
P123

p6mm 7.4 319 0.49 4.6

60S35C-
P123

p6mm 6.9 310 0.43 4.3

70S25C-
F127

wormlike 9.2 300 0.36 5.0

60S35C-
B50-6600

wormlike 10.5 228 0.42 7.1

80S15C – – 9.8 0.07 –
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obtained, even in the presence of surfactants. Performing the
EISA process in near non-aqueous conditions in the current
strategy is essential for the assembly of highly ordered MBGs.
It is important to note that the MBGs fabricated in our study
are unique compared to conventional BGs for the following
two reasons. Firstly, the mechanism for the generation of the
mesopore is different: Conventional BGs also possess mes-
opores which arise from the random distribution of CaO
within the network of SiO2.

[6] The self-assembly of surfactants
in MBGs gives rise to uniform mesopores as well as ordered
mesostructures. To support this point, MBG 60S35C and
80S15C show similar N2 adsorption isotherms and pore
diameters (5.0 and 4.6 nm, respectively; see Table 1), while
BG 60S35C and 80S15C synthesized by Vallet-Regi et al. have
a mean pore size of 12 and 5 nm, respectively.[6] Accordingly,
BG 80S15C shows H2-type hysteresis loops associated with
inkbottle-like pores[6] while MBG 80S15C shows H1-type
hysteresis loops typical of one-dimensional channels (Fig-
ure 1b). Secondly, the compositional homogeneity of the
framework is different. The microphase separation and
heterogeneity is common in normal sol–gel-derived BGs,[18]

and is also observed in our BGs obtained by the EISA
process. The TGA, energy dispersive spectroscopy (EDS),
and scanning electron microscopy (SEM) results (see below)
indicate that all the components are homogeneously distrib-
uted in the network in the case of MBGs. Since ordered
mesostructured materials are formed by the regular packing
of composite micelles on the nanometer scale, it is suggested
that the homogeneous dispersion of inorganic species on this
length scale may lead to a more homogeneous material
(MBG) than conventional BGs. Inorganic salts have also been

employed in the EISA process to produce macro- and
mesoporous materials[19] as well as metal oxide nanowire
arrays within mesostructured frameworks[20] where the crys-
tallization of the salt/metal oxide and phase separation of a
crystalline phase from amorphous sol–gel materials is
unavoidable. In our case, the utilization of calcium nitrate in
the synthesis gives rise to transparent monoliths and films
before calcination (see Supporting Information), and a
homogeneous glassy state is obtained after thermal treatment
at 700 8C, as evidenced by wide-angle XRD measurements. It
is important to note that the use of a nitrate salt and its
subsequent decomposition during calcination is another
essential factor in the fabrication of homogeneous MBGs.[21]

MBGs with high specific surface area and pore volume
should have a greatly enhanced bone-forming bioactivity than
conventional BGs.[6] It is believed that the prerequisite for
glasses and glass ceramics to bond to living bone is the
formation of a biologically active HCA layer on the surface of
the BGs in the body. Therefore, the bone-forming activity of
MBGs (and BG for comparison) in vitro was tested in
simulated body fluid (SBF)[22] to monitor the formation of
HCA on the surface of MBGs over time. SEM images of
MBG 80S15C before soaking shows a smooth and homoge-
nous surface (Figure 4a), which is in accordance with the
results suggested by EDS and TGA analysis. The growth of
nanoparticles (< 100 nm in diameter) is observed after
soaking the sample for 4 h (Figure 4b). It is surprising to
note that a rodlike morphology (ca. 100 nm in length) which is
similar to the morphology of HCA in human bones is
exclusively observed after 8 h (Figure 4c). TEM examination
reveals that such rods consist of even smaller nanorods about
5 nm in diameter (Figure 4g). EDS analysis shows that the
molar ratio of Ca/P is 1.53:1 within such rods (Figure 4g,
inset). Fourier transform infrared spectroscopy (FTIR) anal-
ysis of MBG 80S15C after immersing in SBF for 8 h shows the
absorption bands of the phosphate group at 1040, 962, 603,
and 562 cm�1, together with the absorption bands of the
carbonate group at 1488, 1432, and 870 cm�1, which is in
accordance with the IR spectra of HCA (see Supporting
Information).[6] High-resolution TEM studies further con-
firms the existence of crystalline HCA nanorods (Figure 4h);
however, some amorphous rodlike morphology is still
observed, which is in agreement with the diffraction rings in
the electron diffraction (ED) pattern (Figure 4h, inset). The
rodlike morphology is maintained with increasing immersion
time and the crystallinity of HCA increases as reflected by
FTIR results (data not shown). EDS analysis shows a molar
ratio of Ca/P = 1.66:1 in the rodlike HCA materials after
seven days, a ratio almost equal to that of perfect HCA
materials. The surface of BG 80S15C synthesized in the
absence of surfactant and before soaking is heterogeneous
(Figure 4d), which is very different from the MBG samples.
The induction time for the formation of amorphous HCA and
the subsequent deposition rate of HCA on the surface of BG
is much slower than for MBG (Figure 4e, f), a result which is
in accordance with the inductively coupled plasma (ICP)
atomic emission spectroscopy results (see Supporting Infor-
mation).[6,23] The rodlike HCA materials cannot be observed
even after three days in the case of BG samples. It is

Figure 3. TGA and DTGA curves of MBG 80S15C obtained with a P123
template and BG 80S15C synthesized in the absence of surfactant.
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concluded that MBG with its larger pore volume and more
accessible mesopore surface area has a much better bone-
forming bioactivity in vitro than BG materials. The fast
(ca. 8 h) and biomimetic HCA formation behavior (morphol-
ogy of HCA similar to that in human body formed in
simulated biological conditions) of MBGs means that the
MBGs synthesized by the current strategy possess an out-
standing bone-forming activity in vitro compared to other
reported BGs.

The composition of MBGs is another important factor for
their bioactivity. SEM results (see the Supporting Informa-
tion) reveal that the bioactivity of MBGs in vitro follows the
following sequence: 80S15C> 70S25C> 60S35C> 100S. The
type of mesostructure in MBGs of the same composition is
also important to the in vitro bioactivity. MBGs with the same
composition (70S25C) have been synthesized in the presence
of F127 and P123 (denoted MBG-F127 and MBG-P123,
respectively) and their in vitro bioactivity compared. The
dominant morphology of HCA deposited on MBG-P123 after
immersing the MBG in SBF for 4 h is nanoparticles (see the

Supporting Information), but a rodlike morphology is already
observed in the case of MBG-F127 (see the Supporting
Information). Since the composition, the pore volume, and
pore size of both MBG materials are similar, the observed
difference in bioactivity is most likely attributed to their pore
structures (Table 1): MBG-F127 with 3-dimensional pore
structures may facilitate the transportation of dissolved Ca2+

and O-Si-O species as well as the subsequent deposition of
HCA materials. More importantly, since the pore size and
pore structure is important in the protein-adsorption behavior
for mesoporous materials,[24] it is believed that MBGs with a
tunable pore size and pore structure may greatly influence the
protein adsorption and nutrient delivery behavior for better
in vivo bioactivity.

In conclusion, highly ordered mesoporous bioactive
glasses have been synthesized with superior bone-forming
bioactivity in vitro. Successful control of the mesostructure of
MBGs adds a new dimension to the art of designed synthesis
of bioactive glass materials. By carefully tuning the pore size,
pore structure, and composition of MBGs, it is anticipated
that MBGs with better in vivo bioactivity may be synthesized.
MBGs with controllable morphologies may also be used for
drug delivery, implant coating materials, and tissue engineer-
ing.

Experimental Section
MBGs were synthesized by using nonionic block copolymers such as
EO20PO70EO20 (P123), EO106PO70EO106 (F127), and EO39BO47EO39

(B50–6600) as structure-directing agents (EO is poly(ethylene oxide),
PO is poly(propylene oxide), and BO is poly(butylene oxide)). In a
typical synthesis of MBG, P123 (4.0 g), tetraethyl orthosilicate
(TEOS, 6.7 g), Ca(NO3)2·4H2O (1.4 g), triethyl phosphate (TEP,
0.73 g; Si/Ca/P = 80:15:5, molar ratio), and 0.5m HCl (1.0 g) were
dissolved in ethanol (60 g) and stirred at room temperature for 1 day.
The resulting sol was introduced into a Petri dish to undergo an
evaporation-induced self-assembly (EISA) process.[17] The dried gel
was calcined at 700 8C for 5 h to obtain the final MBG products
(denoted 80S15C according to the molar fraction of Si and Ca). For
comparison, BG 80S15C was synthesized by an identical process but
without surfactants.

MBG and BG materials were ground and sieved. Granules with
sizes in 76–38 mm fractions were selected. The bone-forming activity
of MBGs (and BGs) in vitro was tested by immersing selected
granules (100 mg) in simulated body fluid (SBF, 100 mL)[22] to
monitor the formation of HCA on the surface of MBGs over time.
The solids were separated by filtration, washed three times with
acetone, and dried in air.
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Asymmetric Catalysis

C1-Symmetric Sulfoximines as Ligands in
Copper-Catalyzed Asymmetric
Mukaiyama-Type Aldol Reactions**

Martin Langner and Carsten Bolm*

Since the report of the discovery of sulfoximines by
Whitehead and Bentley in 1952,[1] they have found
numerous applications in organic synthesis.[2] For
example, they have been used as building blocks in

bioactive molecules[3] and pseudopeptides,[4] chiral auxiliaries
for asymmetric synthesis,[5] and ligands for enantioselective
metal catalysis.[6] In the latter context we and others have
prepared sulfoximines, such as 1 and 2, which lead to products
with up to 99 % ee by palladium and copper catalysis.[7,8]

Relevant intermediates in copper-catalyzed cycloaddition
reactions were recently identified by spectroscopic means.[9]

We have now investigated the use of sulfoximines in
Mukaiyama-type aldol reactions and found novel benzene-
bridged aminobenzyl-substituted sulfoximines 3 (Mes =

mesityl) to be excellent ligands for this synthetically impor-
tant C�C bond-forming reaction.

We chose the reaction between 1-phenyl-1-(trimethylsil-
yloxy)ethene (4) and methyl pyruvate (5a, Scheme 1) as a
model reaction to allow meaningful comparisons to be made
with well-established systems such as [Cu(tBubox)]2+ or
[Sn(pybox)]2+ (box = bis(oxazoline), pybox = pyridylbis(oxa-
zoline)) catalysts.[10] The initial experiments were performed
in THF with copper(ii) triflate as the metal source.

To our disappointment complexes based on C2-symmetric
bissulfoximines 1 and N-quinolyl-substituted sulfoximine 2,

which previously had been successfully applied in copper-
catalyzed cycloaddition reactions,[8] led to rather unsatisfying
results and gave products with low or moderate enantiose-
lectivities.[11] On the basis of the hypothesis that an amino
group would improve the metal-binding properties of the
ligands, novel C1-symmetric benzene-bridged benzylamino-
sulfoximines 3 were designed. Their syntheses are summar-
ized in Scheme 2. Starting from 2-bromonitrobenzene (7) and
enantiopure (S)-S-methyl-S-phenylsulfoximine (8),[12] the
desired sulfoximines 3 were readily available by a three-step
reaction sequence involving first a Buchwald–Hartwig-type

Scheme 1. Mukaiyama-type aldol reaction. Bn=benzyl.
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coupling reaction,[13] followed by reduction of the nitro group
and a reductive amination. Aniline 10 reacted readily with a
wide variety of aldehydes, and thus a library of sulfoximine
analogues became easily accessible. The high modularity of
this synthetic approach becomes apparent when it is consid-
ered that other aromatic core units, various sulfoximines, and
a number of aldehydes could be combined in the synthetic
scheme.

In the test reaction shown in Scheme 1, the use of
aminosulfoximine 3a, which was prepared by reductive
amination of 10 and benzaldehyde in 81% yield, yielded
aldol product 6a with a promising ee value of 70% (Table 1,

entry 1). Aminosulfoximines 3b and 3c were prepared (in 85
and 81 % yield, respectively) for the conversion of 10, with the
expectation that the introduction of an electron-donating
substituent on the N-benzyl arene group would provide a
sterically more demanding environment at the metal center
and further increase the metal–ligand interaction.[14] Con-
firmation of this hypothesis was obtained when 6a was
generated with higher enantioselectivties in both cases (83%
and 86% ee for catalysis with 3b and 3c, respectively; Table 1,
entries 2 and 3) than when 3a was used. The introduction of a
substituent with two ortho groups improved the enantiose-
lectivity even further, and the use of mesitylene derivative 3d
(prepared in 81% yield) led to aldol product 6a with 93% ee.
Finally, the best result in terms of both enantioselectivity and
yield was obtained with triisopropyl-substituted analogue 3e
(prepared in 82 % yield), which gave 6a with 93% ee in
> 99% yield (Table 1, entry 5).

Next, we focused our attention on the opti-
mization of the reaction conditions. First the effect
of the solvent was investigated. It was deduced
from studies with 3d in various solvents (such as
THF, diethyl ether, dioxane, toluene, dichloro-
methane, and chloroform) that weakly coordinat-
ing or aromatic solvents were important for
achieving high enantioselectivity. THF proved to
be the most suitable solvent in terms of catalytic
activity.[15]

Additional optimizations (with 3d) in regard
to the copper(ii) salt and the reaction temperature
were also performed. In general, the application of
counterions other than triflate (for example, PF6,
BF4, SbF6, or ClO4) resulted in a significant

decrease in the ee value of the product.[15] In terms of product
yield, Cu(ClO4)2 was superior to all other metal sources
(> 99%). With this copper salt, however, the enantioselec-
tivity (81% ee for 6a) was always lower than that obtained
with the catalyst based on copper(ii) triflate (93 % ee). The
enantioselectivity of the reaction was improved to 98 % ee by
performing the reaction at �55 8C instead of ambient temper-
ature. However, long reaction times (> 9 days) were neces-
sary under those reaction conditions to obtain the product in
acceptable yields. Since 2,2,2-trifluoroethanol had been
reported to facilitate the turnover in catalytic Mukaiyama-
type reactions,[16] its capability to accelerate the copper(ii)–
sulfoximine catalysis at low temperature was studied. To our
delight we found that in the presence of this additive
(1.2 equiv) the catalysis proceeded smoothly even at �30 8C
to afford 6a with 98% ee in 89 % yield after only 15 h
(Table 2, entry 1). This result clearly confirmed the acceler-

ation effect, which occurred without affecting the enantiose-
lectivity.

The substrate scope was evaluated under the conditions
optimized for the reaction between 4 and 5a (use of 3e as the
ligand, THF as the solvent, Cu(OTf)2 as the copper source,
and 2,2,2-trifluoroethanol as the additive at low temperature).
Gratifyingly, we found that other a-keto esters also reacted
well with enolsilyl ether 4. Thus, the reaction between benzyl
pyruvate (5b) and 4 at�50 8C yielded the corresponding aldol
product 6b with 98 % ee, and use of isopropyl pyruvate (5c)
furnished 6c with 99% ee (Table 2, entries 2 and 3, respec-
tively). These results showed that the efficiency of the catalyst
was independent of the size of the ester moiety. Substrates

Scheme 2. Synthesis of benzene-bridged aminosulfoximines 3. Binap=2,2’-bis(di-
phenylphosphanyl)-1,1’-binaphthyl.

Table 1: Influence of the ligand structure on the Mukaiyama-aldol
reaction shown in Scheme 1.[a]

Entry Aminosulfoximine R of 3 Yield [%][b] ee [%][c]

1 3a Ph 64 70
2 3b 1-Naph 77 83
3 3c 2-MeO-Ph 72 86
4 3d Mes 88 93
5 3e 2,4,6-iPr3-Ph >99 93

[a] Reaction conditions: 4 (0.6 mmol), 5a (0.5 mmol), Cu(OTf)2

(0.05 mmol), aminosulfoximine (0.05 mmol), THF, RT, 24 h. [b] After
column chromatography. [c] Determined by HPLC on a column with a
chiral stationary phase (Chiralcel OD).

Table 2: Effect of the substrate in reactions between 4 and 5 to give 6
(Scheme 1).[a]

Entry Product T [8C] t [h] Yield [%][b] ee [%][c]

1 6a �30 15 89 98
2 6b �50 47 86 98
3 6c �40 28 90 99
4 6d RT 24 78 89
5 6e �20 40 86 96

[a] Reaction conditions: 4 (0.6 mmol), 5a–e (0.5 mmol), CF3CH2OH
(0.6 mmol), Cu(OTf)2 (0.05 mmol), aminosulfoximine 3e (0.05 mmol).
[b] After column chromatography. [c] Determined by HPLC.
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bearing more bulky acyl substituents were also investigated.
The reaction between methyl a-keto butyrate (5d) and 4 gave
6d with 89 % ee at room temperature (Table 2, entry 4). No
conversion was observed at lower temperatures. The sterically
more-demanding ethyl 2-oxo-4-phenyl butyrate (5e) yielded
6e with 96% ee at �20 8C (Table 2, entry 5). Apparently, the
catalyst tolerates an enlarged alkyl chain adjacent to the acyl
function, although in some cases higher temperatures are
required.

To test the applicability of another enolsilane, benzyl
pyruvate (5b) was treated with 1-methyl-1-(trimethylsilyl-
oxy)ethane (11) to afford the corresponding product 6 f with
91% ee in 71 % yield (Scheme 3).

In summary, we have described the synthesis of new C1-
symmetric benzene-bridged aminosulfoximines, which are
capable of serving as efficient ligands in copper-catalyzed
enantioselective Mukaiyama-type aldol reactions. Aldol
products with quarternary centers, which are commonly
difficult to prepare in enantiomerically enriched form,[17]

have been obtained with up to 99 % ee in high yields. In
terms of ee values and yield, the new catalysts compare well
with the established [Cu(tBubox)]2+ or [Sn(pybox)]2+ sys-
tems.[10,18] Ongoing studies are directed to further expand the
substrate scope and to demonstrate the applicability of the
novel aminosulfoximines in other enantioselective catalyses.

Experimental Section
Representative example for the syntheses of aminosulfoximines 3a–
e : Preparation of 3e : Glacial acetic acid (172 mL, 3.00 mmol) was
added to a solution of aniline 10 (3.00 mmol, 739 mg) and 2,4,6-
triisopropylbenzaldehyde (3.60 mmol, 837 mg) in MeOH (20 mL) at
RT. The solution was stirred for 3 h and then cooled to 0 8C.
Subsequently, NaBH4 (7.50 mmol, 284 mg) was added over 20 min,
and the mixture was stirred at RT overnight. The solution was
partitioned between 10% aqueous K2CO3 (20 mL) and CH2Cl2

(20 mL), and the aqueous layer was extracted with CH2Cl2 (3 A
20 mL). The combined organic layers were dried over MgSO4, and
the solvent was evaporated. The product was purified by flash
chromatography on silica gel (pentane/EtOAc 10:1) to afford 1.14 g
(2.46 mmol, 82%) of 3e as a colorless solid. For analytical data see the
Supporting Information.

General procedure for the Mukaiyama-type aldol reaction: A
flame-dried Schlenk flask under Ar atmosphere was charged with
Cu(OTf)2 (18.1 mg, 0.05 mmol) and the aminosulfoximine 3a–e
(0.05 mmol). Dry THF (2 mL) was then added and the resulting
deep green solution was stirred for 30 min at RT. The mixture was
subsequently cooled to the selected temperature, and the a-keto ester
5a–e (0.5 mmol), silylenol ether 4 (0.6 mmol, 123 mL), and 2,2,2-
trifluoroethanol (0.6 mmol, 44 mL) were added. After stirring the
reaction mixture for the indicated period of time, it was warmed to
RT, diluted with diethyl ether (50 mL) and filtered through a plug of
silica gel. The solvent was evaporated, and the product was purified

by flash chromatography. For analytical data and determinations of
the ee values see the Supporting Information.
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Electrochemistry

A Mesoporous/Crystalline Composite Material
Containing Tin Phosphate for Use as the Anode in
Lithium-Ion Batteries**

Eunjin Kim, Dongyeon Son, Tae-Gon Kim,
Jaephil Cho,* Byungwoo Park,* Kwang-Sun Ryu, and
Soon-Ho Chang

Since Idota et al. first discovered in 1997 that Sn anodes
containing amorphous SnB0.56P0.4Al0.42O3.46 have a capacity of
about 600 mAhg�1, compared to a value of 372 mAhg�1 for

graphite,[1] many studies on Sn-based materials for use as
anode materials have been performed.[2–4] Courtney et al.
have reported the overall reaction of Sn-containing anode
materials using SnO as Equation (1).[2]

6:4Li þ SnO ! Li4:4Sn þ Li2O $ 4:4Li þ Sn þ Li2O ð1Þ

The tin atoms aggregate during cycling, and the Li–Sn
alloys embedded in the Li2O matrix exhibit rapid loss of
capacity.

The presence of substantial amounts of other “spectator
atoms”, such as the B and P atoms in Sn2BPO6, apparently
prevents Sn aggregation.[2] However, these materials show an
initial capacity of about 500 mAhg�1, with a relatively high
irreversible capacity of about 500 mAhg�1 during the first
cycle. Xiao et al. prepared a crystalline Sn2P2O7 phase, and
proposed the decomposition reaction [Eq. (2)].[3]

12:8Li þ Sn2P2O7 ! 2Li4:4Sn þ Li3PO4 þ LiPO3 $
8:8Li þ 2 Sn þ Li3PO4 þ LiPO3

ð2Þ

However, the irreversible capacity of this material is high
(523 mAhg�1), and the initial capacity of 544 mAhg�1

decreases quickly even at a low current (C) rate
(20 mAg�1). Behm and Irvine have reported that crystalline
Sn2P2O7 (obtained by heating SnHPO4 to 550 8C) exhibits an
initial charge capacity of 519 mAhg�1, which decreases
rapidly to 148 mAhg�1 after 30 cycles.[4] They proposed that
lithium phosphates (Li3PO4 and LiPO3), as reaction products,
could not play a similar role as Li2O in the SnO system, which
is as a “glue” that keeps the Li–Sn particles mechanically
connected during the large volume changes during alloying/
dealloying. The mesoporous SiO2/SnO2 composite reported
by Chen et al.[5] has a good cycling stability, as evident from
the cyclic voltammogram recorded with a single-powder
microelectrode.

Herein we report the synthesis of a mesoporous tin
phosphate/crystalline Sn2P2O7 composite as a novel anode
material. This material has the highest initial charge capacity
(721 mA hg�1) of the known tin-based anode materials, and
shows an excellent cycling stability. The mesoporous structure
was incorporated to improve the structural/electrochemical
properties by alleviating the volume change of the tin during
the alloying/dealloying process.

Figure 1 shows small-angle X-ray scattering (SAXS)
patterns of the mesoporous tin phosphates prepared in the
presence of cetyltrimethylammonium bromide (CTAB,
CH3(CH2)15N(CH3)3Br) as a structure-directing agent,
before and after annealing at 400 8C for 8 h. The three
resolved peaks indexed as (100), (110), and (200) confirm a
well-ordered hexagonal mesoporous structure.[6,7] The intense
(100) peak at 2q = 2.188� 0.098 of the as-synthesized meso-
porous tin phosphate corresponds to a d spacing of 4.0�
0.2 nm (from 2d sinq = l), with a nearest-neighbor distance
of 4.7� 0.2 nm. The high-angle XRD pattern shown in the
inset of Figure 1a indicates the formation of crystalline
SnHPO4 with a space group P21/c (monoclinic).[8]

The appearance of small-angle diffraction peaks corre-
sponding to a hexagonal structure for the annealed meso-
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porous sample indicates that the mesostructure is preserved
upon removal of the CTAB surfactant after annealing.
However, the meso periodicity is contracted; the correspond-
ing d spacing of the annealed mesoporous tin phosphate is
3.5� 0.3 nm.[6,9, 10] The high-angle XRD pattern of the
annealed sample clearly shows the presence of Sn2P2O7

(inset of Figure 1b).[4] The crystal size of the sample both
before and after annealing, calculated using the Scherrer
formula, was estimated to be approximately 100 nm,[11] which
is two orders of magnitude larger than the wall thickness of
the pure mesoporous phase (ca. 1 nm). These results indicate
the formation of a mesoporous tin phosphate mixed with a
crystalline phase.

Figure 2 shows the TEM micrographs of the samples
before and after annealing, and clearly shows the presence of
hexagonal mesoporous materials. The corresponding d spac-
ings (by TEM) are approximately 3.8 nm before annealing
and about 3.3 nm after annealing; these values are consistent
with the SAXS data. The TEM image of the annealed tin
phosphate clearly shows that the hexagonal mesostructure is
preserved after heating to 400 8C.[12,13] The light stripes in
Figure 2 can be considered as projections of the mesopore
channels, whereas the dark lines are from the tin phosphate
walls.[14]

The nitrogen-adsorption isotherm of the annealed sample,
which has a Brunauer–Emmett–Teller (BET) surface area of
75.6 m2g�1, is shown in Figure 3. The measured surface area is
smaller than that of other mesoporous metal oxides reported

in the literature because of the coexistence of a crystalline
phase. The nitrogen isotherm curve of the mesoporous tin
phosphate/Sn2P2O7 composite has a well-defined step, which
is characteristic of framework-confined mesopores.[15–17] A
rough estimation of the mass ratio for mesoporous tin
phosphate versus crystalline Sn2P2O7 is approximately 1:3.
(This ratio was estimated from the BET surface areas of both
the mesoporous tin phosphate and crystalline Sn2P2O7 by
considering the pore diameter and wall thickness.) As shown
in the inset of Figure 3, the average pore size in the annealed
sample is approximately 2.3 nm (Barrett–Joyner–Halenda
(BJH) analysis), which is consistent with the SAXS and TEM
data (Figures 1 and 2, respectively).

Figure 4 compares the voltage profiles of pure crystalline
Sn2P2O7 and mesoporous tin phosphate/Sn2P2O7 composite
anodes, which were cycled up to the 30th cycle at a rate of
144 mAg�1 (first cycle at 72 mAg�1) between 2.5 and 0 V. The
crystalline Sn2P2O7 anode shows a large initial irreversible
capacity (389 mAhg�1) and poor retention property after
30 cycles (from 704 to 146 mAhg�1). On the other hand, the
mesoporous tin phosphate/Sn2P2O7 composite anode shows
an initial charge capacity of 721 mAhg�1, which is much
larger than the tin phosphate anodes reported previously.[1–4]

Moreover, the irreversible capacity of the sample during the
first cycle is 297 mAhg�1, which is far superior to the previous

Figure 1. Small-angle X-ray scattering patterns of: a) as-prepared mes-
oporous tin phosphate/SnHPO4 composite, and b) mesoporous tin
phosphate/Sn2P2O7 composite after annealing at 400 8C for 8 h. The
high-angle X-ray diffraction patterns of (a) and (b) are shown in the
insets (I : intensity).

Figure 2. TEM images of: a) as-synthesized mesoporous tin phos-
phate, and b) mesoporous tin phosphate after annealing at 400 8C for
8 h.

Figure 3. Representative nitrogen adsorption and desorption isotherms
for the mesoporous tin phosphate/Sn2P2O7 composite. The corre-
sponding BJH distribution is shown in the inset (v : adsorbed volume;
D : pore diameter; P/P0: relative pressure).
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studies on Sn-based oxides or alloys.[1–4] In addition, the
mesoporous tin phosphate/Sn2P2O7 composite exhibits excel-
lent cyclability: the retentive capacity up to 30 cycles is
587 mAhg�1. This result indicates that the mesoporous tin
phosphate plays a significant role in retaining the capacity.
The XRD patterns of the cycled electrodes show that the
crystalline Sn2P2O7 peaks disappear during the first discharge
(at ca. 1.1 V) and give only weak and broad diffraction
patterns. The amorphous or nanocrystalline electrode in the
phosphate matrix may prevent formation of large Sn clus-
ters.[18,19] The measured discharge and charge capacities are
higher than the theoretical values (834 mAhg�1 and
572 mAhg�1, respectively).[3] The formation of a solid-elec-
trolyte interface layer[20] and a reversible lithium phosphate
matrix[18] may induce these higher values, although the exact
mechanisms need to be identified.

Figure 5 shows the cell potential of the mesoporous tin
phosphate/Sn2P2O7 composite anodes during the first dis-
charging/charging together with the corresponding changes of
the mesopore periodicity. Surprisingly, the d spacing expands
and shrinks with Li alloying/dealloying. We believe that the
lithium-tin phosphates form a flexible, three-dimensional
mesoporous framework such that the mesopores do not
collapse during discharge and charge. The cutoff voltage in
Sn-based oxides has been typically limited to 1.2 V as a
consequence of rapid tin aggregation above 1.2 V. The
mesopores play an important role in reducing possible
aggregation of Sn particles, and act as a “buffer zone”
which accommodates the volume change of the Sn phase
during Li alloying/dealloying. More detailed experiments
with the optimum microstructures are currently underway to
improve the electrochemical properties shown in Figure 4.

In conclusion, our mesoporous tin phosphate/Sn2P2O7

composite anode shows superior electrochemical properties,
such as a large initial capacity (ca. 721 mAhg�1) and excellent
cyclability (ca. 587 mAhg�1 at the 30th cycle). Our approach

for enhancing the structural stability of tin phosphate is to
incorporate mesoporous structures as a buffer layer to
alleviate the volume expansion of the tin phosphate anode
during lithiation/delithiation. We believe that this novel
mesoporous tin phosphate/Sn2P2O7 composite has an enor-
mous potential for use in Li-battery anode materials.

Experimental Section
The mesoporous tin phosphate/SnHPO4 composite was prepared by
mixing SnF2 (6.0 g) and H3PO4 (13.8 g) and dissolving this mixture in
distilled-deionized water (DDW, 40 mL). CTAB (5.5 g) was then
dissolved in DDW (20 mL), and this solution was added to the first
solution. The mixture was stirred at 40 8C for 1 h and then loaded into
an autoclave and heated to 90 8C for 12 h. After cooling the mixture to
room temperature, the precipitate was recovered by filtration, washed
with distilled water and ethanol, and vacuum-dried at 100 8C for 10 h.
The as-prepared powders (mesoporous tin phosphate/SnHPO4 com-
posite) were then annealed at 400 8C for 8 h to give the mesoporous
tin phosphate/Sn2P2O7 composite.

The procedure for assembling a coin-type half-cell with Li as an
anode has been described in detail elsewhere.[21–24] The electrode
consisted of 60 wt-% active materials, 20 wt-% Super P carbon black,
and 20 wt-% poly(vinylidene fluoride). A mixture of ethylene
carbonate/diethylene carbonate and 1m LiPF6 salt was used as the
electrolyte. The SAXS patterns were measured using CuKa radiation
(40 kV, 35 mA) on a Bruker Nanostar instrument. The nitrogen-
adsorption isotherm was measured at 77 K with a Micromeritics
ASAP 2010 analyzer.
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Figure 4. Voltage profiles of a) a crystalline Sn2P2O7 anode and b) a
mesoporous tin phosphate/Sn2P2O7 composite anode in coin-type half-
cells during the 1st, 2nd, 5th, 10th, 20th, and 30th cycles between 2.5
and 0 V. The C rate was maintained at 144 mAg�1 (first cycle at
72 mAg�1; V : cell potential).

Figure 5. Plots of: a) cell potential of the mesoporous tin phosphate/
Sn2P2O7 composite anode in coin-type half-cells during the first dis-
charging and charging, and b) the corresponding d spacing of the
composite electrode at the cell potential indicated by the arrow. The
inset shows small-angle X-ray diffraction patterns of the electrode at
1.1 V and 0.07 V (V : cell potential ; d : d spacing; I : intensity).

Angewandte
Chemie

5989Angew. Chem. Int. Ed. 2004, 43, 5987 –5990 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[1] Y. Idota, T. Kubota, A. Matsufuji, Y. Maekawa, T. Miyasaka,
Science 1997, 276, 1395.

[2] I. A. Courtney, W. R. Mckinnon, J. R. Dahn, J. Electrochem. Soc.
1999, 146, 59.

[3] Y. W. Xiao, J. Y. Lee, A. S. Yu, Z. L. Liu, J. Electrochem. Soc.
1999, 146, 3623.

[4] M. Behm, J. T. S. Irvine, Electrochim. Acta 2002, 47, 1727.
[5] F. Chen, Z. Shi, M. Liu, Chem. Commun. 2000, 2095.
[6] G. Li, S. Bhosale, T. Wang, Y. Zhang, H. Zhu, J.-H. Fuhrhop,
Angew. Chem. 2003, 115, 3948; Angew. Chem. Int. Ed. 2003, 42,
3818.

[7] T. Katou, B. Lee, D. Lu, J. N. Kondo, M. Hara, K. Domen,
Angew. Chem. 2003, 115, 2484; Angew. Chem. Int. Ed. 2003, 42,
2382.

[8] M. L. E. Moubtassim, J. I. Corredor, J. M. Lloris, C. P. Vicente,
J. L. Tirado, J. Electrochem. Soc. 2002, 149, A1030.

[9] C. Serre, A. Auroux, A. Gervassini, M. Hervieu, G. Ferey,
Angew. Chem. 2002, 114, 1664; Angew. Chem. Int. Ed. 2002, 41,
1594.

[10] N. K. Mal, S. Ichikawa, M. Fujiwara, Chem. Commun. 2002, 112.
[11] Y. Kim, J. Oh, T.-G. Kim, B. Park, Appl. Phys. Lett. 2001, 78,

2363.

[12] M. Tiemann, M. FrLba, Chem. Mater. 2001, 13, 321, and
references therein.

[13] K. G. Severin, T. M. Abdel-Fattah, T. J. Pinnavia, Chem.
Commun. 1998, 1471.

[14] M. Kruk, M. Jaroniec, T.-W. Kim, R. Ryong, Chem. Mater. 2003,
15, 2815.

[15] F. SchMth, W. Schmidt, Adv. Mater. 2002, 14, 629.
[16] S.-H. Baeck, K.-S. Choi, T. F. Jaramillo, G. D. Stucky, E. W.

McFarland, Adv. Mater. 2001, 13, 11.
[17] F. Chen, Z. Shi, M. Liu, Chem. Commun. 2000, 2095.
[18] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.-M. Tarascon,

Nature 2000, 407, 496.
[19] N. Zheng, X. Bu, P. Feng, Nature 2003, 426, 428.
[20] D. Aurbach, A. Nimberger, B. Markovsky, E. Levi, E. Sominski,

A. Gedanken, Chem. Mater. 2002, 14, 4155.
[21] J. Cho, Y. J. Kim, B. Park, Chem. Mater. 2000, 12, 3788.
[22] Y. J. Kim, H. Kim, B. Kim, D. Ahn, J.-G. Lee, T.-J. Kim, D. Son, J.

Cho, Y.-W. Kim, B. Park, Chem. Mater. 2003, 15, 1505.
[23] J. Cho, Y. J. Kim, T.-J. Kim, B. Park, Angew. Chem. 2001, 113,

3471; Angew. Chem. Int. Ed. 2001, 40, 3367.
[24] J. Cho, Y.-W. Kim, B. Kim, J.-G. Lee, B. Park, Angew. Chem.

2003, 115, 1656; Angew. Chem. Int. Ed. 2003, 42, 1618.

Communications

5990 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5987 –5990

http://www.angewandte.org


Sesquiterpene Lactones

Enantioselective Total Synthesis of the Highly
Oxygenated 1,10-seco-Eudesmanolides Eriolanin
and Eriolangin**

J�rn Merten, Roland Fr�hlich, and Peter Metz*

Dedicated to Professor Johann Mulzer
on the occasion of his 60th birthday

The highly oxygenated 1,10-seco-eudesmanolides eriolanin
(1) and eriolangin (2, Scheme 1) isolated from the plant

Eriophyllum lanatum inhibit the growth of the human KB
tumor cell line in vitro and additionally display a significant
antileukemic activity in vivo in mice.[1] While several synthe-
ses for racemic 1[2, 3] and one for racemic 2 have been
published,[2] the absolute configuration of these sesquiterpene
lactones was unknown prior to our work. Here we report an
efficient enantioselective sultone route[4] to 1 and 2 that also
opens a synthetic access toward the less highly oxygenated,
cytotoxic britannilactone derivatives 3 and 4.[5–7] As the
central intermediate, d-sultone 10 (Scheme 2) was employed,
the racemic mixture of which already enabled a short and
highly diastereoselective synthesis of the 1,10-seco-eudesma-
nolide ivangulin (5).[8]

Alcohol 9,[9] required as the starting material for the
enantiomerically pure sultone 10, was available on a multi-
gram scale by catalytic enantioselective transfer hydrogena-
tion[10] of 2-bromo-1-(2-furyl)ethanone (6)[11] to 7 (> 98.5% ee

according to capillary GC), mild basic treatment to give
epoxide 8, and subsequent ring opening with full regioselec-
tivity and complete inversion of configuration[12] (Scheme 2).
By treatment of 9 with b-chloroethanesulfonic acid chlo-

ride[13] and triethylamine, a mixture of 10 and a further exo
sultone isomer was formed in a domino process consisting of
elimination, esterification, and intramolecular Diels–Alder
reaction, from which pure 10 could be isolated in excellent
yield after thermal equilibration.[8] Conversion of 10 to
methylenecyclohexene 13 succeeded by a sequential trans-
formation consisting of elimination, alkoxide-directed 1,6-
addition of lithiosilane 12,[14,15] and desulfurization with
simultaneous methylenation in a one-pot procedure.[16] In a
single synthetic operation, the prefunctions for a g-lactone
were unfolded, activation for 1,4-dioxygenation was created
by virtue of the 1,3-diene, and the primary hydroxy group was
liberated for side-chain elongation.

For side-chain elongation, diol 13 was first bissilylated,
and then the primary hydroxy group was selectively depro-
tected (Scheme 3). After conversion[17] of the resulting
alcohol 15 to iodide 16, the required C2 unit was attached
by alkylation with dimethyl malonate in the presence of
proazaphosphatrane 17[18, 19] and demethoxycarbonylation[8,20]

of 18. An intramolecular protocol was eventually decisive for
the efficient generation of the enediol fragment of the target
molecules. Carboxylic acid 20, obtained after saponification
of 19, was treated successively with bis(sym-collidine)iodine(i)
hexafluorophosphate[21] followed by silver acetate in dime-
thylformamide[22] in a one-pot procedure, whereupon the
formyloxy e-lactone 21[23] was isolated as the major product.
Substitution of the formylation by a reduction[24,25] of the
intermediate allyl iodide should allow concise access to

Scheme 1. Representatives of the 1,10-seco-eudesmanolides.

Scheme 2. Sultone route to 1,3-diene 13. a) 0.2 mol% [Cp*RhCl((R,R)-
tsdpen)], HCO2H, Et3N, 0 8C; b) K2CO3, MeCN, RT; c) MeCu(CN)Li,
Et2O, �78 8C!RT, 50% over three steps; d) b-chloroethanesulfonic
acid chloride, Et3N, CH2Cl2, RT; e) cat. BHT, EtOAc, 120 8C, micro-
waves, 81% over two steps; f) 1. MeLi, THF, �78 8C, 2. 12, �78 8C!
�20 8C, 3. ICH2MgCl, THF, �78 8C!RT, 61%; g) LiDBB, THF, �78 8C.
BHT= 2,6-di-tert-butyl-4-methylphenol, Cp*= pentamethylcyclopenta-
dienyl, LiDBB= lithium 4,4’-di-tert-butylbiphenylide, tsdpen = N-(4-tol-
uenesulfonyl)-1,2-diphenylethylenediamine.
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britannilactones 3 and 4. Iodolactone 22, which was formed in
small amounts next to 21, can be reductively eliminated[26] to
return 20. The undesired configuration at C6 (eudesmane
numbering) in 21 set up in a completely stereoselective
fashion during the sequential iodolactonization/allyl formiate
generation from 20 was subsequently corrected by an
oxidation/reduction strategy.[27] Reduction of diester 21 with
lithium aluminum hydride to give a hydroxy lactol[28] and
further reduction with lithium borohydride afforded triol 23.
Chemoselective tritylation of the two primary hydroxy groups
(!24), Dess–Martin oxidation[29] (!25), and mild desilyla-
tion[30] led to b-hydroxy ketone 26. Hydroxy-directed[31]

reduction of the latter with the sodium aluminum dihydride
Red-Al furnished the desired 6a allyl alcohol 27 with
excellent diastereoselectivity.[32] After Tamao–Fleming oxi-
dation,[33, 34] the completely oxygenated skeleton of the target
molecules with correct configuration at all stereogenic centers
was finally available in the form of triol 28.

The final stage of the synthesis was initiated with a
chemoselective oxidation[35] of triol 28 to give hydroxy g-
lactone 29 (Scheme 4). After protection of the secondary
hydroxy group, a one-step a-methylenation of lactone 30
succeeded with sodium hydride and paraformaldehyde,[36] and

following desilylation, lactone 31 was isolated in good overall
yield. Preparation[2] of methacrylate 32 as well as detritylation
to give 1 proceeded uneventfully and delivered (�)-eriolanin,
which proved to be identical to the natural product by
comparison of optical rotation data.[37] Thus, our synthesis of 1
also clarifies the previously unknown absolute configuration
of this sesquiterpene lactone, since the absolute configuration
of 9 was unambiguously established.[9] In addition, an X-ray
diffraction analysis of our synthetic product 1 provided a
further independent proof of the absolute configuration by
anomalous X-ray scattering.[38] Using a modified Yamaguchi
esterification,[39] 31 could also be transformed smoothly to
angelate 33 without Z/E isomerization. Deblocking to give 2
delivered (�)-eriolangin, which also turned out to be identical
to the natural product by comparison of optical rotation
data.[40]

Due to the sultone strategy applied, our enantioselective
route to the 1,10-seco-eudesmanolides 1 and 2 requires only
26 steps from 2-bromo-1-(2-furyl)ethanone (6). Average
yields of 87% for 1 and 86% for 2 highlight the efficacy of
the route reported. Moreover, the selective manipulation of
the diverse hydroxy groups on the 1,10-seco-eudesmanolide
framework possible here offers great flexibility with respect

Scheme 3. Synthesis of the completely oxygenated basic skeleton 28. a) TBSCl, imidazole, DMAP, DMF, RT, 99%; b) TBAF, THF, 0 8C, 81% 15 +
17% 13 ; c) I2, Ph3P, imidazole, THF, MeCN, �20 8C!RT, 84%; d) 17, dimethyl malonate, MeCN, RT, 91%; e) PhSH, K2CO3, DMF, 90 8C, 89%;
f) KOH, MeOH, H2O, reflux, 100%; g) 1. I(col)2PF6, PhMe, 0 8C, 2. AgOAc, DMF, PhMe, RT, 67 % 21 + 15% 22 ; h) zinc dust, HOAc, H2O, THF,
0 8C!RT, 86 %; i) LiAlH4, Et2O, 0 8C; j) LiBH4, Et2O, �10 8C, 91% over two steps; k) TrCl, DMAP, pyridine, CH2Cl2, RT, 91 %; l) Dess–Martin period-
inane, pyridine, CH2Cl2, RT, 99%; m) TBAF, HOAc, THF, RT, 96%; n) Red-Al, CH2Cl2, PhMe, �20 8C!RT, 90%; o) 1. TBAF, MS 4 K, THF, reflux,
2. KF, H2O2, NaHCO3, THF, MeOH, reflux, 99 %. col = sym-collidine, DMAP= 4-(N,N-dimethylamino)pyridine, MS = molecular sieves,
Red-Al = sodium bis(2-methoxyethoxy)aluminum hydride, TBAF= tetrabutylammonium fluoride, TBS = tert-butyldimethylsilyl, Tr = triphenylmethyl.

5992 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5991 –5994

Communications

http://www.angewandte.org


to the assembly of synthetic analogues. A synthesis of the
britannilactone derivatives 3 and 4 is in preparation.

Received: June 11, 2004
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Rare-Earth Metals

[Yb3N(dpa)6][Yb(dpa)3]: A Molecular Nitride of
a Rare-Earth Metal with a Yb3N Unit**

Catharina C. Quitmann and Klaus M�ller-Buschbaum*

Rare-earth compounds containing a nitrogen center have so
far only been known in solid-state chemistry, for example, in
the nitrides of metal-rich rare-earth halides.[1] In these
compounds the nitride ions are surrounded in a tetrahedral
manner by rare-earth ions,[2a,b] with a few exceptions showing
an octahedral environment.[2c] Nitride ions with a triangular
coordination are only found in Ce15N7I24.

[3] In coordination
chemistry neither molecular nitrides nor equivalent Ln3N
species were known.

Although liquid ammonia was used in the synthesis of
divalent ytterbium and europium metallocenes in the early
days of organometallic chemistry,[4] it no longer plays an
important role as a reaction medium or as a reactant for
obtaining new coordination compounds of these elements.
The significance of liquid ammonia is, however, evident in the
synthesis and stabilization of many Zintl anions.[5] Nonethe-

less, syntheses in standard solvents dominate all preparative
approaches to organometallic rare-earth compounds,[6]

including rare-earth amido compounds.[6d]

Similar to the alkaline metals,[7] europium und ytterbium
can be dissolved in liquid ammonia under normal pressure.[8]

Because of the formation of an electride solution, these
metals can be oxidized by amines at �50 8C.[9] Thus, the
solvent-free melt and solvothermal syntheses that are
employed for the preparation of homoleptic amides of rare-
earth elements[10] [Eq. (1), Ln= lanthanoid] can be extended
to two consecutive steps in a different temperature range
[Eq. (2), (3)].

Lnþ xH-NR2
DT�!½LnðNR2Þx� þ

x
2
H2 ð1Þ

Lnþ ð6þ yÞNH3ðlÞ ! ½LnðNH3Þ6�xþ þ x ½e�ðNH3Þy� ð2Þ

½LnðNH3Þ6�xþ þ x ½e�ðNH3Þy� þ xH-NR2 !

½LnðNR2Þx� þ
x
2
H2 þ ð6þ yÞNH3

ð3Þ

The formation of homoleptic ammine complexes[11]

[Eq. (2)] offers the possibility of inserting NH3 and its
deprotonation products into the coordination sphere of the
rare-earth metals. This approach supplements the high-
temperature synthetic routes commonly used in solid-state
chemistry[10] and also renders redox chemistry feasible at low
temperatures.

Here we report the reaction of ytterbium with 2,2’-
dipyridylamine (Hdpa, (C5H4N)2NH) in liquid ammonia and
demonstrate how the oxidation of rare-earth metals with
amines at low temperatures leads to rare-
earth metal compounds with unusual nitro-
gen coordination. The product of this reac-
tion is [Yb3N(dpa)6][Yb(dpa)3] (1), a novel
dipyridylamide of ytterbium that consists of
two different neutral molecular building
units.

Centered by a nitride ion, the three Yb3+ atoms in the
[Yb3N(dpa)6] unit of 1 form an approximate equilateral
triangle with no metal–metal bonds (Yb···Yb 359 pm).
Because the nitride ion is almost in the plane of the Yb3+

ions, the Yb�N distances are particularly short, ranging from
207(1) to 209(1) pm. Taking into consideration the different
radius of Ce3+, these values are in good agreement with the
Ce�N(nitride) distances of 217–220 pm observed for
Ce15N7I24.

[3] Owing to the voluminous dipyridylamide ligands
surrounding the Yb3N unit the nitride ion shows only a slight
deviation from the triangular plane (4 pm). In comparison,
tetrahedrally coordinated nitride ions exhibit longer Ln�N
distances, for example, 226–229 pm in Gd2NCl3, in which the
nitride ion is in the center of the tetrahedron.[2b] The very
short Yb�N distances within the Yb3N unit indicate that a p-
bonding component may be possible.

The Yb3N triangle is surrounded by six dipyridylamide
anions that employ all nitrogen atoms for coordination: Each
ligand is coordinated to one Yb atom in a 1,3-chelating mode
and to another Yb atom through a single bond (Figure 1).
This results in a distorted pentagonal-bipyramidal coordina-
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tion sphere of seven nitrogen atoms around the Yb atoms.
Therefore, with regard to coordination mode as well as
coordination number, [Yb3N(dpa)6] is not equivalent to the
homoleptic rare-earth dipyridylamides,[12] dipyridylamides of
transition metals,[13] or related aminopyridinato complexes.[14]

The coordination number of seven as in [Yb3N(dpa)6] is also

found in the Ce3N units of Ce15N7I24;
[3] here

each Ce3+ ion is coordinated by six additional
iodide ions.

The second molecular unit in 1, the homo-
leptic monomer [Yb(dpa)3], does not coincide
with the dimeric structure of the homoleptic
rare-earth dipyridylamides[12] either. The Yb
atoms are coordinated by 1,3-chelating dpa
ligands (coordination number six) and posi-
tioned on symmetry centers. Because of the
Yb:N ratio of 1:3 the atoms of the dpa ligands
are disordered (Figure 2).[15, 16]

To verify that 1 is indeed a molecular
nitride of a rare-earth metal and to exclude the
participation of oxygen in the coordination
sphere—as is seen in units containing oxygen,
such as {Eu4O} in Eu4OCl6

[17] or {Yb4O} in
Yb4OCl6

[17] and [K(thf)3]2[Yb4O-
{Ph2C(C4H3N)2}4]·2THF[18]—the compound
was investigated by IR spectroscopy and
EDX analysis. There was no indication for
the presence of oxygen in 1 (see the Supporting
Information). Furthermore, the absence of
oxygen is supported by the electron neutrality
as well as the oxygen-free synthesis in liquid
ammonia,[19] and this therefore renders the
identification of the center ion as a nitride ion
plausible.

The deprotonation of ammonia proceeds more readily
with cations of higher charge than alkaline metal ions,[20] but
had not yet been observed for the nitride ion. With compound
1 it was shown that with low-temperature oxidation of
ytterbium in liquid ammonia, completely different products
can be obtained and stabilized than with the direct high-
temperature oxidation of a melt synthesis.[12]

In conclusion the approach presented here offers possi-
bilities for obtaining molecular nitrides of the rare-earth
metals. Enclosure by amide ligands results in different nitrido
amides.

Experimental Section
1: Ytterbium metal chips (173 mg, 1 mmol, ChemPur, 99.9%) and
2,2’-dipyridylamine (Hdpa; 514 mg, 3 mmol, Aldrich, 99%) were
filled in a glass ampoule, and then NH3 (6 mL) was condensed into the
ampoule with liquid nitrogen. Upon warming to approximately
�50 8C the solution turned dark blue. The color changed from dark
blue to green and then yellow upon dissolution of 2,2’-dipyridylamine
and further warming of the reaction mixture (red streaks appeared
which also turned yellow). Evaporation of excess NH3 gave a green-
yellow solid. The ampoule was sealed under vacuum. The reaction
mixture was heated to 150 8C in 5 h and then to 190 8C in 4 h, and then
held at this temperature for 168 h. It was then cooled to 120 8C in
270 h and to then room temperature within 30 h. When the reaction
was complete (based on Yb), 1 was obtained as a yellow crystalline
solid; small amounts of a red, X-ray amorphous material were also
observed. Yield (Yb): 515 mg (92%); elemental analysis calcd (%)
for C90H72N28Yb4: C 48.30, H 3.24, N 17.52; found: C 47.8, H 3.5, N
18.0; IR (MIR: KBr, 99.9%, dried; FarIR: PE, 99.9%): ñ = 3019 m,
2823 m, 1600 vssh, 1593 vs, 1555 m, 1475 vssh, 1462 vs, 1429 vs, 1376 s,
1342 m, 1299 s, 1285 m, 1235 s, 1153 s, 1148 ssh, 1107 m, 1052 w, 1001 s,

Figure 1. The triangular nitrido unit [Yb3N(dpa)6] (left) and the distorted pentagonal-
bipyramidal coordination sphere of the Yb atoms in the [Yb3N(dpa)6] unit in 1 (right).
The nitride ion lies in the plane of the three Yb atoms. Lines connecting Yb�Yb and N�
N are meant to highlight the triangular unit and a coordination polyhedron and do not
represent bonds. Selected distances [pm] and angles [8]: Yb1–N1 207(1), Yb2-N1
207(1), Yb3-N1 209(1), Yb1-Yb2 359.4(1), Yb1-Yb3 359.0(1), Yb2-Yb3 359.4(1), Yb1-
N18 240(2), Yb1-N15 241(2), Yb1-N19 243(2), Yb1-N14 244(2), Yb1-N4 245(2), Yb1-N2
250(2), Yb2-N3 240(2), Yb2-N8 249(2), Yb3-N11 241(2), Yb3-N17 250(2); Yb2-Yb1-Yb3
60.04(2), Yb1-Yb2-Yb3 59.93(2), Yb1-N1-Yb2 120.5(5), Yb1-N1-Yb3 119.2(5), N2-Yb1-
N19 55.9(7), N14-Yb1-N15 54.4(6), N5-Yb2-N6 54.8(5), N7-Yb2-N8 55.7(6), N11-Yb3-
N12 54.7(5), N16-Yb3-N17 55.2(7), N4-Yb1-N18 169.8(6). C white, N dark gray, Yb light
gray.

Figure 2. Structure of the homoleptic [Yb(dpa)3] unit of 1 in the solid
state. The metal/amide ratio of 1:3 results in a disorder of the ligands,
because the Yb5 atom is positioned on a center of symmetry. The posi-
tions of the ligand atoms are occupied to 50%. Selected distances
[pm] and angles [8]: Yb5-N29 223(2), Yb5-N32 229(3), Yb5-N35 237(3),
Yb5-N33 242(2), Yb5-N/C30 260(2); N32-Yb5-N33 62(1), N35-Yb5-N/
C30 65(1). N dark gray, Yb light gray.
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990 ssh, 938 w, 912 m, 828 m, 769 s, 733 s, 692 m, 623 m, 594 w, 541 m,
531m, 514 w, 503 w, 409m, 353 w, 339 w, 268 m, 258 msh, 229 m, 194 m,
162 w, 148 wsh, 73 w cm�1.
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Palladium-catalyzed domino reactions based on sequences of
insertions of organopalladium species into multiple bonds
(carbopalladation) have fundamentally revolutionized syn-
thetic concepts for the formation of carbo- and heterocyclic
systems.[1, 2] These transformations proceed under exception-
ally mild reaction conditions and are highly compatible with
polar functional groups. Conceptually, multicomponent reac-
tions[3] initiated by palladium-catalyzed carbon–carbon bond-
forming reactions[2,4] address very fundamental principles of
synthetic efficiency and reaction design and, therefore, they
have recently attracted considerable and steadily increasing
academic, economic, and ecological interest. Besides, the
prospect of extending one-pot reactions for combinatorial
and solid-phase applications[3c,5] promises manifold opportu-
nities for developing novel lead structures for pharmaceut-

icals, catalysts, and even novel molecule-based materials.
Therefore, mastering unusual combinations of elementary
organic reactions is a major conceptual challenge in engineer-
ing novel types of sequences. As part of our program directed
toward developing new one-pot sequences and domino
processes based upon transition-metal-catalyzed in situ acti-
vation of alkynes by cross coupling[6] or cycloisomerization,[7]

we report herein on the first Heck carbopalladation/cycliza-
tion sequence of ynallyl alcohols and aryl halides to give g,d-
enals. Two novel consecutive three-component reactions
initiated by this new domino reaction serve as illustrations.

Although intramolecular Heck reactions[8] have a broad
range of applications culminating in domino sequences like
the impressive Negishi zipper reactions,[1a] and since the use of
enynes as relays for Heck carbopalladation/cyclization
sequences has been thoroughly studied,[9, 10] the transforma-
tion of ynallyl alcohols that could furnish g,d-enals has
remained unexplored to date. However, the generation of an
aldehyde functionality en route could enormously enhance
the degree of molecular diversity possible in multicomponent
reactions.

The reaction of alkynylallyl alcohols 1[11] and aryl halides 2
in the presence of 2 mol% of [Pd(PPh3)2Cl2] in boiling
triethylamine under Heck reaction conditions furnished the
cyclized g,d-enals 3 (the tetrahydrofuran derivatives 3a–i and
chromane derivatives 3k–m) in moderate to good yields
(Scheme 1, Table 1).[12]

The structures of the ethylidenetetrahydrofuranyl and
ethylidenechromanyl acetaldehydes 3 were supported unam-
biguously by spectroscopic analyses (1H, 13C and DEPT,
COSY, NOESY, HETCOR, and HMBC NMR experiments,
IR, UV/Vis, mass spectrometry). The configuration of the
tetrasubstituted double bonds can be deduced unequivocally
from the appearance of significant cross peaks (between the
signals of the exocyclic trimethylsilyl, methyl, and methylene
substituents and endocyclic methylene proton resonances in
a-position to the ether bridge) in the NOESY spectra.

Scheme 1. The palladium-catalyzed Heck carbopalladation/cyclization sequence for the conversion of ynallyl alcohols 1 into g,d-enals 3.
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Table 1: Palladium-catalyzed Heck carbopalladation/cyclization of ynallyl alcohols 1 to give g,d-enals 3.[a]

Entry Ynallyl alcohol 1 Aryl halide 2 t [h] g,d-Enal 3 Yield [%][b]

1 5 65

2 1a 2.5 85

3 1a 5 86

4 1a 2 76

5 1a 15 66

6[c] 1a 0.5 85

7 2c 4.5 47

8[d] 2c 24 29

9[d] 2c 28 26

10 2a 6 58

11 1e 2b 5 60

12 1e 2c 6 65

8 8 8

For footnotes, see next page.
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This new palladium-catalyzed domino reaction has prece-
dence in its elementary steps, such as intramolecular insertion
of tethered alkynes and alkenes,[1a] and the Heck reaction of
allyl alcohols to furnish 3-arylpropanals,[13] and can therefore
be rationalized as follows (Scheme 1): After the oxidative
addition of the aryl halide 2 to the in situ generated Pd0

species, the arylpalladium halide 4 coordinates and the triple
bond of the ynallyl alcohol 1 is inserted by means of a syn
carbopalladation to furnish the vinylpalladium species 5 in a
stereospecific fashion. Coordination and cyclizing insertion of
the allyl alcohol fragment generates the alkylpalladium
species 6 which then undergoes a b-hydride elimination to
give the dienol 7. Instantaneously tautomerization of 7 gives
the enal product 3, and the hydridopalladium halide species 8,
which reductively eliminates hydrogen halide with base
assistance to regenerate the Pd0 species. After the oxidative
addition of 2 the catalytic cycle starts again. Interestingly, the
reaction with the trimethylsilyl-substituted alkynylallyl alco-
hol 1a gives considerably higher yields (Table 1, entries 1–6
and entries 7–9). The rigidified phenylene-bridged ynallyl
alcohol 1e readily participates in the sequence furnishing
chromanylacetaldehyde derivatives in reasonable yields
(entries 10–12). Since the Heck carbopalladation/cyclization
sequence is considerably hampered with electron-deficient
aryl halides—as reflected by either the longer reaction times
or, alternatively, microwave irradiation to achieve complete
conversion (entries 5 and 6)—the arylpalladium species
exerts a strong electronic effect in the carbopalladation step.

This new Heck carbopalladation/cyclization domino
sequence of alkynylallyl alcohols to give g,d-enals forms the
basis for sequential one-pot three-component reactions that
are compatible with the mild reaction conditions of the initial
Pd-catalyzed process. The newly formed aldehyde function-
ality is perfectly suited for a subsequent Wittig olefination.
Thus, the reaction of alkynylallyl alcohols 1a and 1e with the
aryl halides 2 in the presence of a catalytic amount of
[Pd(PPh3)2Cl2] in boiling triethylamine followed by addition
of a stabilized phosphorus ylide of type 9 at room temperature
furnishes the 2,3,6,7-diene esters 10 in moderate to good
yields (Scheme 2).[12]

Additionally, upon reducing the amount of triethylamine
to only two equivalents, the new Heck carbopalladation/
cyclization sequence can serve as an entry for a subsequent
reductive amination under Leuckart–Wallach conditions[14] in
a sequential one-pot reaction. Thus, the reaction of alkynyl-
allyl alcohol 1a in the presence of a catalytic amount of
[Pd(PPh3)2Cl2] and 2 equiv of triethylamine in boiling 1,2-
dichloroethane followed by addition of various secondary
amines 11 and formic acid at 60 8C results in the formation of
b-aminoethylalkylidenetetrahydrofurans 12 in moderate to
excellent yields (Scheme 3).[12]

In conclusion, we have developed a Heck carbopallada-
tion/cyclization domino reaction starting from ynallyl alco-
hols 1 and aryl halides to give g,d-enals 3. This new domino

process was readily elaborated into two consecutive one-pot
three-component sequences in which a Heck carbopallada-
tion/cyclization/Wittig sequence and a Heck carbopallada-
tion/cyclization/reductive amination sequence give rise to
heterocyclic 2,3,6,7-diene esters and b-aminoethylalkylidene-
tetrahydrofurans, respectively. Studies addressing the scope
of these novel sequences and related sequential transforma-
tions to enhance molecular diversity in pharmaceutically
interesting targets are currently under investigation.

Experimental Section
Heck carbopalladation/cyclization sequence (3b): In a 50-mL screw-
top pressure vessel [Pd(PPh3)2Cl2] (15 mg, 0.02 mmol) was dissolved
in degassed triethylamine (10 mL). Then, 1a (198 mg, 1.00 mmol) and
2b (240 mg, 1.10 mmol) were added successively to the solution. The

Table 1: [a] Reaction conditions: 1.0 equiv ynallyl alcohol 1, 1.1 equiv aryl halide 2 (0.1m in triethylamine), and 0.02 equiv [Pd(PPh3)2Cl2] were heated at
reflux for 2–28 h. [b] Yields refer to yields of isolated compounds 3 after flash chromatography on silica gel; purity was estimated to be �95% by NMR
spectroscopy and elemental analysis and/or HRMS. [c] The reaction was performed in a microwave oven (0.50 mmol 1a, 0.55 mmol 2 f, 2 mol%
[Pd(PPh3)2Cl2] ; heating rate: 160 s with 300 W to 150 8C, 30 min of reaction time at 150 8C, cooling rate: 240 s to 45 8C). [d] [Pd(PPh3)4] as a catalyst.

Scheme 2. The palladium-catalyzed Heck carbopalladation/cyclization/
Wittig sequence giving 2,3,6,7-diene carbonyl compounds 10.

Scheme 3. The palladium-catalyzed Heck carbopalladation/cyclization/
reductive amination sequence yielding b-ethylaminobenzylidene tetra-
hydrofurans 12.

5999Angew. Chem. Int. Ed. 2004, 43, 5997 –6000 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Chemie

http://www.angewandte.org


reaction mixture was heated at reflux for 2.5 h then allowed to cool to
room temperature before diethyl ether (150 mL) was added, and the
resulting precipitate was filtered. The solvents were removed from the
filtrate in vacuo, and the residue was flash chromatographed on silica
gel to give analytically pure 3b (239 mg, 85% yield) as a pale yellow
oil, Rf = 0.59 (hexane/diethyl ether 1:1). 1H NMR (CDCl3, 500 MHz):
d =�0.17 (s, 9H), 2.34 (s, 3H), 2.50–2.55 (m, 1H), 2.76–2.81 (m, 1H),
2.93 (ddd, J= 1.6, 9.7, 17.8 Hz, 1H), 3.68–3.72 (m, 1H), 3.81 (dd, J=

1.6, 11.3 Hz, 1H), 4.08 (d, J= 17.1 Hz, 1H), 4.20 (dd, J= 2.3, 17.2 Hz,
1H), 6.97–7.01 (m, 2H), 7.10–7.14 (m, 2H), 9.86–9.87 ppm (m, 1H);
13C NMR (CDCl3, 125.8 MHz): d = 0.2 (CH3), 21.1 (CH3), 31.2 (CH),
46.8 (CH2), 67.3 (CH2), 70.6 (CH2), 128.5 (CH), 128.7 (CH), 133.8
(Cquat.), 137.2 (Cquat.), 137.4 (Cquat.), 149.5 (Cquat.), 201.5 ppm (CH);
HRMS calcd for C17H24O2Si: 288.1546, found: 288.1543; Elemental
analysis calcd for C17H24O2Si (288.5): C 70.78, H 8.39; found: C 70.61,
H 8.43.

Heck carbopalladation/cyclization/Wittig sequence (10b): In a
50-mL screw-top pressure vessel [Pd(PPh3)2Cl2] (14 mg, 0.02 mmol)
was dissolved in degassed triethylamine (10 mL). Then, 1a (198 mg,
1.00 mmol) and 2b (241 mg, 1.10 mmol) were added successively to
the solution. The reaction mixture was heated at reflux for 2.5 h then
allowed to cool to room temperature before THF (5 mL) and 9
(523 mg, 1.50 mmol) were added successively, and the reaction
mixture was stirred at room temperature for 18 h. The precipitates
were removed by filtration, the solvents were removed from the
filtrate in vacuo, and the residue was flash chromatographed on silica
gel to give the analytically pure 10b (301 mg, 86%) as a yellow oil,
Rf = 0.72 (hexane/diethyl ether 1:1). 1H NMR (CDCl3, 250 MHz): d =
�0.16 (s, 9H), 1.30 (t, J= 7.1 Hz, 3H), 2.23–2.61 (m, 6H), 3.58–3.66
(m, 1H), 3.81 (dd, J= 1.9, 11.2 Hz, 1H), 4.02–4.26 (m, 4H), 5.92 (dt,
J= 1.4, 15.6 Hz, 1H), 6.91–7.15 ppm (m, 5H); 13C NMR (CDCl3,
75.5 MHz): d = 0.4 (CH3), 14.2 (CH3), 21.1 (CH3), 35.2 (CH2), 36.0
(CH), 60.1 (CH2), 66.0 (CH2), 70.5 (CH2), 122.8 (CH), 128.6 (CH),
128.7 (CH), 134.5 (Cquat.), 137.1 (Cquat.), 137.6 (Cquat.), 147.1 (CH),
149.2 (Cquat.), 166.4 ppm (Cquat.); HRMS calcd for C21H30O3Si:
358.1964, found: 358.1950; Elemental analysis calcd for C21H30O3Si
(358.6): C 70.35, H 8.43; found: C 70.31, H 8.42.

Heck carbopalladation/cyclization/reductive amination sequence
(12b): In a 50-mL screw-top pressure vessel [Pd(PPh3)2Cl2] (28 mg,
0.04 mmol) was dissolved in a mixture of degassed 1,2-dichloroethane
(10 mL) and triethylamine (202 mg, 2.00 mmol). Then, 1a (198 mg,
1.00 mmol) and 2c (240 mg, 1.10 mmol) were added successively to
the solution. The reaction mixture was heated at reflux for 3 h then
allowed to cool to room temperature before formic acid (552 mg,
12.0 mmol) and pyrrolidine (11b) (356 mg, 5.00 mmol) were added
successively, and the reaction mixture was heated to 60 8C for 12 h.
The reaction mixture was allowed to cool to room temperature,
diethyl ether (150 mL) and anhydrous potassium carbonate were
added, and the precipitates were removed by filtration. The solvents
were removed from the filtrate in vacuo, and the residue was flash
chromatographed on basic alumina (Brockmann activity IV) to give
the analytically pure 12b (261 mg, 79%) as a yellow-red oil, Rf = 0.31
(hexane/diethyl ether 1:2). 1H NMR (CDCl3, 500 MHz): d =�0.22 (s,
9H), 1.67–1.85 (m, 6H), 2.09–2.18 (m, 1H), 2.42–2.60 (m, 6H), 3.60–
3.67 (m, 1H), 3.83 (dd, J= 2.2, 11.0 Hz, 1H), 4.04 (d, J= 16.9 Hz, 1H),
4.20 (dd, J= 2.2, 16.9 Hz, 1H), 7.04–7.11 (m, 2H), 7.20–7.30 ppm (m,
3H); 13C NMR (CDCl3, 125.8 MHz): d = 0.4 (CH3), 23.4 (CH2), 31.5
(CH2), 35.3 (CH), 54.3 (CH2), 54.9 (CH2), 66.8 (CH2), 70.4 (CH2),
127.2 (CH), 127.9 (CH), 128.8 (CH), 135.8 (Cquat.), 141.0 (Cquat.),
148.2 ppm (Cquat.); HRMS calcd for C20H31NOSi: 329.2175, found:

329.2167; Elemental analysis calcd for C20H31NOSi (329.56): C 72.89,
H 9.48, N 4.25; found: C 73.36, H 9.71, N 3.91.
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two neutral lead clusters bearing s-bonded substituents from the reaction of a
plumbylene with a hydride source.
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Six of one and half a dozen of the other: A
late-transition-metal octahedral cluster
[Rh6(PiPr3)6(m-H)12]2+ (1) with six phos-
phine ligands has been reported with a
structure and electron count akin to that
of early-transition-metal halide clusters,
and provides a unique link between the
two classes of cluster (see scheme).
Cluster 1 is also decorated with 12 hydride
ligands.

Unfaithful enzymes, that is, enzymes that
catalyze alternative reactions, play a nat-
ural role in evolution and occasionally in
the biosynthesis of secondary metabo-
lites. In one example pyruvate decarboxy-

lase catalyzes not only the natural reaction
(A) but also the enantioselective acyloin
condensation of acetaldehyde and ben-
zaldehyde (B).
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Blue-sky research bears down-to-earth
applications: this describes the integra-
tion of biological materials with nanoma-
terials to yield systems that can be applied
as biosensors or as building blocks for
electronic circuitry. This review describes
recent advances in the preparation and
the applications of biomolecule–nano-
particle conjugates. The picture shows
one such example with the magneto-
mechanical analysis of DNA.

Biocompatible nanotubes : Glycosylated
polymers designed to mimic natural
mucins were assembled on carbon nano-
tubes (see picture). Carbon nanotubes
coated with mucin mimics were soluble in
water, resisted nonspecific protein bind-
ing, and bound specifically to biomole-
cules through receptor–ligand interac-
tions.

The dynamics of reversible photoinduced
electron transfer in individual perylene-
diimide–triphenylamine-based donor–
acceptor dendrimers immobilized in
polystyrene were investigated by single-
molecule spectroscopy. By changing the
local concentration of oxygen, it was
possible to influence the transition of the
charge-separation state (CSS) either to
the locally excited state (LES) or to the
ground state (GS, see graphic).
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A subtle electronic balance between
covalent and dative interactions involving
coordinated phosphanyl iminolate ligands
results in the formation of an oriented, 1D
coordination/organometallic heterodi-
metallic polymer with Pd–Ag interactions
(shown as purple and green, respectively).
In the solid-state, the lipophilic aromatic
rings of the infinite zigzag chains are all
on one side of the planes of metal ions,
which results in an unusual layered
structure.

A rational tuning of the arene sulfonamide
moiety (by introducing isopropyl groups
onto the phenyl ring) brought about high
enantioselectivity in the asymmetric
synthesis of diarylmethyl amines by the

title reaction (see scheme). Ar1 =4-
CF3C6H4, 4-ClC6H4, 4-FC6H4, 3-MeOC6H4,
4-MeOC6H4, 2-MeC6H4, 1-naphthyl, Ph;
Ar2 =Ph, 4-FC6H4, 3-MeOC6H4, 4-
MeOC6H4.

A triangular arrangement of gold atoms is
observed in the complex [Au3(m-
GaI2)3(Cp*Ga)5], which results when a
mixture of Cp*Ga and GaI3 capture the
reduced Au fragments from [LAuX]
(L= ligand, X=halide). The Au atoms are
bonded only to Ga atoms and each other:
two Au atoms are coordinated by two
Cp*Ga units and one Au atom is coordi-
nated by a single Cp*Ga unit.

Ringing the changes : Complexes of aza-
macrocycles were used for the template
synthesis of extraordinary new cyclic and
acyclic chromium–nickel chains, which
include the “S”-shaped cluster shown (see
picture) obtained when a cyclen-based
template is used. The results suggest a
new method for making sophisticated
polymetallic architectures.

http://www.angewandte.org


Photo-Switching

R. Mikami, M. Taguchi, K. Yamada,
K. Suzuki, O. Sato,
Y. Einaga* 6135 – 6139

Reversible Photo-Switching of the
Magnetization of Iron Oxide
Nanoparticles at Room Temperature

Carbon Nanotubes

A. Ismach, L. Segev, E. Wachtel,
E. Joselevich* 6140 – 6143

Atomic-Step-Templated Formation of
Single Wall Carbon Nanotube Patterns

Pd-Catalyzed Cyclizations

H. Zhang, E. M. Ferreira,
B. M. Stoltz* 6144 – 6148

Direct Oxidative Heck Cyclizations: Intra-
molecular Fujiwara–Moritani Arylations
for the Synthesis of Functionalized
Benzofurans and Dihydrobenzofurans

Single-Molecule Conductance

X. Y. Xiao, B. Q. Xu,
N. J. Tao* 6148 – 6152

Changes in the Conductance of Single
Peptide Molecules upon Metal-Ion
Binding

Contents

6016 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6012 – 6021

In the solid state at room temperature,
reversible control of magnetic properties
was achieved with photo-illumination of a
composite material made up of g-Fe2O3

nanoparticles encapsulated with n-octyl-
amine and an azobenzene-containing
amphiphilic compound (see picture).

Mind the step! Single-wall carbon nano-
tubes grow along the atomic steps of
vicinal a-Al2O3 surfaces to give highly
aligned arrays of nanometer-wide wires on
a dielectric material. The nanotubes (see
blue background image) reproduce the
atomic features of the surface including
steps, facets, and kinks (see model). The
direction and morphology of the atomic
steps can be controlled by the crystal
miscut.

No extra functionalization step is required
for palladium(ii)-catalyzed oxidative car-
bocyclizations like that shown, which
provide highly substituted benzofuran
and dihydrobenzofuran derivatives by net

dehydrogenation. The mechanism is
similar to that of Heck cyclizations. Pro-
ducts containing quaternary carbon ste-
reocenters can be obtained in diastereo-
merically pure form.

The binding of a guest (metal ion, M+) to a
single host molecule (peptide) was stu-
died by the measurement of the conduc-
tance of the peptide (see picture). The
conductance of the peptide in the metal–
peptide complexes increases by an
amount that is dependent on the
sequence and the length of the host.
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Manganese magnets : Trimethylammonio
groups appended to the surface of a Mn12

single-molecule magnet lead to a highly
charged magnetic cluster that behaves as
an electron reservoir. This cluster sponta-
neously forms its two-electron reduced
species which has a ground spin state
S=11. The cluster is a precursor for the
synthesis of network materials containing
Mn12 and for their deposition onto metal
and metal oxide surfaces.

It takes two : The complementary sulfate
and guanidinium ions in [C(NH2)3]
[N(CH3)4][SO4] both act as 3-connecting
nodes to give a 3D hydrogen-bonded
network with the chiral (10,3)-a topology
(see X-ray crystal structure; O red, S
yellow, H pink, N blue, C black). In
contrast, the 3-connected hydrogen-
bonded network in the much-studied
guanidinium sulfonates is 2D.

Vacancies : Protonation of the ruthenium
carbide compounds [Cl2(L)(PR3)Ru�CD]
gives the 14-electron four-coordinate
ruthenium phosphonium alkylidenes
[Cl2(L)Ru=CH(PR3)]+[B(X)4]� (see

scheme). These compounds which
already have a vacant coordination site
provide direct access to the active species
in olefin metathesis catalysis and thus
very fast initiation.

Particularly effective : The self-assembly of
triazacyclonane-functionalized thiols on
the surface of nanosize gold particles
provides a facile entry to functional gold
nanoparticles that, upon complexation
with ZnII, turn into powerful catalysts for
the cleavage of phosphate esters (see
scheme). Because of their RNase-like
behavior they are dubbed nanozymes.
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Pulling the rug out! A templated electro-
deposition technique has been applied to
prepare stable 3D, organized networks of
metal or semiconductor nanowires (see
scheme). The process involves a) the

deposition of mesoporous silica onto an
electrode, b) the introduction of metals or
semiconductors into the pore channels,
and c) removal of the silica template to
yield the nanowire network.

An amphiphilic manganese salen complex
forms Langmuir films that catalyze the
epoxidation of cinnamyl alcohol with the
urea/hydrogen peroxide complex (UHP)
dissolved in the subphase (see picture).
Compression of the monolayer changes
the organization of the film and thus
strongly modifies the rate of the reaction,
which is enhanced for molecular areas of
about 140–160 R2.

2-Monosubstituted tetrahydrofurans 2 are
obtained with 73–95% ee through the
catalytic enantioselective mercuriocycli-
zation of g-hydroxy-(Z)-alkenes 1 by using
Hg(OAc)2 in the presence of HgII com-

plexed with tartrate-derived 4-(2-naph-
thyl)bisoxazoline 3. The chiral complex
was prepared from Hg(tfa)2 (0.2 equiv)
and 3 (0.3 equiv). The amount of MeOH
greatly influences the enantioselectivity.

Essential additives : The addition of
bis(1,3-butadienyl) compounds (tetra-
enes) was essential in the efficient Ni-
catalyzed cross-coupling of organozinc
reagents with alkyl bromides and a tosy-

late (see scheme, X=C(CO2Me)2 or
NCH2Ph). The efficiency of the Ni-cata-
lyzed cross-coupling of an alkyl fluoride
with a Grignard reagent was also
improved by using these tetraenes.
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A simple and highly efficient method for
the Friedel–Crafts alkenylation of aromatic

compounds has been developed by using
a metal triflate (OTf) catalyst in an ionic
liquid (see scheme, bmim=1-butyl-3-
methylimidazolium). Not only is the cat-
alytic activity significantly enhanced in the
ionic liquid and by-product formation
decreased, but some reactions that were
not possible in conventional organic sol-
vents were shown to proceed smoothly.

Latex : Nitroxide-mediated emulsion poly-
merizations of n-butyl acrylate and styrene
were successfully carried out in a multi-
step process, with a novel water-soluble
SG1-based alkoxyamine as initiator. Fast
reactions lead to stable latex particles
containing polymers with controlled
molar masses.

Pieces of eight : The reaction of [LAlI] with
elemental sulfur yields the crown shaped
complex [LAl(m-S3)2AlL] (L=HC(CMe-
NAr)2, Ar=2,6-iPr2C6H3) containing an
Al2S6 eight-membered ring, in which two
(m-S3) chains are bridging two aluminum
atoms (see structure). The relative stabi-
lities of the possible [L2Al2Sn] (n=2–8)
species are estimated by theoretical cal-
culation.

Sulfur bridges : The reactions of [LAl(SH)2]
(L=HC(CMeNAr)2, Ar=2,6-iPr2C6H3)
with LiN(SiMe3)2 in molar ratio 1:2 and
1:1, respectively, lead to species with the
formula [{LAl[(SLi)2(thf)3]}2]·2THF and
[{LAl(SH)[SLi(thf)2]}2] in high yields.
These lithium salts react further with
[Cp2MCl2] (M=Ti, Zr; Cp=C5H5) to give
unique heterobimetallic sulfides of com-
position [LAl(m-S)2MCp2] (see structure;
M=Ti).
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Like a bolt from the blue, the blue
photoluminescence of novel phosphole-
based materials is extraordinarily intense.
The optoelectronic properties show great
stability and broad flexibility with respect
to wavelength, intensity, and tuneability.
The special features of the dithieno-
phosphole system were incorporated in a
high-molecular-weight smart polymer
potentially suitable for optoelectronic
applications.

Feats of lead : The cluster compounds
[Pb12Hyp6] (1; see structure) and
[Pb10Hyp6] (2) result from the reaction of
the plumbylene [Pb{Si(SiMe3)3}2]
([PbHyp2]) with hydride sources, such as
PH3 or [{(Ph3P)CuH}6]. They are the first
examples of neutral lead clusters bearing
s-bonded substituents. Whereas 2 is iso-
lated from the reaction mixture on a
multigram scale, 1 is only obtained in
traces.

Advantage organocatalysis : N-heterocyc-
lic carbenes can generate homoenolate
equivalents under mild conditions by
conjugate umpolung of a,b-unsaturated

aldehydes. This organocatalytic reaction
allows an efficient one-step synthesis of
substituted g-butyrolactones 1 (see
scheme, Mes=mesityl).

Sandwich any one? The bis(butenyltetra-
methylcyclopentadienyl) complexes of
calcium (2), strontium and barium exhibit
an interaction of the alkaline-earth metals
with olefin double bonds. Whereas the
magnesium derivative (1) crystallizes as a
sandwich complex with coplanar cyclo-
pentadienyl ligands and free butenyl side
chains, these coordinate to the metal in
the analogous but open sandwich com-
plexes of the larger metals calcium,
strontium, and barium.
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Cluster Chemistry

AnOctahedral Rhodium Cluster with Six Phosphine and
12 Hydride Ligands and 10 Too Few Electrons
Paul J. Dyson* and J. Scott McIndoe*

Keywords:
cluster compounds · electron counting ·
hydride ligands · P ligands · rhodium

Late-transition-metal (low-oxidation
state) clusters, with p-acceptor ligands
and early-transition-metal (high-oxida-
tion state) clusters, with p-donor ligands,
have been intensively studied for several
decades.[1] Apart from the fascinating
structural aspects of cluster compounds
and rationalization of their bonding,
much motivation for their study has
been driven by potential applications. It
was suggested that transition-metal clus-
ters might prove to be effective catalysts,
filling the void between mononuclear
species and colloidal (or heterogeneous)
catalysts and open up new possibilities
in catalysis and organic synthesis.[2]

Research at the interface of late- and
early-transition-metal cluster chemistry
has not been forthcoming although
polyoxometalates have been combined
with organometallic fragments[3] and
late–early-transition-metal bonds are
well known.[4] However, in a recent
communication by Weller et al. , a late-
transition-metal cluster based on an
octahedral rhodium core was reported
that has a structure and an electron
count similar to that of an early-transi-
tion-metal cluster, and thus bridges the
two largely separate and distinct re-

gimes.[5] The cluster was isolated after a
remarkably simple synthesis involving
reduction under hydrogen of the com-
plex, [RhL2(nbd)]

+, where L is a phos-
phine and nbd is norbornadiene. The
rhodium precursor represents a widely
used class of hydrogenation catalyst,
especially for asymmetric reductions
where L2 is a chiral bisphosphine.[6]

Therefore, apart from the absence of
any substrate, what is so different about
the synthesis which leads to such an
intriguing cluster? The answer to this
question remains to be confirmed, but
three factors appear to be important.
First, commencing with a rhodium salt
comprising a weakly coordinating anion,
that is, [1-H-closo-CB11Me11]

� or
[B(ArF)4]

� (ArF = 3,5-bis(trifluorome-
thyl)phenyl). Second, the use of rela-
tively weakly coordinating solvents, that
is, C6H5F or CH2Cl2. Third, the utiliza-
tion of a phosphine which appears to
have the ideal topology to form a
protective sheath over the cluster (see
below). The cluster in question,
[Rh6(PiPr3)6(m-H)12]

2+, is prepared ac-
cording to Scheme 1, and accounts for
about 20% of the starting material—the
other compounds formed in the reaction
remain uncharacterized.

The structure of the [Rh6(PiPr3)6(m-
H)12]

2+ dication comprises an essentially
regular octahedron in which each vertex
is capped by a phosphine ligand and

each edge bridged by a hydride (Fig-
ure 1). It resembles the early-transition-
metal cluster [Zr6(m-Cl)12(PMe2Ph)6-
(H)x] in the arrangement of ligands.[7]

What is perhaps most interesting,
and could indicate why the cluster is
stable, is that the iso-propyl groups
attached to the phosphine ligand appear

to cloak the metal core
almost completely as
can be appreciated from
the space filling repre-
sentation shown in Fig-
ure 2. While there are
approximately 90 struc-
turally characterized ex-
amples of [M6(PR3)6Lx]

clusters known, the vast majority have
sterically undemanding ligands (typical-
ly PEt3) and only one, [W6(m3-
S)8(PCy3)6] (Cy= cyclohexyl)[9] has a

Scheme 1. The preparation of [Rh6(PiPr3)6(m-H)12]
2+.

Figure 1. Ball-and-stick representation of the
structure of [Rh6(PiPr3)6(m-H)12]

2+. For clarity
the iso-propyl groups are represented by a sin-
gle carbon atom. POV-RAY diagram drawn us-
ing ORTEP-3.8.[8]
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ligand more bulky than PiPr3. Packing
six bulky phosphines around the cluster
core does have a distorting effect on the
geometry of the octahedral core, but the
efficient packing probably helps consid-
erably to stabilize the numerous labile
hydride ligands.

The electronic structure of the clus-
ter bears closer resemblance to early-
transition-metal clusters with p-donor
ligands than to late-transition-metal
clusters with p-acceptor ligands. Most
octahedral clusters with p-acceptor li-
gands have 86 electrons, and deviations
from this rule for late-transition-metals
are rare and usually involve clusters with
unusual ligand assemblies, or Group 10
or 11 metals, or both, such as the
90 electron [Ni6(h

5-C5H5)6].
[10] There

are many clusters known of the type
[M6(m3-E)8(PR3)6] (M=Group 6, 7, 8, or
9 metal; E=S, Se, or Te)[11] that span the
early–late-transition-metal divide, and
these have electron counts[12] ranging
from 79 for [W6(m3-S)8(PEt3)6]

+[13] to 98
for [Co6(m3-S)8(PEt3)6].

[14] However,
[Rh6(PiPr3)6(m-H)12]

2+ has an electron
count of just 76 electrons, a value en-
tirely without precedent for the late-
transition-metals and comparable only
to early-transition-metal halide clusters,
such as [M6(m-Cl)12Cl6]

4� (M=Nb, Ta;
also 76 electrons).

In addition, the ratio of hydrides to
rhodium is remarkably high, and repre-
sents one of the highest ratios observed
to date. High hydride to metal ratios are
important with respect to hydrogen
(hydride) storage and also have impli-
cations in hydrogenation catalysis where

hydrogen spillage could account for
accelerated reductions.[15]

It is probably not unfair to say that
cluster chemistry has been in decline
since its peak in popularity in the late
1980s. However, without the high ex-
pectations that once dominated the field
it remains healthy and some of the best
work has since been carried out. High-
nuclearity clusters, such as [Os20-
(CO)40]

2�,[16] [Ni35Pt9(CO)48]
6�,[17]

[Pd145(CO)x(PEt3)30]
[18] and [Cu146-

Se73(PPh3)30],
[19] the larger ones exceed-

ing the size of many colloids, have been
prepared and characterized by X-ray
crystallography. A fascinating series of
ruthenium–palladium and ruthenium–
platinum clusters prepared by conden-
sation of preformed ruthenium clusters
with the {M(PtBu3)2} unit (also an active
catalyst precursor—but for carbon–car-
bon coupling reactions) have been re-
ported,[20] and related compounds have
been used as precursors to highly active
supported naked nanoparticle cata-
lysts.[21] Also, the on-going question of
whether intact clusters can act as cata-
lysts has finally been resolved, at least
for hydrogenation reactions. The answer
is yes, demonstrated directly by para-
hydrogen NMR spectroscopy, but the
process is highly solvent dependent and
this might explain why there has been so
much controversy in the literature sur-
rounding this topic.[22] However, the
isolation of [Rh6(PiPr3)6(m-H)12]

2+ from
[Rh(PiPr3)2(nbd)]

+ under a hydrogen
atmosphere raises another question.
Could clusters, especially one so elec-
tronically unsaturated and presumably
as reactive as [Rh6(PiPr3)6(m-H)12]

2+, be
the active catalysts in hydrogenation
reactions commencing with the widely
used [Rh(PiPr3)2(nbd)]

+ precursors, that
operate under similar conditions to
those in which the cluster was isolated,
merely in the presence of a suitable
substrate? It is already well established
that homogeneous (mononuclear) pre-
catalysts often decompose to nanoparti-
cles which are the active catalysts,[23] but
little attention has been paid to the
mechanism and whether molecular clus-
ter intermediates play an influential
role. The distinctive spectroscopic prop-
erties of [Rh6(PiPr3)6(m-H)12]

2+ may well
facilitate such investigations.

Further development of the unique
cluster chemistry introduced by Weller

et al. could take many paths. The X-ray
data notwithstanding, a neutron diffrac-
tion study to pinpoint the exact hydride
locations is clearly desirable. Similarly,
extension of the structural motif to other
late-transition-metals, other bulky two-
electron donor ligands, and perhaps
other hydride ligand counts, will all
provide interesting insights into what
represents a new frontier for cluster
chemistry.
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1. Introduction

The realization that many enzymes have broad substrate
specificity fueled much of the growth in biocatalysis over the
last twenty years, especially in organic synthesis. Identifying a
few enzymes that show high stereoselectivity toward a broad
range of synthetically useful molecules enabled organic
chemists to rapidly develop new synthetic applications for
these enzymes.

One current frontier for biocatalysis is reaction specificity.
Can a single active site catalyze more than one distinct
chemical transformation? Can small changes in the active site
enable new chemistry in that active site? Over the last few
years evidence has mounted that such catalytic promiscuity
exists not just among a few enzymes but is rather common.[1]

This Minireview will focus on catalytic promiscuity related to
biocatalysis—enzyme-catalyzed reactions that are or might be

useful in organic synthesis. We will give
examples of individual proteins with
several catalytic abilities and also ex-
amples in which small changes (typi-
cally metal-ion substitutions or site-

directed mutagenesis) introduce new catalytic activity. The
most successful examples are carbon–carbon bond-forming
reactions, oxidations catalyzed by hydrolytic enzymes, and
glycosyl transfer reactions.

2. Classifying Catalytic Promiscuity

Catalytic promiscuity in enzymes is the ability of enzyme
active sites to catalyze distinctly different chemical trans-
formations. The chemical transformations may differ in the
functional group involved, that is, the type of bond formed or
cleaved during the reaction and/or may differ in the catalytic
mechanism or path of bond making and breaking. Most
examples of catalytic promiscuity include both changes. For
example, adding a vanadium ion to a phosphatase converts it
into an oxidase capable of the enantioselective oxidation of
sulfides (this is discussed in more detail in Section 4.2). These
two reactions involve different functional groups—breaking
the O�O bond in hydrogen peroxide instead of the P�O bond
in a phosphate ester. In addition, the reaction mechanism
differs significantly because one reaction is a hydrolysis while
the other is an oxidation.

In Figure 1 catalytic promiscuity is organized according to
differences in the functional groups involved and differences
in the mechanisms of catalysis (for selected examples see
Table 1). The placement of a reaction on this graph is
subjective because the degree of similarity of functional
groups and reaction pathways, whose details are likely
unknown, is a subjective judgment. Nevertheless, this classi-

Biocatalysis has expanded rapidly in the last decades with the
discoveries of highly stereoselective enzymes with broad substrate
specificity. A new frontier for biocatalysis is broad reaction specificity,
where enzymes catalyze alternate reactions. Although often under-
appreciated, catalytic promiscuity has a natural role in evolution and
occasionally in the biosynthesis of secondary metabolites. Examples of
catalytic promiscuity with current or potential applications in synthesis
are reviewed here. Combined with protein engineering, the catalytic
promiscuity of enzymes may broadly extend their usefulness in
organic synthesis.
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fication helps distinguish different types of catalytic promis-
cuity.

The largest group of reactions involves functional group
analogues. For example, many proteases also catalyze ester
hydrolysis. The bonds broken in the two cases (C�N vs. C�O)
differ, but the catalytic mechanism is likely very similar.
Several metalloproteases also catalyze the hydrolysis of P�
O[2] or P�F[3] bonds. Conversely, several esterases cleave the
C�N bond in b-lactams,[4] and proteases can cleave the S�O[5]

in sulfites or the S�N bond in sulfinamides.[6] On a commer-
cial scale, BASF uses a lipase, which normally cleaves C�O
bonds in triglycerides, to resolve amines by enantioselective
acylation, which forms a C�N bond.[7] Asparaginase, which
cleaves the primary amide in the side chain of asparagine, also
cleaves a nitrile in an analogous substrate, b-cyanoalanine.[8]

Pyruvate kinase, which catalyzes phosphoryl group
transfer, can also catalyze sulfuryl group transfer.[9]

Some phosphatases also catalyze sulfate ester
hydrolysis.[10] Enzyme inhibitors such as phospho-
nate inhibitors of serine hydrolases will not be
included because they rarely involve a complete
catalytic turnover.

Other reaction classes must involve changes in
mechanism. For example, removal of a catalytically
essential amino acid residue dramatically slows the
reaction but does not eliminate it. The remaining,
less efficient reaction must follow a different path.
For example, a Cys-to-Asp mutation in a phospha-
tase retains some activity.[11] Another group of
reactions involve substrate-assisted catalysis, where
the only substrates converted are those that restore
the missing functional group so that it can actively
participate in catalysis.[12] In some reactions stereo-
chemistry reveals alternate paths. For example,
epoxide hydrolase converts one enantiomer by
inversion of the stereocenter, while the other reacts
by retention.[13] These pathways must differ, even
though the details are not clear.

Binding proteins can sometimes catalyze reac-
tions, which is clearly a change in mechanism—
from no bond breaking to some bond breaking. For
example, bovine serum albumin catalyzes Kemp
elimination, b-elimination of 3-ketobutyl umbelli-

feryl ethers (a useful reaction in enzyme assays),[14] and
moderately enantioselective oxidation of amines to amine
oxides with sodium periodate.[15] Myoglobin (an oxygen-
carrying iron heme protein) catalyzes slow oxidation in the
presence of hydrogen peroxide.[16] Site-directed mutagenesis
to shift the position of the distal histidine (Leu29His/
His64Leu) increased the rate of reaction more than 20-fold
and enantioselectivity significantly. Oxidation of thioanisole
yielded the sulfoxide with 97% ee, and oxidation of cis-b-
methylstyrene gave the epoxide in 99% ee.[17]

All catalytic antibodies are examples of binding molecules
that can catalyze a reaction. Interestingly, a catalytic antibody
that catalyzes an aldol addition by nucleophilic catalysis
(formation of an imine between the substrate carbonyl and a
lysine residue) also catalyzes the Kemp elimination, which

Figure 1. Classifying catalytic promiscuity. Catalytic promiscuity may involve reac-
tion of a different functional group, a change in the catalytic mechanism, or both.
The balloons indicate the types of catalytic promiscuity labeled in italics. Table 1
lists selected examples, a few of which are also included in this figure.
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requires the lysine to act as a base.[18] Another catalytic
antibody that catalyzes decarboxylation also catalyzes ester
hydrolysis.[19]

In principle, changes in substrate specificity cause subtle
changes in the electron distribution in the transition state and
could be considered as examples of catalytic promiscuity.
However, these differences are usually much smaller than the
examples considered here.

3. Catalytic Promiscuity within the Same Protein

A classic example of catalytic promiscuity is yeast
pyruvate decarboxylase, which not only decarboxylates
pyruvate but also links acetaldehyde and benzaldehyde (a
lyase activity) to form (R)-phenylacetylcarbinol, a precursor
for ephedrine manufacture (Scheme 1).[20] This acyloin con-
densation involves an additional step—formation of a car-
bon–carbon bond—that does not occur in the natural
reaction. Although Neuberg and Hirsch discovered this
reaction in whole yeast cells in 1921,[21] researchers more
recently identified pyruvate decarboxylase as the responsible
enzyme.[22] This reaction also demonstrates that the alternate

substrates (acetaldehyde plus benzaldehyde) can be much
larger than the natural substrate (pyruvate only). More
recently, a single amino acid substitution in the more stable
pyruvate decarboxylase from Xymomonas mobilis, which
does not catalyze the lyase reaction, added this lyase ability.[23]

The pyridoxal-dependent enzymes are another classic
example of catalytic promiscuity. In most pyridoxal-depend-
ent enzymes the additional functional groups in the active site

Scheme 1. Pyruvate decarboxylase, a thiamine-dependent enzyme, also
catalyzes the enantioselective acyloin condensation of acetaldehyde
and benzaldehyde.

Table 1: Selected examples of catalytic promiscuity in a single enzyme.

Enzyme Enzyme class Normal activity Promiscuous activity Ref.

proline aminopeptidase metallohydrolase (two
Mn2+ centers)

C�N hydrolysis in proline amides P�F hydrolysis in diisopropyl fluorophosphate [3]

aminopeptidase metallohydrolase (two
Zn2+ centers)

C�N hydrolysis in amides P�O hydrolysis in bis-p-nitrophenylphosphate [2]

pyruvate kinase metalloenzyme (Mn2+,
K+, Mg2+ centers)

phosphoryl transfer from phosphoe-
nolpyruvate

sulfuryl transfer from sulfoenolpyruvate; also
phosphoryl transfer to fluoride, hydroxylamine,
or a-hydroxycarboxylic acids

[10]

o-succinylbenzoate syn-
thase

metalloenzyme (Mn2+

center)
dehydration of 2-hydroxy-6-succinyl-
2,4-cyclohexadiene carboxylate

racemization of N-acylamino acids [36]

methane monooxyge-
nase

non-heme diiron hydroxylation of methane epoxidation, N-oxide formation, dehalogenation,
desaturation of benzylic substrates

[48]

plant steroyl acyl carrier
protein D9 desaturase

non-heme diiron desaturation of the C9�C10 link in
stearic acid to give oleic acid

sulfoxidation of 9-thia or 10-thia analogues of
stearate and the hydroxylation of 9-fluoro ana-
logues

[46,
47]

cephalosporin C synthase metalloenzyme (non-
heme Fe center, 2-oxo-
glutarate-dependant)

oxidative ring expansion of the five-
membered ring to a six-membered,
hydroxylation of a methyl group

one of the two normal activities [43]

lipase, esterase serine hydrolase ester hydrolysis b-lactam hydrolysis [5]
lipase, chymotrypsin serine hydrolase triglyceride or peptide hydrolysis aldol addition or Michael addition [27,

30]
subtilisin serine hydrolase peptide hydrolysis sulfinamide hydrolysis [7]
lipase, trypsin serine esterase triglyceride or peptide hydrolysis oligomerization of (Si(CH3)2(OEt)2), dimeriza-

tion of Si(CH3)3OCH3

[32,
33]

pepsin aspartate hydrolase amide hydrolysis sulfite hydrolysis [4]
asparaginase Thr-Lys-Asp triad C�N hydrolysis in asparagine to give

aspartate
C�N hydrolysis in b-cyanoalanine to give aspar-
tate

[9]

epoxide hydrolase Asp-His-Asp triad hydrolysis of epoxides with inversion
of configuration

hydrolysis of epoxides with retention of config-
uration

[14]

oxynitrilase Ser-His-Asp triad addition of cyanide to aldehydes addition of cyanide to imines [35]
aldolase catalytic anti-
body

Lys aldol reaction Kemp elimination [19]

serine hydroxymethyl-
transferase

pyridoxal-dependent transfer of Cb of serine to tetrahydrop-
teroylglutamate

threonine retroaldol reaction, decarboxylation of
aminomalonate, racemization of alanine, trans-
amination of alanine and pyruvate

[26]

pyruvate decarboxylase thiamine-dependent decarboxylation of pyruvate acyloin condensation of acetaldehyde and ben-
zaldehyde

[22–
24]
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direct the aldimine intermediate toward a single pathway.[24]

But in some cases, the aldimine can react by multiple paths.
For example, serine hydroxymethyltransferase also catalyzes
threonine retroaldol reaction, decarboxylation of aminomal-
onate, and racemization of alanine.[25] Site-directed muta-
genesis of alanine racemase decreased its racemase activity
and enhanced its minor transamination activity.[26]

Another carbon–carbon bond-forming reaction is an aldol
addition of hexanal catalyzed by lipase B from Candida ant-
arctica (Scheme 2).[27] Although the reaction was not enan-

tioselective, the diastereoselectivity differed from that of the
spontaneous reaction. The authors hypothesized that the
aldol addition did not require the active site serine, and
indeed, replacement with alanine (Ser105Ala) increased the
aldol addition approximately twofold.

One reaction that forms several new types of bonds is a
Michael addition with alternate nucleophiles catalyzed by O-
acetylserine sulfhydrylase (Scheme 3). The normal role of this
pyridoxal-containing enzyme is cysteine biosynthesis from O-
acetylserine by the elimination of acetate to give an amino
acrylate intermediate. Michael addition of the nucleophile
sulfide to this intermediate yields cysteine. However, other
nucleophiles also react including thiols, selenols, azide,
cyanide, and some aromatic N-heterocycles yielding unnatu-
ral amino acids. Thus, besides catalyzing for-
mation of a C�S bond, this enzyme can also
catalyze formation of C�Se, C�C, and C�N
bonds using a similar mechanism.[28] Recently,
Maier engineered an E. coli strain for these
unnatural reactions. Normal fermentation pro-
duced the starting material O-acetylserine and
the enzyme; addition of nucleophile yielded
the unnatural amino acids in 45–91% yield.[29]

Lipases also catalyze Michael addition of
various nucleophiles to 2-(trifluoromethyl)-
propenoic acid.[30]

Lipase[31] and trypsin[32] catalyze the con-
densation of silanols and alkoxysilanes, re-
spectively, which involves formation of Si�O�
Si bonds. Trypsin catalyzed the hydrolysis and
condensation of trimethylethoxysilane to
hexamethylsiloxane in water (Scheme 4). Al-

though silanols and alkoxysilanes are inherently reactive and
can undergo spontaneous condensation or peptide-promoted
condensation,[33] the trypsin-catalyzed reaction was at least
ten times faster than the spontaneous reaction. The con-
densation involves the trypsin active site because addition of
trypsin-specific inhibitors eliminated catalysis and because
not all trypsins catalyze this reaction: porcine trypsin was
effective, but trypsin from Atlantic cod was not.

Oxynitrilase, which catalyzes addition of cyanide to
aldehydes, also catalyzes the addition of cyanide to imines
with moderate stereoselectivity (3:1–4:1).[34]

A case of mistaken identity due to catalytic promiscuity is
an enzyme originally identified as a N-acyl amino acid
racemase.[35] Gerlt and co-workers recently discovered that
this enzyme is 1000 times more efficient as a catalyst for a
dehydration to form o-succinylbenzoate, suggesting that
succinylbenzoate formation is its true role (Scheme 5). By
changing the N-acyl amino acid from N-acetyl methionine
(the previous best substrate for racemase activity) to N-
succinyl phenylglycine, which better resembles the succinyl-

Scheme 4. Trypsin-catalyzed hydrolysis and condensation of trimethyl-
ethoxysilane to give hexamethyldisiloxane in water.

Scheme 2. Lipase B from Candida antarctica (CAL-B) catalyzes an aldol
addition of hexanal. Although this side reaction is >105 times slower
than the normal reaction (hydrolysis of triglycerides), it is at least ten
times faster than aldol additions catalyzed by a catalytic antibody with
aldolase activity. The calculated transition-state structure for enolate
formation is on the right.

Scheme 3. Michael addition of alternate nucleophiles by O-acetylserine
sulfhydrylase to give an amino acrylate intermediate yields unnatural
amino acids.

Scheme 5. An enzyme discovered as an N-acyl amino acid racemase is 1000-fold more ef-
ficient in the dehydration to form o-succinylbenzoate. Both reaction mechanisms involve
a similar anionic intermediate.
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benzoate precursor, the efficiency of the racemization reac-
tion increased 1000-fold, making it similar to the succinyl-
benzoate reaction.

Esterases and lipases, which catalyze hydrolysis of esters,
have overlapping catalytic activities with non-heme haloper-
oxidases, which catalyze oxidations by hydrogen peroxide via
a peroxycarboxylic acid (Scheme 6). For example, esterase
from Pseudomonas fluorescens,[36] a lactonase,[37] and many
lipases,[38] show low peroxidase activity in the presence of a
carboxylic acid and hydrogen peroxide. Conversely, at least
one haloperoxidase shows low esterase activity.[39]

The overlapping catalytic activity of these enzymes stems
from common transition states and acyl enzyme intermediates
in both reactions (Scheme 7). In esterases, the acyl enzyme

intermediate undergoes hydrolysis, while in haloperoxidases,
it undergoes perhydrolysis to yield a peroxycarboxylic acid.
The subsequent oxidation of halide to hypohalous acid by this
peroxycarboxylic acid may not be enzyme catalyzed. In spite
of this overlap, esterases and lipases are more efficient at ester
hydrolysis, while haloperoxidases are more efficient at gen-
erating peroxycarboxylic acids. Detailed structural analysis of
a related haloperoxidase[40] and an esterase[41] showed only

subtle differences in the two active sites and did not reveal
why one is a better haloperoxidase and the other a better
esterase.

Catalytic promiscuity has a natural role in the biosynthesis
of several secondary metabolites. For example, the synthesis
of the antibiotic cephalosporin C in eukaryotes uses a single
enzyme with a single active site to catalyze two different
oxidative reactions—an oxidative ring expansion of the five-
membered ring to a six-membered and a hydroxylation of a
methyl group (Scheme 8). Single amino acid substitutions can
inactivate either activity.[42] In contrast cephalosporin syn-
thesis in prokaryotes uses separate enzymes for the two steps,
but both of these enzymes are closely related to the bifunc-
tional one in eukaryotes.

These non-heme iron(ii) and 2-oxoglutarate-dependent
oxidative enzymes can even have trifunctional roles. Gibber-
ellin 20-oxidase catalyzes three successive oxidations of the
C20 methyl group to the alcohol, aldehyde and finally to the
carboxylate.[43] Clavaminic acid synthase catalyzes a hydrox-
ylation, an oxidative cyclization, and desaturation.[44]

Scheme 7. Mechanisms for ester hydrolysis and peroxidation by non-heme haloperoxidases both involve an acyl enzyme intermediate. In esterases
(X=H), the H2O attacks this intermediate to complete a hydrolysis. In haloperoxidases (X=OH), the acyl enzyme intermediate comes from ace-
tate added to the reaction mixture. Hydrogen peroxide attacks this intermediate to form a peracid. R=Ph for esterase, H for haloperoxidase.

Scheme 6. Non-heme haloperoxidases catalyze the formation of a per-
oxocarboxylic acid by means of an esterase-like mechanism. The sub-
sequent oxidation of substrates with the peracid may not be enzyme
catalyzed.

Scheme 8. A non-heme iron(ii) and 2-oxoglutarate-dependent cephalo-
sporin C synthase in eukaryotes catalyzes two different catalytic steps
with the same active site.
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Other non-heme diiron oxidative enzymes also catalyze a
wide range of oxidations. For example, the plant steroyl acyl
carrier protein D9 desaturase normally catalyzes the desatu-
ration of stearic acid to oleic acid but also catalyzes
sulfoxidation of 9-thia or 10-thia stearate analogues[45] and
the hydroxylation of 9-fluoro analogues.[46] Methane mono-
oxygenase, another non-heme diiron enzyme, catalyzes
methane hydroxylation as well as a wide range of other
oxidations including epoxidation, N-oxide formation, deha-
logenation, and desaturation of benzylic substrates.[47] Deg-
radation enzymes, such as cytochrome P450 enzymes, which
contain a heme iron, also catalyze a wide range of oxidations.

4. Catalytic Promiscuity within Modified Proteins

4.1. Natural Evolution of New Catalytic Activity

Divergent evolution is a natural process that creates
different species from a common ancestor. This process also
works on a molecular scale to create enzymes with new
catalytic activities. New enzymatic activities arise by gene
duplication followed by evolution of new activity for the
copy.[48] Two examples of divergent evolution are the a/b-
hydrolase-fold superfamily[49] and the enolase superfamily.[50]

The a/b-hydrolase-fold enzymes all involve nucleophilic
catalysis but include a wide range of substrates and reaction
types including ester or peptide hydrolysis (serine nucleo-
phile), dehalogenase, and epoxide hydrolase (aspartate
nucleophile). The enolase enzymes have similar active sites
and catalyze divalent-metal-assisted general-base-catalyzed
removal of a proton a to a carboxylic acid to form an enolic
intermediate. Examples of different reactions catalyzed by
the enolase superfamily include racemization (mandelate, N-
acyl amino acids) and b-eliminations (o-succinyl benzoate
synthase). An example of a “misassigned” enolase enzyme
was mentioned in Section 3.

One example of a surprisingly rapid natural evolution of
new catalytic activity is an atrazine chlorohydrolase
(Scheme 9).[51] Researchers initially found that atrazine, an
herbicide widely used since the late 1950s, did not readily
degrade in soils, but since 1993 a number of groups have
reported rapid degradation. The key enzyme in this biode-
gradation—atrazine chlorohydrolase, which cleaves the C�Cl
bond—differs by only eight amino acid substitutions from
melamine hydrolase, which catalyzes the hydrolysis of a C�N
bond in melamine. Melamine hydrolase has low atrazine

chlorohydrolase activity, but the new enzyme has no detect-
able melamine hydrolase activity. Directed evolution further
expanded the substrate range of this atrazine chlorohydro-
lases to include C�S and C�O bond cleavage.[52] Another
example of rapid natural evolution is the evolution of a
phosphotriesterase that degrades the insecticide paraoxon.[53]

4.2. Changing the Metal Ion

Metal substitutions can also change catalytic activity. One
of the earliest examples from 1976 shows that replacement of
the Zn2+ ion in the active site of a carboxypeptidase with a
Cu2+ ion converted this peptidase into a slow oxidase.[54]

Replacement of the Zn2+ ion in the active site of thermolysin
with much larger ions such as tungstate, molybdate, and
selenate created enzymes that catalyze oxidation of thioeth-
ers to sulfoxides with hydrogen peroxide.[55] Replacing the
active-site serine in subtilisin with selenomethionine resulted
in peroxidase activity.[56]

Other examples of overlapping catalytic activity are acid
phosphatases and vanadate-dependent haloperoxidases.[57,58]

The amino acid sequence, three-dimensional structure, and
active site are similar in both classes of enzymes. Vanadate
binds to the same site as a phosphate ester presumably
because it readily adopts a five-coordinate structure that
resembles the transition state for phosphate ester hydrolysis.
The vanadate ion catalyzes peroxidation by binding peroxide
to the vanadium center, thereby increasing its electrophilicity.
Further support for the similarity of the two active sites is the
ability of vanadate to inhibit phosphatases and the ability of
phosphate to inactivate vanadate-dependent haloperoxidases
by displacing the vanadate. This exchange of active sites also
exchanges the catalytic activity of these two classes of
enzymes. Several acid phosphatases show low haloperoxidase
activity upon addition of vanadate,[59] and conversely, apo-
haloperoxidases show low phosphatase activity.[60] Sheldon
and co-workers reported an enantioselective oxidation of
sulfides to sulfoxides using a vanadate-substituted phytase.[61]

However, the altered enzymes were much less effective
catalysts than the true enzyme: the turnover numbers were
103–104 times lower for the haloperoxidase activity of a
vanadate-containing phosphatase than for a true haloperox-
idase, or for the phosphatase activity of apo-haloperoxidase as
compared to that of a true phosphatase. This large difference
shows that each enzyme is optimized for the reaction it
catalyzes. However, like the esterase/non-heme haloperox-
idase case mentioned above, even with the available X-ray
crystal structures, it is not clear which structural features are
responsible for the different optimized activity.

4.3. Engineering of Enzymes

A number of groups mimicked divergent evolution by
using site-directed mutagenesis. By comparing related en-
zymes with different catalytic activity, they identified sub-
stitutions that change the catalytic activity. Making these
changes in one of the enzymes altered the catalytic activity.

Scheme 9. An atrazine chlorohydrolase recently evolved naturally from
a melamine hydrolase. The starting melamine hydrolase (C�N bond
cleavage) has low atrazine chlorohydrolase activity (C�Cl bond cleav-
age), but the new atrazine chlorohydrolase has lost its melamine hy-
drolase activity.
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For example, four amino acid substitutions in a fatty acid
desaturase by their equivalents in a fatty acid hydroxylase
yielded an efficient hydroxylase (Scheme 10).[62] In another

example, single amino acid changes in l-Ala-d/l-Glu epimer-
ase introduced ortho-succinoyl benzoate synthase activity or
muconate-lactonizing enzyme activity.[63] Within the family of
glutathione transferases, mutations changed a transferase that
catalyzes a Michael addition into one that catalyzes a
nucleophilic aromatic substitution.[64] Similarly, a glutathione
transferase with peroxidase activity gained steroid isomerase
activity after five mutations to mimic the active site in a
related steroid isomerase.[65] Mutations within an oxidosqua-
lene cyclase changed the site of proton loss, thereby yielding
different steroids.[66] A much more challenging task is
converting a noncatalytic protein into a dehydratase with
low activity.[67]

4.4. Glycosynthases, Thioglycoligases, and Thioglycosynthases

Retaining b-glycosidases normally catalyze the hydrolysis
of b-glycosidic links, but they also catalyze glycoside exchange
under conditions of low water concentration. The reaction
involves a starting b-glycoside (sugar-OR) reacting with an
incoming nucleophile (HOR’, Scheme 11). The incoming
nucleophile is water in the case of hydrolysis and a second
glycoside in the case of glycoside exchange. Retaining

glycosidases use a double displacement mechanism with a
catalytic acid/base and a catalytic nucleophile. In the initial
step an a-linked covalent intermediate is formed by attack of
the catalytic nucleophile on the starting b-glycoside. The
catalytic acid assists this step by protonating the leaving
group. In the second step this covalent intermediate is
released by the catalytic-base-assisted attack of the incoming
nucleophile—water or a new glycoside.

By disabling key steps in the mechanism, Withers and
colleagues made three new catalysts (Scheme 12). The first,

glycosynthase, results upon removing the catalytic nucleo-
phile (e.g., a Glu-to-Ala mutation).[68] This removal prevents
formation of the key covalent intermediate, dramatically
altering the mechanism. Normal glycosides no longer react,
but a-glycosyl fluorides do react, likely by a direct displace-
ment mechanism. Glycosynthases, like the starting enzyme,
form b-glycoside links. However, glycosynthases no longer
catalyze hydrolysis of product, which is a nonactivated
glycoside, and thus give higher yields. Five different glyco-
synthases have been reported with differing glycosyl fluoride
specificity and differing regioselectivity (formation of b-1,3 vs.
b-1,4 links). The second type of new catalyst, thioglycoligase,
results upon removing the catalytic acid/base.[69] One role of
this catalytic acid/base is activation of the incoming nucleo-
phile. Absence of this activator precludes reaction with
normal incoming nucleophiles and requires strong nucleo-
philes such as thiols. Introducing single amino acid mutations
into b-glycosidases from Agrobacterium sp. Abg (mutation:
E171A) created a variant that formed S-glycosidic linkages in
high yield (Scheme 13). The wild-type enzyme gave no
product, possibly due to steric hindrance caused by the larger
sulfur atom. Finally, removing both the catalytic nucleophile

Scheme 12. Disabling key mechanistic steps in a retaining b-glycosi-
dase creates new catalytic activities. Removal of the catalytic nucleo-
phile creates a glycosynthases where only a-glycosyl fluorides react
presumably by a single displacement mechanism. Removal of the cata-
lytic acid/base creates a thioglycoligase (only strong incoming nucleo-
philes such as thiols react), and removal of both catalytic nucleophile
and catalytic acid/base creates a thioglycosynthase (only a-glycosyl flu-
orides and strong incoming nucleophiles react). DNP=2,4-dinitro-
phenyl.

Scheme 10. Both desaturases and hydroxylases have a diiron center
and oxidize C12 of oleic acid. Mutating four amino acids in a desatur-
ase turned it into a hydroxylase.

Scheme 11. Glycoside exchange using retaining b-glycosidases involves
a double displacement. A glycosyl donor (b-sugar-OR) forms an a-
linked glycosyl enzyme, which then reacts with an incoming nucleo-
phile or acceptor (HOR’) to make a new b-glycosidic link (sugar-OR’).
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and the catalytic acid/base creates a thioglycosynthase, which
requires both an a-glycosyl fluoride and a thiol acceptor.[70]

5. Summary and Outlook

Catalytic promiscuity in enzymes is more common than
generally appreciated. The dense collection of catalytic
groups in an active site can accept alternate functional groups
in the substrate and follow alternate reaction pathways. Small
modifications in an active site can further dramatically
expand the range of alternative pathways. In most, but not
all, cases these alternate reactions are slower than the natural
reactions. We hope that this review will encourage others to
both search more extensively for catalytic promiscuity in
existing enzymes and to use the current tools of protein
engineering and directed evolution to extend the useful
applications of enzymes.
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1. Introduction

The unique electronic, optical, and catalytic properties of
metal and semiconductor nanoparticles (1–200 nm), together
with the different methods available for the preparation of
nanoparticles of controlled shape and size, provide exciting
building blocks for nanoscale assemblies, structures, and
devices. Nobel Laureate Richard Feynman in his visionary
lecture “There is plenty of room at the bottom”[1] inspired the
concepts for the rapidly exploding research topic of nano-
technology. Although the term “nanotechnology” had not
appeared on the horizon, Feynman said: “What I want to talk
about is the problem of manipulating and controlling things
on a small scale… What I have demonstrated is that there is
room—that you can decrease the size of things in a practical
way… I will not discuss how we are going to do it, but only
what is possible in principle… We are not doing it simply
because we haven2t yet gotten around to it.” Four decades
later, scientists have learnt that the manipulation of atoms,
molecules, and clusters on surfaces is feasible and that new
fundamental physics governs the properties of nanoobjects.

The miniaturization of structures by conventional[2] and
electron-beam lithography[3] is reaching the theoretical limits
of about 50 nm. For the further miniaturization of chemical
objects, alternative approaches must be developed. Following
Feynman2s vision, one may employ atoms and molecules as
building units for the “bottom-up” assembly and construction
of architectures with nanometer dimensions. Nanoparticles
(NPs) that consist of metals[4] (e.g. Au, Ag, Pt, and Cu) or
semiconductors[5] (e.g. PbS, Ag2S, CdS, CdSe, and TiO2) seem
to be attractive units for the engineering of such structures.
The unique electrical properties of these particles[6] as well as
their optical and photophysical features,[7] such as size-
controlled plasmon absorbance, photonic electron–hole pair
generation, and fluorescence, allow the particles to be
addressed by means of electronic and photonic signals.

A variety of synthetic methodologies for the preparation
of NPs within a narrow size distribution are available.[4] Often,

the NPs are prepared by “wet chemistry” procedures, in
which clusters of metal atoms or semiconductor molecules are
formed in the presence of a surface-capping ligand. This
capping ligand binds to the metal/semiconductor clusters,
prevents aggregation of the particles into bulk material, and
controls the final dimensions of the NPs. Many capping
systems are available: hydrophobic monolayers,[8] positively
or negatively charged hydrophilic monolayers,[9] and polymer
layers.[10] Association of molecular units to the NPs introduces
chemical functionalities that can provide recognition or
affinity interactions between different appropriately modified
particles and thereby dictate the structure when aggregation
occurs.[11] New collective properties of aggregated NPs,[7] such
as coupled-plasmon absorbance, interparticle energy transfer,
and electron transfer or conductivity, may be observed in the
clustered assemblies.

The chemical functionalities associated with nanoparticles
enable the assembly of 2D and 3D NP architectures on
surfaces.[7] On the basis of the tremendous success in
supramolecular chemistry,[12] NPs functionalized with various
molecular and biomolecular units were assembled into
complex hybrid systems. Composite layered or aggregated
structures of (macro)molecule-cross-linked NPs on surfaces
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Nanomaterials, such as metal or semiconductor nano-
particles and nanorods, exhibit similar dimensions to those of
biomolecules, such as proteins (enzymes, antigens, anti-
bodies) or DNA. The integration of nanoparticles, which
exhibit unique electronic, photonic, and catalytic properties,
with biomaterials, which display unique recognition, catalytic,
and inhibition properties, yields novel hybrid nanobiomate-
rials of synergetic properties and functions. This review
describes recent advances in the synthesis of biomolecule–
nanoparticle/nanorod hybrid systems and the application of
such assemblies in the generation of 2D and 3D ordered
structures in solutions and on surfaces. Particular emphasis is
directed to the use of biomolecule–nanoparticle (metallic or
semiconductive) assemblies for bioanalytical applications
and for the fabrication of bioelectronic devices.
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have been prepared,[13] and specific sensing of substrates,[13a]

tunable electroluminescence,[13b] and enhanced photoelectro-
chemistry[14] have been observed. The assembly of NP
architectures on surfaces has also led to the fabrication of
nanoscale devices such as single-electron transistors,[15] NP-
based molecular switches,[16] and metal–insulator–nanoparti-
cle–insulator–metal (MINIM) capacitors.[17] Several reviews
have addressed the recent advances in the synthesis and
properties of nanoparticles[7,18] and the progress made in the
integration of composite nanoparticle systems with surfa-
ces.[7,19]

The convergence of biotechnology and nanotechnology
has led to the development of hybrid nanomaterials that
incorporate the highly selective catalytic and recognition
properties of biomaterials, such as proteins/enzymes and
DNA, with the unique electronic, photonic, and catalytic
features of nanoparticles. The conjugation of NPs and other
nanoobjects (e.g. nanorods and carbon nanotubes) with
biomolecules is an attractive area of research within nano-
biotechnology.[20,21] Biomolecules are fascinating macromo-
lecular structures in terms of their unique recognition,
transport, and catalytic properties. The conjugation of NPs
with biomolecules could provide electronic or optical trans-
duction of biological phenomena in the development of novel
biosensors.[22] Enzymes, antigens and antibodies, and biomo-
lecular receptors have dimensions in the range of 2–20 nm,
similar to those of NPs, thus the two classes of materials are
structurally compatible.

Because of several fundamental features, biomaterials are
important future building blocks for NP architectures:
1) Biomaterials display specific and strong complementary
recognition interactions, for example, antigen–antibody,
nucleic acid–DNA, and hormone–receptor interactions. The
functionalization of nanoparticles with biomolecules could
lead to biomolecule–nanoparticle recognition interactions
and thus to self-assembly. 2) Various biomolecules contain
several binding sites, for example, antibodies exhibit two Fab
(antigen-binding fragment) sites, whereas streptavidin or
concanavalin A each display four binding domains. This
allows the multidirectional growth of NP structures. 3) Pro-
teins may be genetically engineered and modified with
specific anchoring groups. This facilitates their aligned bind-
ing to NPs or the site-specific linkage of the biomaterial to

surfaces. Consequently, the directional growth of NP struc-
tures may be dictated. Furthermore, other biomaterials, such
as double-stranded DNA, may be synthetically prepared in
complex rigidified structures that act as templates for the
assembly of nanoparticles by intercalation, electrostatic bind-
ing to phosphate groups, or association to functionalities
tethered to the DNA. 4) Enzymes are catalytic tools for the
manipulation of biomaterials. For example, the ligation or the
endonuclease scission processes of nucleic acids provide
effective tools for controlling the shape and structure of
biomolecule–NP hybrid systems. In this context, it is impor-
tant to note that Mother Nature has developed unique
biocatalytic replication processes. The use of biocatalysts for
the replication of biomolecule–NP conjugates may provide an
effective system for the formation of nanostructures of
predesigned shapes and compositions.

Modern efforts in biotechnology involve the application
of combinatorial methods for the synthesis of new biocata-
lysts or drugs. The simultaneous analysis of many pathogens,
mutants, or therapeutic drugs is a major challenge in
bioanalytical chemistry. Thus, the unique optical or electronic
properties of metal or semiconductor NPs are of key interest
for the development of high-throughput techniques for the
parallel analysis of numerous components in samples. The
possibility to control and tune these unique optical and
electronic properties of metal or semiconductor NPs through
their dimensions paves the way to the application of NPs as
versatile analytical probes. That is, the application of size-
controlled metal or semiconductor nanoparticles as libraries
of probes for different analytes promises a great potential in
future biosensing assays.

The importance of functionalized nanoparticles for bio-
medical applications cannot be overestimated. For instance,
targeted entry into cells is an increasingly important area of
research.[23] The nucleus is a desirable target because the
genetic information of the cell and transcription machinery
resides there. Targeted nuclear delivery is a challenging task
because a nuclear probe must, at least, satisfy the following
requirements: 1) it should enter the cell (e.g. through
receptor-mediated endocytosis), 2) it should escape endo-
somal/lysosomal pathways, 3) it should possess a nucleus
localization signal to interact with the nuclear-core complex,
and 4) the probe should be small enough (< 30 nm) to cross
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the nuclear membrane. The most-efficient nuclear targets in
biology are viruses, which commonly utilize different peptides
for crossing each cell-membrane barrier. Artificial systems
that model viral behavior could be designed on derivatives of
functionalized nanoparticles. In a biologically inspired model
system, Au NPs (20 nm) were modified with shells of bovine
serum albumin (BSA) which were conjugated to various
cellular targeting peptides to provide functional nanoparticles
that penetrate the biological membrane and target the
nuclei.[23b] Various NPs are applied as targeted biomarkers
and drug-delivery agents to tumors in the analysis and
medical treatment of cancers.[24] Hybrids of silver NPs with
amphiphilic hyperbranched macromolecules exhibit antimi-
crobial properties and are used as drugs.[25]

One-dimensional nanostructures, wires, rods, belts, and
tubes with lateral dimensions in the range of 1 to 100 nm, have
recently received attention as potential components for
nanotechnology and particularly nanoelectronic devices.[26]

1D structures of various compositions can be produced in
copious quantities by chemical and physical methods. A range
of unique properties (thermal, mechanical, electronic, opto-
electronic, optical, nonlinear optical, and field emission)
associated with different types of 1D nanostructures have
been discovered. Some of the unique properties have already
been applied in novel nanodevices, whereas others are still
awaiting practical applications. The combination of 1D nano-
structures with biomolecules paves the way to novel nano-
bioelectronic elements that could, for example, transport
bioelectronic signals along 1D nanowires.

The combination of nanoobjects, nanotools, and nano-
templates[27–29] with biomolecules yields new facets of bio-
electronics[30] to open new horizons of nanobioelectronics.
Herein, we aim to review the synthesis and properties of
biomolecule–nanoparticle/nanorod hybrid systems as well as
the organization of these systems as functional devices
(Figure 1). We discuss their properties and the methods to
assemble two-dimensional and three-dimensional nanoparti-
cle structures on surfaces, and we describe the operation of
these biomolecule–nanoparticle structures as functional devi-
ces. Specifically, we discuss the use of the systems as sensors,
as building blocks for electronic circuitry, and as electronic
and optoelectronic elements. We highlight the findings of the
past few years that have already established the core elements
of the new research area—nanobiotechnology.

2. Synthesis and Properties of Biomolecule-
Functionalized Nanoparticles

Biological molecules have been immobilized on polymer
matrices and inorganic supports through a variety of techni-
ques that includes physical adsorption, electrostatic binding,
specific recognition, and covalent coupling.[31, 32] These sup-
ports, which are modified with biological molecules such as
proteins/enzymes, antigens/antibodies, and DNA/oligonu-
cleotides, have been used for numerous biotechnological
applications: affinity separations, biosensing, bioreactors, and
the construction of biofuel cells. Recently, these immobiliza-
tion techniques—developed for the functionalization of

macrosize supports—have been applied to bring together
biomolecules and nanoparticles.

2.1. Functionalization of Nanoparticles with Biomolecules
Through Electrostatic Adsorption

The simple adsorption of biomolecules on NPs has
frequently been performed and studied for biomolecules,
which range from low-molecular-weight organic substances
(e.g. vitamin C)[33] to large protein/enzyme molecules.[34–37] In
the case of NPs that are stabilized by anionic ligands such as
carboxylic acid derivatives (citrate, tartrate, lipoic acid), the
adsorption of positively charged proteins originates from
electrostatic interactions (Figure 2A).[38–43] Gold and silver
NPs produced by citrate reduction were functionalized with
immunoglobulin G (IgG) molecules at pH values that lie
slightly above the isoelectric point of the citrate ligand.[38] This
allowed effective binding between the positively charged
amino acid side chains of the protein and the negatively
charged citrate groups of the colloids. Other examples of
protein coating through electrostatic interactions include the
direct adsorption of heme-containing redox enzymes at
citrate-stabilized Ag NPs[34,39] and the binding of basic leucine
zipper proteins to lipoic acid stabilized semiconductor
CdSecore/ZnSshell particles.

[40] Au NPs coated with a negatively
charged phospholipid were prepared by the photoreduction
of NaAuCl4 in the presence of dimyristoyl-l-alpha-phospha-
tidyl-dl-glycerol,[41] which could provide further electrostatic

Figure 1. The conceptual generation of biomolecule–nanoparticle/
nanorod conjugates to yield functional devices.

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6045Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


binding of positively charged proteins, to yield a nanosized
model of a biomembrane. Differential scanning calorimetry
(DSC) was used to demonstrate the electrostatic nature of the
bond of the adsorbed proteins on silica particles, and these
measurements allowed the calculation of the thermodynamic
binding parameters.[42] A theoretical model was developed to
correlate the structure of metalcore/proteinshell NPs with the
experimental data obtained from the light-scattering spec-
tra.[37] The method of rapid expansion of a supercritical
solution into a liquid solvent was applied for the preparation
of BSA protein-conjugated Ag or Ag2S NPs.[43] Monodis-
persed BSA-functionalized nanoparticles were produced. As
the protein underwent pH-dependent association and disso-
ciation, the BSA–nanoparticle hybrids also assembled and
disassembled with changes in pH of the solution in a
reversible fashion. Ethylene glycol monolayer-protected
NPs were used for the elimination of nonspecific binding to
biological molecules.[44] Also, Au NPs were used as templates
for the assembly of peptides to yield de novo proteins
connected to the nanoparticle support.[45]

The electrostatic deposition of biomolecules, particularly
proteins or enzymes, can also be extended to multilayer-level
assemblies.[46] Proteins that are electrostatically attracted to
the charged nanoparticles can provide an interface for the

further deposition of an oppositely charged polyelectrolyte
polymer, which again allows the deposition of a secondary
protein layer. Multilayer films of BSA,[47] IgG,[47] b-glucosi-
dase,[48] glucose oxidase (GOx),[49, 50] urease,[51] and horse-
radish peroxidase (HRP)[50] have been assembled on poly-
styrene NPs by the alternate deposition of the proteins and an
oppositely charged synthetic polyelectrolyte as a linker (e.g.
poly(diallyldimethylammonium chloride) or poly(sodium 4-
styrenesulfonate) were used as positively or negatively
charged polyelectrolytes, respectively). The protein/polymer
multilayer shell could be varied from several to hundreds of
nanometers in thickness. This strategy permits the prepara-
tion of functional films on nanoparticles with a high density of
enzyme molecules. An increase in the loading of NPs by
organic materials upon layer-by-layer deposition enhances
the sensitivity of the analytical protocol to which the NPs are
applied. For example, polystyrene particles were functional-
ized with a multilayer assembly of polyelectrolytes function-
alized with a fluorescent dye. The assembly was terminated
with a layer of IgG, which allowed the use of the modified
particles as labels in fluorescence immunoanalyses.[52] The
increase in the loading of the particles with the dye owing to
the multilayer deposition resulted in a higher fluorescence
output and thus in a higher sensitivity of the analysis.

The electrostatically driven adsorption of negatively
charged DNA on positively charged Cd2+-rich CdS NPs has
been studied in detail.[53–57] The photoluminescence of semi-
conductor quantum dots was used to probe the effect of DNA
structure on its binding to the nanoparticles.[53–55, 58] It was
found that “kinked” oligonucleotides, which exhibit a curva-
ture of � 3 nm from crystallographic and biochemical experi-
ments, bind more tightly and faster to NPs that display
curvatures of similar dimensions relative to straight or bent
DNA.[53,54] The understanding of the binding modes and their
separation into static and dynamic components is still a topic
of investigation.[59] Negatively charged DNA was found to
substitute citrate ions around Au NPs to form a DNA shell.[60]

2.2. Functionalization of Nanoparticles with Biomolecules by
Chemisorption of Thiol Derivatives and by Covalent Binding
through Bifunctional Linkers

The primary binding of functionalized thiolated mole-
cules, such as oligopeptides, to Au NPs could provide a means
for the covalent tethering of biomolecules to nanoparticles.
Gold NPs were functionalized with l-cysteine through the
thiol groups. Subsequent oligomerization of the cysteine
moieties in an aqueous solution resulted in the binding of
oligopeptides to the Au NPs.[61] Elsewhere, CdS NPs were
capped with glutathione through the strong binding of its thiol
groups to Cd2+ ionic sites on the surface of the nano-
particles.[62]

In some cases, tight chemisorption of proteins on Au NPs
can originate from the binding of thiol groups from cysteine
residues that exist in the proteins (e.g. serum albumin)[63] to
the Au surface (Figure 2B). If no thiolated residues are
available in the native proteins, thiol groups can be incorpo-
rated by chemical means, for example, with 2-iminothiolane

Figure 2. Formation of the biomolecule–nanoparticle (NP) hybrids:
A) The assembly of NP–protein conjugates by electrostatic interac-
tions. B),C) The formation of NP–protein conjugates by adsorption of
NPs on natural (B) and synthetic (C) thiol groups of the protein.
D),E) The assembly of biomolecule–nanoparticle conjugates by the
use of bioaffinity interactions upon streptavidin–biotin binding (D)
and antibody–antigen associations (E).
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(Traut2s reagent, 1; see Figure 2C)[64] or through genetic
engineering.[65] Some proteins and enzymes preserve their
native structures and activities when they are directly
adsorbed on nanoparticles. A surface-enhanced resonance
Raman (SERR) study of native hemoglobin adsorbed on
citrate-stabilized Ag colloids was reported[36] in which rever-
sible dioxygen and carbon monoxide binding to the R
hemoglobobin conformation resulted in a transition to the T
conformation. A non-heme iron enzyme, chlorocatechol
dioxygenase, physically adsorbed on citrate-reduced Ag
colloids also showed its native structure and biocatalytic
activity through SERR spectroscopy.[34] However, physically
adsorbed biomolecules can be readily lost from the surface,
and adsorbed proteins are often prone to denaturation and
thereby lose their biocatalytic or biorecognition activities.
Some proteins and enzymes that were directly adsorbed on
NPs showed conformational changes and loss of biological
activity. Studies on bovine fibrinogen, which was adsorbed on
TiO2 nanoparticles, by circular dichroism (CD) spectroscopy,
DSC, and fluorescence spectroscopy indicated that the a-
helical content of the protein decreased markedly upon its
adsorption.[35]

Reversible binding with specific alignment was observed
with pepsin as a model enzyme on alumina NPs through the
interaction of the phosphoryl group and the alumina sur-
face.[66] One phosphoryl group is attached to the Ser68 residue
in the native porcine pepsin. The crystal structure of the
enzyme indicates that this modified residue is positioned at
the protein surface, far away from the active site that
comprises Asp32 and Asp215. This feature enabled the
oriented coupling of the phosphoryl group on Ser68 to
alumina. Furthermore, phosphate ions in aqueous solution
were found to compete with the phosphorylated protein–
alumina bonds to induce the release of the enzyme. Thus,
protein–alumina nanoparticle hybrids that exhibit a similar
controlled-release behavior open an interesting possibility in
the design of new drug-delivery methods. That is, the
immobilization of functionalized therapeutic proteins on
alumina nanoparticles may generate vehicles for delivery in
vivo and allow the targeted release of the drug by added
phosphate ions.

By covalent attachment of proteins to nanoparticle
surfaces, problems of instability and inactivation can be
overcome.[46] Low-molecular bifunctional linkers, which have
anchor groups for their attachment to NP surfaces and
functional groups for their further covalent coupling to the
target biomolecules, were extensively used in the generation
of covalent-tethered conjugates of biomolecules with various
NPs.[21a] Anchor groups such as thiols, disulfides, or phosphine
ligands are often used for the binding of the bifunctional
linkers to Au, Ag, CdS, and CdSe NPs. These anchor groups
may readily substitute weakly adsorbed molecules to stabilize
the NPs or may be incorporated in the synthesis of the NP to
yield a nanoparticle surface that is functionalized for further
reactions. Alkoxy- or halosilane groups are used for the
covalent attachment of bifunctional linkers to the surfaces of
NPs coated with SiO2 and other oxides. Au NPs that are
covered with polysiloxane shells and functionalized with a
variety of functional groups for covalent binding to biomo-

lecules have been synthesized.[67] A wide variety of terminal
functional groups are available in different bifunctional
linkers. The most common amine, active ester, and maleimide
groups are used to couple biological compounds covalently by
means of carbodiimide-mediated esterification and amidation
reactions or through reactions with thiol groups.[21a] Single
functional groups (e.g. active ester or amine units) on Au NPs
are available either by a statistical approach or by the
modification of chemically defined clusters.[68] These struc-
tures provide unique synthetic routes for the covalent binding
of a single target biomolecule per nanoparticle. A versatile
method for the monofunctionalization of Au NPs (� 2 nm)
with l-lysine residues through solid-phase reactions was
reported recently.[68d] The Au NPs, which were functionalized
with a single l-lysine residue, were suggested as building
blocks for 1D nanoparticle–peptide chains.

Nucleic acids can be synthesized with tethered alkanethiol
groups by using appropriate phosphoramidate precursors in a
solid-phase synthesis. The n-alkylthiolated nucleic acids have
been extensively used in the preparation of DNA-function-
alized gold NPs[69] and CdSecore/ZnSshell

[70] or CdS[56] semi-
conductor NPs. DNA functionalized with a steroid–disulfide
derivative can readily bind to Au NPs and demonstrates a
high adsorption stability because two sulfur atoms of the
disulfide anchor group are involved in the attachment
process.[71] Phosphorothiolate anchor groups were also uti-
lized to bind oligonucleotides to CdS NPs.[72] The conforma-
tion of single-stranded DNA (ss-DNA) attached to Au NPs
through thiol anchor groups was reported to be dependent on
the length of the DNA and the loading. Thiolated single-
stranded nucleic acids of different lengths (8 to 135 bases)
were attached to 10-nm-diameter Au nanoparticles at differ-
ent ratios of nucleic acid/Au NPs (1, 2, …, saturation).[73] The
effective diameter and electrophoretic mobility of the con-
jugates were followed on 2% agarose gels and were found to
be controlled by the conformation of the nucleic acids
associated with the Au NPs. At low surface coverages of the
nucleic acids, they were found to wrap around the nano-
particles. At high surface coverages of short nucleic acids,
stretched, perpendicularly oriented DNA configurations were
observed. At high surface coverages of long oligonucleotides,
a dense, stretched structure with the inner part of the DNA
oriented perpendicular to the nanoparticles was suggested,
whereas the outer region of the chains revealed random,
flexible coil-shaped orientations.

2.3. Functionalization of Nanoparticles with Biomolecules by
Specific Affinity Interactions

Nanoparticles functionalized with groups that provide
affinity sites for the binding of biomolecules have been used
for the specific attachment of proteins and oligonucleotides.
For example, streptavidin (SAv)-functionalized Au NPs have
been used for the affinity binding of biotinylated proteins (e.g.
immunoglobulins and serum albumins) or biotinylated oligo-
nucleotides (Figure 2D).[21a,74] Likewise, biotinylated CdSe-

core/CdSshell NPs can be bound to SAv.[75] Protein A conjugate
bound to Ag NPs was used as a versatile linker to Fc
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fragments of various immunoglobulins.[76] Also, NP–antibody
conjugates were used for affinity binding of their respective
antigens (Figure 2E).[77] This may be advantageous because
upon association with their respective antigens, nanoparticle-
conjugated antibodies can demonstrate association constants
that are even higher than those of the free antibody.[77b]

Recently, metal NPs have been used to tether a variety of
carbohydrate ligands.[78–81] Such 3D multivalent ligands pro-
vide a globular structure on which clustering and orientation
effects may be studied.[79] Furthermore, the properties of the
metal core can be applied for the development of methods to
study molecular recognition between carbohydrates and their
respective binding proteins. For example, mannose-stabilized
Au NPs have been used to visualize FimH proteins on type 1
pili of Escherichia coli by using electron microscopy.[80a] The
further development of stabilized colloidal systems for the
colorimetric detection of carbohydrate binding proteins was
reported.[82] A mannose derivative was self-assembled onto
preformed citrate-capped, water-soluble gold nanoparticles.
Through the use of a short (C2) hydrocarbon tether between
the gold surface and the mannose recognition center, a
selective, quantitative, and, importantly, rapid colorimetric
detection method for the carbohydrate-binding protein con-
canavalin A has been developed. Surface plasmon resonance
(SPR) spectroscopy was also used to follow the recognition
process between carbohydrate-functionalized Au NPs and
concanavalin A.[80b] Multivalent interactions between Au
NPs, which were modified by galactosyl and glucosyl head-
groups, with HIV-associated glycoprotein gp120 were also
studied.[83] These particles were prepared from disulfides,
which contained C-glycosides linked to triethylene glycol
through an amide bond, by using a modification of the Brust
method.[8b] Gold NPs capped with a monolayer of the
synthetic drug vancomycin demonstrated multivalent affinity
binding to membranes of Gram-negative bacteria that
resulted in antimicrobial activity.[84]

Nanoparticles could be encapsulated by some natural
proteins to provide their affinity binding. The chaperonin
proteins GroEL (from Escherichia coli) and T.th cpn (from
Thermus thermophilus HB8) encapsulate denatured proteins
inside cylindrical cavities and later release them upon
addition of ATP, which stimulates conformational changes
of the cavities. It was also demonstrated that GroEL and T.th
cpn encapsulate CdS semiconductor NPs to provide them
with high thermal and chemical stability in aqueous media.[85]

In a similar fashion to the ATP-induced release of proteins
from the chaperonin proteins, ATP stimulates the release of
the CdS NPs from the cavities. The integration of such
biological mechanisms into materials science-based applica-
tions could open the door to new bioresponsive devices. The
chaperonin protein GroEL comprises a double-decker archi-
tecture formed from two stacked rings, which consist of seven
60-kDa protein subunits each (Figure 3A, part a), to yield a
cylindrical cavity that has a diameter of 4.5 nm and a wall
thickness of 4.6 nm. The chaperonin protein T.th cpn com-
prises a tetradecamer protein subunit (840 kDa), which is
end-capped by a [cpn10]7 (70 kDa) protein unit on one side of
the supramolecular cylindrical cavity (internal diameter
� 5 nm; Figure 3A, part a). These cavities may also act as
containers for the controlled release of semiconductor nano-
particles (Figure 3B). The release of the CdS NPs in the
presence of ATP, Mg2+, and K+ (Figure 3A, part b) activates
their photoelectrochemical function (e.g. photoinduced elec-
tron transfer).

2.4. Synthesis of Nanoparticles by Biochemical and Microbial
Systems

The use of bacteria as a novel biotechnology to facilitate
the production of NPs is in its infancy. In contrast to purely
chemical procedures for the manufacture of NPs, biological

Figure 3. A) Chaperonin proteins as ATP-responsive barrels for the inclusion of nanoparticles: a) Top and side views of GroEL and T.th cpn;
b) The formation of GroEL–CdS NP complexes by inclusion of CdS NPs into the cylindrical cavity of GroEL, and the ATP-triggered release of the
guest. B) Transmission electron micrographs: a) T.th cpn–CdS NP complexes and intact T.th cpn; b) Enlarged image and model of complex;
c) Enlarged image and model of T.th cpn. (Adapted from Ref. [85], with permission).
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and, particularly, microbial reactions that are characterized by
their selectivity and precision for NP formation[86] provide
environmentally friendly “green” technological processes.[86f]

In most bioprocesses, it is assumed that highly specific
structures such as enzymes and proteins exist on the bacterial
membrane which, in turn, drive highly specific interactions
with the culture medium. These biological processes could
rapidly produce copious amounts of nanoparticles. Many
details of the underlying biology remain unanswered, but
from an electrochemical viewpoint, bacteria may be thought
of as electrodes that operate at a relatively fixed potential.
The range of inorganic nanosized products that are observed
is consistent with this model. The NPs produced by bacteria
could be isolated with the parent biomaterial shells to
demonstrate the use of bacteria as living reactors for the
preparation of nanomaterials.

Microorganisms, particularly prokaryotic bacteria, are
often exposed to extreme environmental conditions that
force them to resort to specific defense mechanisms to quell
such stresses as the toxicity of foreign metal ions or metals.
The toxicity of metal ions is reduced or eliminated by a
change in the redox state of the metal ions and/or precip-
itation of the metals intracellularly. This forms the basis of
many important applications of microorganisms such as
bioleaching, bioremediation, microbial corrosion, as well as
the synthesis of nanoparticles. A number of biological systems
have developed highly orchestrated detoxification mecha-
nisms towards the bioreduction and mineralization of noble
metals. These systems incorporate small peptides and proteins
as nucleation sites to bind metals and stabilize NPs. For
example, silver nanoparticles in the 2–5-nm range were
synthesized extracellularly by a silver-tolerant yeast strain
MKY3 when challenged with Ag+ ions (1 mm) in the log
phase of growth.[86d] Live fungus and plants could also be used
to generate metallic and semiconductive NPs.[87] It was found
that the fungus Fusarium oxysporum is able to synthesize CdS
semiconductor NPs extracellularly by a purely enzymatic
process.[87a] Similarly, the formation and growth of Au NPs
inside Alfalfa plants has been reported.[87b] Also, semicon-
ductive nanoparticles (e.g. CdSe and CdSecore/ZnSshell) of
controllable sizes and unique shapes were generated with the
use of genetically engineered predesigned proteins.[88] Bio-
mineralization, particularly with the use of ferritin, is widely
used for the preparation of magnetic nanoparticles (see
Section 7.1.).

2.5. Properties of Nanoparticle–Biomolecule Hybrid Systems

The functionalization of NPs with biomolecules results in
changes in the properties of the NPs and their interactions
with the environment. Upon adsorption of vitamin C on TiO2

NPs, the optical properties of the particles were red-shifted by
1.6 eV as a result of charge transfer that originates from the
specific binding of the electron-donating modifier to corner
defects on the surface of the nanoparticles.[33] The solubility of
NPs in water can be greatly improved by the functionalization
of their surfaces with highly hydrophilic biomolecules.[9]

Whereas Au NPs modified with long chain alkanethiols are

only soluble in low-polarity organic solvents, Au NPs with w-
carboxylic acid functionalized alkanethiolate ligand shells are
soluble in polar organic solvents such as ethanol and acetone.
Furthermore, Au NPs that are modified with biomolecules
such as tiopronin or coenzyme A demonstrate excellent
solubility in water.[9c]

Intrinsic properties of biomolecules can be changed upon
their association with metal nanoparticles. For example,
vibrations of the biologically active prosthetic heme groups
of myoglobin or hemoglobin are selectively enhanced by
adsorption of the proteins on metal NPs relative to the
vibrational modes characteristic of the protein backbone as
recently shown in a SERR spectroscopic studies.[89]

Alteration by external signals (e.g. electrical, optical) of
the chemical properties of the biomolecules or the biomate-
rial analogues that modify nanoparticles can be used to
control the interactions of the modified nanoparticles with the
environment. Thereby, the binding properties of the modifier
or the aggregation of the nanoparticles can be controlled. For
example, the formation of a complex between a diamino-
pyridine derivative and a flavin derivative was studied at the
surface of a Au NP.[90] It was shown that more-stable hydrogen
bonding occured when the flavin derivative was electro-
chemically reduced (Figure 4). This allowed the electrochemi-
cally controlled switching of the binding of the bioorganic
molecules to the organic-functionalized shell of the nano-
particle.

Energy and/or electron transfer processes between NPs
and coupled biomolecules may proceed upon photoexcitation
of one of the hybrid components so affecting the properties of
the biomolecule–NP hybrid systems. Efficient photoinduced
electron transfer between a carotenoid shell and the TiO2 NP
core has been demonstrated.[91] In another system, photo-
excitation of TiO2 NPs resulted in the oxidation of hemin
molecules that were bound to the semiconductive core which
induced further heme-catalyzed oxidation of organic hal-

Figure 4. The electrochemically controlled recognition of flavin by a
pyridinediamide-functionalized nanoparticle.
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ides.[92] Efficient resonance energy transfer from tryptophan
moieties of proteins to the semiconductor NP core (e.g. in a
BSA–CdTe conjugate)[93] resulted in a significant increase in
the fluorescence of the nanoparticle upon photoexcitation of
the protein shell.

3. Biomolecule-Functionalized Nanoparticles for
Controlled Chemical Reactivity

The interactions of functionalized nanoparticles with
biomaterials or within biomaterial structures can control the
chemical reactivity of the biomolecules. Alternatively, they
can report on the state of the reaction or reactants and allow
the reactivity to be controlled externally. It is well known that
small molecules and polymers can affect the chemical
reactivity of biomolecules. If there are several possible
parallel reactions, the effect produced by a promoter/inhibitor
on a specific chemical reaction can change the effective
chemical path of the whole process to result in the regulation
of the biochemical system. Molecular labels such as fluores-
cent dyes incorporated into biomolecules can report on the
state of the biomolecule through transduction of the molec-
ular transformations into an output signal: this is used, for
example, in biomaterial-based diagnostics. Functionalized
NPs can operate in the same way, demonstrating properties of
a biopromoter/bioinhibitor or a reporter with some advan-
tages over their molecular-sized counterparts owing to the
unique photophysical and electronic properties of the NPs.
Nanomechanical devices based on NPs functionalized by
biomolecules (particularly DNA) are also feasible.[94]

3.1. Biomolecule-Functionalized Nanoparticles for Controlling
DNA Reactivity

Enzymatic manipulations of DNA bound to metal NPs,
such as the enzymatic extension of the DNA chain, present
some challenges. The extension reaction requires not only the
efficient hybridization of a template to the particle-bound
primer, but also accessibility to the DNA polymerase enzyme
(the 68-kDa Klenow fragment). Thus, the extension reaction
might be expected to show greater sensitivity to steric effects
than hybridization alone. Extension efficiencies as high as
100% were observed for DNA primers bound to Au NPs by a
HSC6H12 linker.

[95]

Biocatalytic reactions that occur on DNA, such as tran-
scription or translation, require the association of enzymes
with the DNA chain. The competitive association of other
molecules to the DNA chain may decrease the binding of the
enzyme and thus inhibit the process which finally results in
gene regulation. It has been shown that small molecules,[96]

dendrimers,[97] and polymers[98] efficiently bind to DNA and,
in some cases, lead to the inhibition of the transcription
machinery. In these systems, however, the creation of suitably
preorganized scaffolds for controlled binding to DNA pres-
ents a significant design challenge. For small molecules, this
challenge arises from the detailed synthesis required for a
rigid scaffold that contains several functional groups. For

polymer systems, the precise placement of substituents along
the backbone as well as the macroconformation of the
polymer in solution are difficult to control. An excellent
solution to these problems is the application of “mixed
monolayer-protected (Au) clusters” (MMPCs).[99] The self-
assembled monolayer coating of the Au NPs presents a highly
organized surface for the recognition of DNA which is of a
similar size (6–10 nm) to that of DNA-binding proteins. The
central metal core rigidifies the particle to limit the organic
components to a much smaller subset of structures than a
similarly sized polymer. The mobility of thiols on the surface
of the NP also allows the formation of recognition elements to
be controlled in subsequent steps.[100] NPs for the recognition
of double-stranded DNA (ds-DNA) were prepared by the
partial displacement of octanethiol on the Au surface with 11-
mercaptoundecyltrimethylammonium.[101] The mixed mono-
layer of this MMPC system is designed to electrostatically
attract the negatively charged DNA to the surface-confined
positively charged ammonium groups. These MMPCs bind to
the ds-DNA and inhibit the binding of the enzymes involved
in gene regulation, thus resulting in effective inhibition of the
biocatalytic transcription process.

A simple method to protect DNA from cleavage was
developed by using bioconjugated amine-modified silica NPs
(45� 4 nm).[102] Negatively charged DNA molecules could be
easily concentrated onto the positively charged surface of the
NPs for further manipulation. The DNA strands were
protected from enzymatic cleavage and had the same proper-
ties as the free DNA strands when released from the NPs.

A gold NP–DNA molecular beacon conjugate, 2, has
recently been exploited for the remote electronic control of
DNA hybridization.[103] By the inductive coupling of a radio-
frequency (1-GHz) electromagnetic field to the 1.4-nm Au
NP, which functions as an antenna in the DNA conjugate, the
local temperature of the boundDNA is increased and thereby
induces denaturation whilst leaving surrounding molecules
relatively unaffected. Figure 5A, curve a, shows the absorb-
ance of a solution of the Au NP–DNA molecular beacon
conjugate 2 at 260 nm as a function of the time in which the
electromagnetic field is switched on and off. The increase in
the absorbance reflects the denaturation of the DNA double-
helix upon local heating, whereas the decrease in the
absorbance corresponds to the DNA rehybridization when
the electromagnetic field is switched off. The switching
between two distinct states is fully reversible. A control
experiment revealed that the DNA molecular beacon, 3,
which lacks the Au nanoparticle, is not affected by the
electromagnetic field (Figure 5A, curve b). Although induc-
tive heating has already been applied to macroscopic samples
as well as to the treatment of cancer cells with electro-
magnetic field-induced excitation of biocompatible super-
paramagnetic nanoparticles,[104] the use of Au NP–DNA
conjugates should allow extension of this concept. Complex
operations, such as gene regulation, biomolecular assembly,
and enzymatic activity, of distinct portions of nucleic acids or
proteins might be controlled, whereas the rest of the molecule
and neighboring species would remain unaffected. Moreover,
since the addressing method is not optical, this technology
could even be applicable in highly scattering media.
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3.2. Biomolecule-Functionalized Nanoparticles for Reporting
DNA Reactivity

DNA molecules that are functionalized at specific posi-
tions with a fluorescence dye and a quencher can produce a
fluorescence output, which is controlled by the distance that
separates the two, to act as a reporter of the conformation of
the DNA chain. Au nanoparticles can quench the fluores-
cence of chromophores 100-fold better than molecular
quenchers and they also exhibit higher quenching efficiencies
for dyes that emit in the near-infrared region. A gold NP,
which was functionalized with a single maleimide group, was
covalently linked to a (CH2)6SH group that was tethered to
the 5’ end of a DNA oligonucleotide, which was functional-
ized with a fluorescent dye (e.g. fluorescein (4) or rhodami-
ne 6G) at the 3’ end.[105] The molecule could adopt two

conformations (Figure 5B): a stem–loop struc-
ture with the fluorophore and the Au nano-
particle held in close proximity (hairpin state)
and a rodlike structure with them far apart (open
state). The hairpin state, 5, is self-generated by
the intramolecular complementarity of the ter-
minal parts of the DNA chain that induces a
double-stranded structure within the same mol-
ecule. On the other hand, the open state, 6, is
produced upon the interaction and hybridization
with an analyte DNA molecule 7, which exhibits
complementarity to the central part of the DNA
chain. This target DNA hybridizes with the
modified DNA and results in the formation of
ds-DNA, thereby opening the hairpin and
increasing the distance between the fluorophore
and the NP and therefore enhancing the fluo-
rescence. The process and the reporting signal
only occur in the case of complementarity
between the analyte DNA and the central part
of the sensing DNA. The system was successfully
applied for the detection of single-base mis-
matches in DNA sequences.[105] Competitive
hybridization assays revealed that the ability to
detect single-base mutations is about 8-fold
greater than that with conventional molecular
beacons, which use a molecular quencher instead
of a Au NP, whereas the sensitivity of detection is
enhanced up to 100-fold.

Au NPs have been used to develop a new
class of nanobiosensors that are able to recognize
and detect specific DNA sequences and single-
base mutations in a homogeneous assay.[106] The
Au NPs were used as nanoscaffolds to tether ss-
DNA that were functionalized with an organic
dye at the opposite end of the nucleic acid chain.
The flexible DNA chain yields a short distance
between the dye and the Au NP which leads to
the efficient quenching of the fluorescence of the
dye by the metal NP. Hybridization of the ss-
DNA with the complementary DNA analyte
resulted in a rigidified spacer between the dye
and the Au NP thus inhibiting the quenching

process and restoring the fluorescence. Unlike conventional
molecular beacons with a stem-and-loop structure, the NP
probes do not require a stem and their background fluores-
cence increases little with temperature.

3.3. Biomolecule-Functionalized Nanoparticles for Controlling
Enzyme Reactivity

Functionalized nanoparticles may affect the activities of
enzymes: for example, they could effectively inhibit some
enzymatic reactions. It has been shown that anion-function-
alized NPs are highly effective surface-based inhibitors of
chymotrypsin (ChT) by a two-step inactivation mecha-
nism.[107] This inhibition occurs through electrostatic comple-
mentarity between the negatively charged carboxylate end-

Figure 5. A) a) The reversible change of the Au NP–DNA molecular beacon conju-
gate 2 between denaturated and hybridized conformations upon switching “ON”
and “OFF”, respectively, the radiofrequency electromagnetic field; b) The DNA hair-
pin molecule 3, which lacks the Au nanoparticle, is not affected by the electromag-
netic field. B) Fluorescence emission controlled by the transformation from the
hairpin conformation 5 to the extended state 6 of a DNA chain upon hybridization
with the complementary oligonucleotide 7. (Part A is adapted from Ref. [103], with
permission).
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groups of the shell and the positively charged cationic
residues located around the periphery of the enzyme active
site. The primary reversible inhibition step yields a complex
between the enzyme and the NPs. The secondary step results
in the irreversible denaturation of the enzyme associated with
the functionalized NPs. Complete inhibition of the enzyme
activity was observed at a ratio of 1:5 of the nanoparticle/ChT
and arises from the large surface area of the anion-function-
alized NP (� 110 nm2). However, this irreversible inhibition
of chymotrypsin could be reversed through modification of
the surface of the NP in situ by using cationic surfactants.[107b]

Up to 50% of the original chymotrypsin activity was retained
upon the addition of a long-chain surfactant, and dynamic
light-scattering studies demonstrated that chymotrypsin was
released from the NP surface.

The controlled release of inhibitors, promoters, or cofac-
tors into a reaction medium may be employed as a general
strategy to deactivate or activate enzymes, respectively. Also,
controlled delivery of drugs or neurotransmitters is essential
for the regulation of complex physiological biocatalytic
processes. Functionalized CdS NPs were used to entrap
drugs or neurotransmitters in the channels (average diameter
� 2.3 nm) of MCM-41-type mesoporous silica nanospheres
(MSNs) in a configuration that enabled the controlled release
of the entrapped substances (Figure 6).[108] Vancomycin or
adenosine triphosphate (ATP) were loaded in the channels of
the MSN. The MSN matrix was functionalized with an amine-
terminated tether that contained a disulfide group and was
linked to the matrix by a siloxane anchoring site, 8. The MSN
matrix loaded with the respective substrate was then treated
with carboxylic acid modified CdS NPs 9 (� 2.0 nm). The
covalent coupling of the CdS NPs to the amine functions of
the matrix 10 and the steric fit between the CdS NPs and the
channels in the matrix resulted in the entrapment of the
substrates in the channels. The chemical splitting of the
disulfide bonds that bridge the NPs to the MSN matrix by
dithiothreitol (DTT; 11) removed the CdS NP stoppers and
released the substrates stored within the MSN channels. This
new MSN system could play a significant role in the develop-
ment of new generations of site-selective, controlled-release
delivery nanodevices.

4. The Aggregation of Biomolecule-Functionalized
Nanoparticles

The organization and patterning of inorganic nanoparti-
cles into 2D and 3D functional structures is a fundamental
prerequisite for the assembly of chemical, optical, magnetic,
and electronic devices.[7] Many approaches have been descri-
bed for the formation of 2D and 3D arrays of metal and
semiconductor NPs: 1) by evaporation of the solvent of
hydrophobic colloids,[109] 2) by random inclusion of the nano-
particles into gel and glassy matrices,[110] 3) by template-
directed synthesis at structured surfaces[111] in porous protein
crystals[112,113] or in bacterial superstructures,[114] and
4) through chemical coupling in solution by means of bifunc-
tional cross-linkers.[115,116] An example of the latter is the
alkanedithiol-directed aggregation of Au NPs.[115,116] The

aggregation of NPs induced by specific biological interactions
attracts interest as a self-assembly process for the construc-
tion of complex nanostructures that exhibit new collective
properties.

Several reasons support the concept of utilizing biomole-
cules as building blocks of NP structures: 1) The diversity of
biomolecules enables the selection of building units of
predesigned size, shape, and functionality. 2) The availability
of chemical and biological means to modify and synthesize
biomolecules. For example, the synthesis of nucleic acids of
predesigned composition and shape, the elicitation of mono-
clonal antibodies, or the modification of proteins by genetic
engineering to allow the construction of biomaterials for the
directed assembly of nanoparticles. 3) Enzymes may act as
biocatalytic tools for the manipulation of the biomaterials.
The hydrolysis of proteins, the scission or ligation of DNA, or
the replication of nucleic acids may be employed as tools for
the assembly of NP architectures through manipulation of the
biomaterial. 4) Mother Nature has developed routes for the
repair of biomolecules that may be applied to stabilize the
biomolecule–NP structures. 5) Nanoparticles that are cross-
linked with enzyme units may generate biocatalytic assem-
blies of predesigned functionality. These different features of
the biomolecule cross-linking units provide a flexible means

Figure 6. CdS NP-capped mesoporous silica nanosphere (MSN)-based
system for the controlled delivery of drugs and neurotransmitters.
(Adapted from Ref. [108], with permission; Copyright American
Chemical Society, 2003).
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of generation of NP structures of tunable physical, chemical,
and functional properties. For the generation of biomolecule-
cross-linked NPs, two types of biomolecule-functionalized
NPs with complementary units should participate in the
assembly process. Biomaterials utilized in the fabrication of
such biomolecule–NP aggregates include biological protein
host–guest pairs such as biotin–streptavidin,[117] antigen–anti-
body,[118] and complementary oligonucleotide pairs.[117, 119,120]

A large variety of methods including optical methods, such as
differential light-scattering spectroscopy,[121] has been used to
study the biospecific assembly of NPs with proteins and
oligonucleotides. Electrophoretic and structural studies of the
DNA-directed aggregation of Au NPs have been published
recently.[122]

4.1. Receptor-Induced Aggregation of Guest-Functionalized
Nanoparticles

Protein-based recognition systems can be used to organize
inorganic NPs into network aggregates. For instance, the
interaction between d-biotin and the biotin-binding protein
streptavidin (SAv) was utilized to induce the aggregation of
NPs.[117] The recognition between water-soluble biotin and the
homotetrameric protein SAv is characterized by an extra-
ordinary affinity constant, Ka> 1014m�1, that makes it the
strongest ligand–receptor binding interaction presently
known.[123] Another great advantage of SAv is its extremely
high chemical and thermal stability. The applicability of the
biotin–SAv system to generate supramolecular aggregates is
enhanced by the availability of various avidin analogues[124]

and recombinant SAv mutants.[125] A wide range of rate and
equilibrium constants (100�Ka� 1015m�1) are available that
allow the construction of carefully designed NP aggregates.
Many biotinylated materials are commercially available or
can be prepared under mild conditions. Two routes to the
aggregation of NPs by biotin–SAv interactions are possible:
1) NPs functionalized with biotin groups can be cross-linked
with the tetravalent SAv receptor (Figure 7A), and 2) NPs
functionalized with SAv can be cross-linked with the dibiotin
derivative 12 (Figure 7B). Metal and semiconductor NPs can
be functionalized with biotin derivatives by one of several
synthetic routes. In the simplest method, thiol or disulfide
derivatives of biotin are directly adsorbed onto metal NPs
(e.g. Au, Ag). Alternatively, NPs can first be coated with an
organic “shell” (e.g. by the polymerization of a trialkoxysilyl
derivative or by polymer adsorption) and then covalently
modified with biotin, for example, by carbodiimide coupling.

Au NPs functionalized with adsorbed biotin units and
then cross-linked with SAv units have been shown to yield
aggregates of Au NPs with the biotin–SAv recognition pairs
between the individual NPs (Figure 7A).[117, 126] A similar
architecture can be built by reversing the steps: SAv was
interacted with the biotin disulfide derivative 13 to produce a
complex, which was then treated with Au NPs (Fig-
ure 7C).[126a] In both cases, fast, spontaneous aggregation of
the Au NPs was observed which resulted in a nonordered
network of particles. Dynamic light-scattering spectroscopy,
small-angle X-ray scattering studies, and TEM were used to

follow the aggregation process and to characterize the
product. The kinetics of this process was fitted to the
theoretical Smoluchowski model of aggregation, which was
modified for nanoparticles.[126b] This kinetic analysis allows
the control of the aggregate structure by the optimization of
the conditions, that is, the molar ratio of the biotin-function-
alized NPs and the SAv cross-linker.

A related SAv-induced aggregation of Au nanorods was
reported recently.[127] Gold nanorods (aspect ratio= 18) were

Figure 7. The use of biotin–streptavidin (SAv) interactions to build
nanoparticle networks: A) Streptavidin as a linker between biotin-func-
tionalized Au NPs; B) A biotin dimer used to link streptavidin-function-
alized Au NPs; C) Streptavidin-linked thiolated biotin used to build NP
networks; D) The formation of a network from two types of NPs that
are functionalized with different recognition units and cross-linked
with a bifunctional linker, 15, which is composed of a biotin unit and a
dinitrophenyl-antigen unit.
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prepared in water in the presence of a shape-directing
surfactant, cetyltrimethylammonium bromide (CTAB), and
were further functionalized with a biotin disulfide derivative.
The addition of a streptavidin linker to the biotin-modified
Au nanorods produced an unexpectedly high proportion of
end-to-end-linked Au nanorods that were separated by 4–
5 nm spacing, which corresponds to the size of a streptavidin
molecule (� 4.5 N 4.5 N 5.8 nm3), and were at angles expected
for the four biotin binding sites on the streptavidin projected
into two dimensions (Figure 8A). The mechanism behind the

higher-than-expected proportion of end-to-end linkages of
the Au nanorods is not understood yet. However, there are
two possible explanations of the phenomenon: 1) The biotin
disulfide was unsuccessful at displacing the CTAB bound to
the length of the gold nanorods. Thus, the biotin preferentially
binds to the {111} ends of the Au rods which results in
preferential end-to-end linkages upon the addition of strep-
tavidin. The bilayer structure of CTAB on the nanorod
surface may make the surfactant less easy to displace than at
the end defects. 2) The biotin indeed binds all over the rods,
but streptavidin is sterically constrained to bind only to the
sides of the rods. Nevertheless, the generated nanostructures
(Figure 8B) provide evidence that chemical linkages can
organize nanorods in a nonrandom fashion, which may be
exploited for the assembly of higher-order arrays of nano-
materials. By the future use of metal NP-modified SAv,

catalytic protein cross-linkers may be envisaged, and Au
nanorods may be connected by other metals, such as Ag0, to
continuous wires.

Another example of biotin–SAv cross-linked NPs involves
the native protein ferritin, which consists of a hollow
polypeptide shell (8- and 12-nm internal and external
diameters, respectively) and a 5-nm-diameter ferric oxide
core (5Fe2O3·9H2O).[128] The ferric oxide NP can be easily
removed from the protein shell by reductive dissolution, and
the empty cage of apo-ferritin can be remineralized in vitro
with a range of inorganic oxides, sulfides, and selenides (e.g.
MnO, FeS, CdS, CdSe)[129,130] or more-complex compounds
(e.g. Prussian Blue).[131] A succinimidyl active ester derivative
of biotin, 14, was covalently linked to the amine groups of
lysine residues of the polypeptide shell of ferritin to yield a
biotin-functionalized protein shell that contained the ferric
oxide core (Figure 8C). Addition of SAv resulted in the cross-
linking and therefore the aggregation of the functionalized
ferric oxide NPs.[132] Considering the library of core NPs
possible, this ferritin-based aggregate is a very promising
material for the production of electronic, magnetoelectronic,
and optoelectronic devices.

Nanoparticle aggregates have also been produced by
means of the interaction between antigens and antibod-
ies.[38, 118] In the simplest approach, anti-DNP IgE antibodies
(DNP= dinitrophenyl) were adsorbed onto 12-nm Au NPs,
and these conjugates were then cross-linked with a synthetic
antigen (N-2,4-bis(dinitrophenyl)octamethylenediamine),
which comprised two hapten DNP head groups that were
separated by a spacer. A more sophisticated approach allows
the association of two different types of NPs. For this purpose,
two different NPs that are functionalized with different kinds
of bioreceptors (e.g. different antibodies, or an antibody and
SAv) are cross-linked with a ligand, which contains two
different head groups to provide affinity binding to the two
respective receptors. As an example, two types of Au NPs
were functionalized, one with anti-DNP IgE and the other
with SAv.[38, 118] They were cross-linked with the linker 15,
which contains a biotin unit at one end and a DNP group at
the other end of a spacer (Figure 7D). Each ligand recognizes
its respective receptor—biotin binds to SAv; DNP binds to
anti-DNP IgE—to create a network composed of both nano-
particles.

The aggregation of NPs by antigen–antibody interactions
in solution was applied to develop immunoassay procedures
with optical detection of the association process. A laser-
based double-beam absorption detection system for aggrega-
tion immunoassays has been developed.[133,134] The assay was
based on the aggregation of gold NPs, which were coated with
protein antigens, in the presence of the corresponding anti-
bodies. The aggregation of the gold NPs resulted in a change
in the absorption bands which enabled the assay to be
monitored at 635 nm with a detection limit for an antibody of
3 N 10�8m. A rapid immunoassay for the detection of an
analyte within complex biological media without any sample
preparation was demonstrated with gold nanoshells, namely,
layered dielectric-metal NPs, whose optical resonance is a
function of the relative size of their constituent layers.[135] The
aggregation of antibody–nanoshell conjugates, which exhibit

Figure 8. A) End-to-end assembly of biotin-functionalized Au nanorods
that are cross-linked by streptavidin (SAv). B) Transmission electron
micrograph of the SAv-interconnected Au nanorods. C) Biotin-function-
alized ferritin. (Part B is adapted from Ref. [127], with permission;
Copyright American Chemical Society, 2003).
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absorption spectra in the near-infrared region, was monitored
spectroscopically in the presence of the analyte. Immunoglo-
bulins were successfully detected from saline, serum, and
whole blood media.

Complementary bioconjugates that consist of an anti-
body–antigen pair were immobilized on luminescent CdTe
NPs (quantum dots) of variable sizes, and these were used for
the examination of interparticle energy-transfer processes.[136]

The antigen bovine serum albumin (BSA) was conjugated to
red-emitting CdTe NPs, whereas the corresponding anti-BSA
antibody (IgG) was linked to green-emitting CdTe NPs. The
formation of the BSA–IgG immunocomplex resulted in
fluorescence resonance energy transfer (FRET) between
the two different nanoparticles. The luminescence of the
green-emitting nanoparticles was quenched, whereas the
emission of the red-emitting nanoparticles was enhanced.
The luminescence of the green-emitting quantum dots could
be recovered upon exposure of the complex to unlabeled
antigen. The antigen–antibody–CdTe-NP aggregate may,
thus, be considered as a functional superstructure for the
competitive optical detection of antigens or antibodies.

A novel approach to induce the cross-linking of NPs
involves the application of predesigned de novo proteins that
display specific affinities to inorganic crystal surfaces.[21a]

These structures can specifically and directly bind to unmodi-
fied surfaces of various semiconductive nanoparticles to act as
bridges and result in the aggregation of the NPs. From a
combinatorial library of � 109 random 12-mer peptides, de
novo proteins that exhibit specific binding capabilities to
single-crystal semiconductors including GaAs(100),
GaAs(111), InP(100), and Si(100) have been discovered.[137]

4.2. Nucleic Acid Functionalized Nanoparticles for Controlled
Aggregation

DNA molecules are very powerful and versatile linkers
for the controlled aggregation of nanoparticles.[119,120,138] DNA
chains are of a controllable length and composition and
provide predictable properties and enormous control over
complementarity. Double-stranded DNA provides rigid
spacers that allow control over the distances between nano-
particles. Long DNA chains can act as templates, ready to
accommodate complementary DNA-functionalized nanopar-
ticles in a controlled order and with controlled distances
between the nanoparticles.

To demonstrate the DNA-mediated binding of NPs, two
batches of 13-nm-diameter Au NPs were separately function-
alized with two thiol-derivatized noncomplementary DNA
oligonucleotides: 3’-thiol-TACCGTTG-5’ and 5’-
AGTCGTTT-3’-thiol (16 and 17, respectively; Figure 9A).[69a]

A DNA linker, 18, composed of ds-DNA in the center and
two single-stranded fragments on the ends was constructed.
The two single-stranded sections were complementary to the
oligonucleotides connected to the two different NPs. The
addition of the linker to a mixed solution of the two DNA-
functionalized Au NPs resulted in the cross-linking and
aggregation of the nanoparticles. The resulting NP aggregate
should theoretically have some degree of regularity, but this

could not be observed as both NPs had identical cores.
Aggregation changed the color of the solution owing to a
collective phenomenon originating from the short distance of
the interparticle separation. Separate AuNPs have a red color
as a consequence of their plasmon absorbance, but upon
aggregation, another absorbance arises at lower energies
because of interparticle plasmon coupling (Figure 9B). The
association process is temperature-dependent, and the aggre-
gated Au NPs can reversibly dissociate upon elevation of the
temperature through melting of the double-strands and
associate again upon a decrease in the temperature through
the rehybridization process which results in the reversible
changes of the spectrum (Figure 9C). In a control experiment,
a noncomplementary linker was added to the solution of the
mixed particles and no color changes were observed.

Changes in the optical and electronic properties of NPs
upon their aggregation provide a way to detect the association
process and thus allows the design of optical DNA biosen-
sors.[139–141] The color change lies in the background of the

Figure 9. A) The aggregation of oligonucleotide-functionalized Au NPs
by the addition of a DNA strand 18 which has sections that are com-
plementary to the DNA strands 16 and 17. B) Cuvettes with a mixture
of the Au NPs and the added DNA strand responsible for the assembly
process: a) at 80 8C, the DNA-functionalized NPs are in the unhybri-
dized state; b) soon after cooling to room temperature, the NPs
undergo association, but the precipitate has not yet settled; c) after
the associated NPs have settled to the bottom of the cuvette. C) Varia-
tions in the absorption spectrum of the DNA-linked NP networks as a
function of temperature. D) A “satellite” system that consists of two
different sizes of nanoparticles. E) Transmission electron micrographs
of gold nanorods that are organized by DNA hybridization. (Parts A–C
are adapted from Ref. [69a]; Part D is adapted from Ref. [142]; Part E is
adapted from Ref. [144]; Reproduced with permission of the Royal
Society of Chemistry).
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simplest and most powerful analytical tool to monitor the
aggregation of Au NPs, namely, the “Northwestern” spot test,
developed by Mirkin and co-workers.[139] This is an extremely
sensitive method to discriminate between aggregated and
nonaggregated gold NPs in aqueous solution and it relies on a
perceptible color change from red to blue upon aggregation.
The test consists of the evaporation of a droplet of an aqueous
solution of particles on a reverse-phase thin-layer chroma-
tography plate. A blue spot indicates aggregation, whereas a
red spot indicates the presence of freely dispersed particles.

In a more sophisticated investigation, a mixture of DNA-
functionalized Au NPs of 40-nm (A) and 5-nm (B) diameters
were cross-linked with a DNA linker.[142] The larger NP A
accommodates many small
NPs B around it to produce a
so-called “satellite” ABn

system (Figure 9D). Intercon-
nections between these “satel-
lite” aggregates yield a 3D
network (ABn)m. An impor-
tant factor that controls the
optical properties of the net-
work is the length of the cross-
linking DNA oligonucleotide
bridge—it controls not only
the interparticle distances, but
also the rate of aggregation
and thus, the number of NPs
per aggregate.[143] In a similar
approach, DNA-functional-
ized CdSe/ZnS NPs and Au
NPs were cross-linked with a
complementary linker to yield
a binary network.[70] Fluores-
cence and absorption spectros-
copy indicated cooperative
optical and electronic phe-
nomena within the resulting
material. The application of
DNA-functionalized Au nano-
rods instead of spherical nano-
particles resulted in micro-
sized rods, which were com-
posed of many cross-linked
nanounits (Figure 9E),[144]

that exhibited unusual aniso-
tropic properties.

Au NPs were applied as
colorimetric reporter groups
that show distinctive color changes upon different aggrega-
tion states for DNA sensing.[139–141] The sensitivity and
selectivity of this method rivals other methods, such as
those based on fluorescence spectroscopy. Whereas this
method plays an increasingly important role in genomic
research, the nanoparticle aggregation methodology has
expanded beyond the detection of DNA to the analysis of
other analytes such as heavy metal ions,[145] potassium ions,[146]

and protein A.[134] Interesting recent examples have demon-
strated the controlled aggregation of nucleic acid functional-

ized Au NPs as optical labels for the detection of Pb2+ ions or
adenosine by DNAzymes.[147] Catalytic deoxyribonucleic
acids (catalytic DNAs or DNAzymes) attract substantial
recent research efforts, and specific DNAzymes that bind
Pb2+, Cu2+, or Zn2+ ions were elicited by the combinatorial in
vitro selection method.[148] Particularly, “8–17” DNAzyme has
demonstrated high activity and specificity towards Pb2+

ions.[149] The nucleic acid sequence 17E was found to exhibit
high affinity for Pb2+ ions, and the resulting complex revealed
catalytic activity towards the specific scission of the comple-
mentary nucleic acid 17DS that includes mostly deoxyribo-
nucleosides as bases as well as one adenosine ribonucleoside
(rA) entity at the cleavage site (Figure 10Aa).[147a] Upon the

cleavage of the double-stranded nucleic acid, the melting
point of the cleaved duplex is lowered, and the single strands
are easily separated (Figure 10Ab). Accordingly, the com-
plementary substrate of the DNAzyme, 17DS, was elongated
with nucleic acids that are complementary to secondary
nucleic acid labeled Au NPs. Mixing of all three compo-
nents—the DNAzyme 17E, the complementary nucleic acid
substrate 17DS, and the nucleic acid labeled Au NPs—
resulted in the hybridization of the respective components,
and the aggregation of the hybrid system into clusters

Figure 10. A) DNAzyme system for the analysis of metal ions. a) Secondary structure of the “8–17” DNA-
zyme system that consists of the enzyme strand 17E and a substrate strand 17DS. Except for a ribonucleo-
side adenosine (rA) at the cleavage site, all other nucleosides are deoxyribonucleosides; b) Cleavage of
17DS by 17E in the presence of Pb2+ ions; c) DNAzyme-directed assembly of the oligonucleotide-function-
alized Au NPs, and the application of the assemblies for Pb2+ sensing. B) UV/Vis absorbance spectra of
a) the active 17E DNAzyme–NP sensor and b) an inactive 17Ec DNAzyme–NP sensor. The spectra were
recorded in the absence (1) or in the presence (2) of Pb2+ ions (5 mm) ; c) Calibration plots for the analysis
of Pb2+ ions, in which the enzyme strand is the active 17E only (&) and when the ratio of 17E/17Ec is 1:20
(*). (Adapted from Ref. [147], with permission; Copyright American Chemical Society, 2003).
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(Figure 10Ac). In the aggregate, the characteristic interpar-
ticle-coupled plasmon absorbance was observed (Fig-
ure 10Ba, curve 1). The addition of Pb2+ ions resulted in the
DNAzyme-assisted cleavage of the complementary nucleic
acid, which led to the separation of the Au NP aggregates and
the formation of the localized plasmon absorbance of the
nonaggregated Au NPs (Figure 10Ba, curve 2). With this
approach, Pb2+ ions could be detected in the concentration
range of 0.1–4 mm (Figure 10Bc, &). In a control experiment,
the function of the DNAzyme as the active component for the
detection of Pb2+ ions was nicely demonstrated. The T base at
the tenth position in the sequence was exchanged by a C base
which led to complementarity in the loop region of the
DNAzyme (17Ec). This resulted in a very poor scission activity
of the duplex structure in the presence of Pb2+ ions (Figur-
e 10Bb, curves 1 and 2) and in a substantial decrease in the
sensitivity of the system (Figure 10Bc, *).

To expand the methodology to a broader range of
analytes, a colorimetric biosensor for adenosine was tailored
on the basis of the aptazyme-directed assembly of gold
NPs.[147b] The aptazyme was bound on a 8–17 DNAzyme that
is allosterically activated by the adenosine aptamer. In the
absence of adenosine, an inactive aptazyme is formed, and the
DNA strand operates as a linker for the assembly of a blue-
colored aggregate of 13-nm Au NPs. In the presence of
adenosine, however, the aptazyme is activated, and the DNA
strand is cleaved. This prevents the aggregation of the Au NPs
which results in a red-colored system characteristic of the
discrete individual nanoparticles. Concentrations of up to
1 mm of adenosine could be semiquantitatively measured by
the extent of blue-to-red color changes, or quantitatively
measured by the ratios of the absorbances at 520 and 700 nm.
The addition of guanosine, cytidine, or uridine (all 5 mm) in
place of adenosine did not affect the aggregation of the DNA-
bound Au NPs which indicates the specificity of the system
towards adenosine. Because aptamers may be developed for
different analytes, the rational design of aptazymes through
the incorporation of aptamer units and upon coupling to Au
NPs may lead to versatile colorimetric biosensors.

Biocatalyzed transformations of functionalized oligonu-
cleotide assemblies were used to perform controlled associ-
ation of NPs and to provide stabilization of the particulate
aggregates.[150] Au NPs (15 nm) were functionalized with
thiolated single-stranded DNA of 45 bases, 19 (Figure 11A).
The Au NP-bound DNAwas then converted into the double-
stranded form through hybridization with the complementary
ss-DNA, 20. The DNA sequence was chosen so that the
double strands that were formed on the particles would
contain recognition sites for a number of restriction endonu-
cleases. After DNA hybridization, the system did not contain
any single-stranded DNA capable of further hybridization
with complementary linker strands. To create reactive sites by
deprotection, the restriction enzyme EcoRI was used to
cleave the double strands on the particles at specific
recognition sites to leave a cohesive end for further hybrid-
ization (Figure 11A, step a). After this first enzymatic step,
hybridization between the newly created cohesive ends
through the relatively labile overlap of only four comple-
mentary base pairs resulted in the formation of weakly

associated aggregates of particles (Figure 11A, step b). This
process was investigated by TEM as shown in Figure 11B,
images a and b. The formation of small aggregates is clearly
seen in comparison to the randomly distributed individual
particles prior to enzyme treatment. To stabilize the system at
this stage, the DNA backbones at the hybridized cohesive
ends were covalently joined in a second enzymatic step by
using T-4 DNA ligase (Figure 11A, step c). The resulting
TEM image shows the presence of significantly larger
aggregates that are formed as a consequence of much stronger
interparticle binding by the newly formed 40-base-pair
double-stranded linker (Figure 11B, image c). In this
sequence of biocatalytic reactions, randomly dispersed
DNA-coated Au NPs were converted first into weakly
associated structures and subsequently into an aggregated
system through simple and predictable manipulation with
DNA-processing enzymes.

Proteins such as bacterial DNA methyltransferases
(M.EcoRI and M.HhaI) or restriction endonuclease
(R.EcoRI) are known to bind and produce specific conforma-
tional changes in DNA. M.EcoRI recognizes the GAATTC
sequence and methylates the second adenine by bending the
DNA strand by approximately 55–598 and flipping the target
adenine out of the DNA duplex. This process could affect
significantly the distance between nanoparticles bridged by
the ds-DNA. For example, a 40-mer duplex DNA with an
incorporated base-pair target site (GAATTC) was used as a
rigid spacer between two 1.4-nm Au NPs to separate them by

Figure 11. A) Controlled association of Au NPs based on biocatalytic
transformations of oligonucleotides. a) Au NPs that are derivatized
with ds-DNA are treated with the restriction enzyme EcoRI, which
cleaves the DNA to yield cohesive ends (the gray color represents the
recognition site of the enzyme, and the arrows indicate the sites of
cleavage on each strand); b) Two cohesive ends hybridize, which leads
to a weak association of particles; c) The DNA backbones are cova-
lently joined at the hybridized site by DNA ligase to yield a stable 40-
base-pair double-stranded link between the particles. B) TEM analysis
of the DNA–NP complexes before (a) and after (b) treatment with
EcoRI and after subsequent treatment with DNA ligase (c). (Adapted
from Ref. [150], with permission).
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11–14 nm (Figure 12Aa).[151] Upon addition of M.EcoRI to a
solution of the ds-DNA–Au NP hybrid, the binding of the
protein and the biocatalytic methylation of the adenine base
produces a drastic decrease in the Au–Au separation distance
to 6–8 nm (Figure 12Ab). The measured distances correlate
with the expected topological changes that are induced by the
binding of M.EcoRI to the DNA chain.

Long DNAmolecules that are capable of accommodating
several complementary DNA fragments in different domains
on the strand can serve as templates for the construction of
specific linear assemblies.[152,153] To prevent the microscopic
cross-linking of nanoparticles which results in a network, Au
NPs functionalized with a single maleimide group, 21, were
reacted with thiol-derivatized DNA oligonucleotides 22. The
resulting mono-DNA-functionalized Au NPs, 23, were asso-
ciated with the respective complementary domains on the
DNA template molecule (Figure 12B). Individual placement
of the nanoparticles at specific complementary domains of the
template allows control of the distances between them as well
as controlled placement of different types of NPs (different
sizes and materials) on the template to result in a variety of
properties of the NPs assemblies. For example, two DNA-
functionalized Au NPs can be placed on the DNA template in
three different orientations, “head-to-head” (24), “head-to-
tail” (25), and “tail-to-tail” (26), thus providing different
distances between the nanoparticles.

Recently, a newly discovered aggregation phenomenon of
DNA-functionalized gold nanoparticles induced by the

hybridization of a DNA target was reported in which the
NPs are not cross-linked.[154] The Au NPs (15 nm) were
functionalized with a single-stranded DNA (� 200 DNA
probes per particle). Whereas bare Au NPs without the
probe DNA immediately aggregated in NaCl solution (0.1m),
the DNA-functionalized NPs did not exhibit any visible
change in solutions of NaCl (concentrations up to 2.5m).
Thus, the surface-immobilized probe DNA stabilizes the
nanoparticle dispersion. An equivalent amount of a comple-
mentary target DNAwas added to the system and resulted in
the hybridization of the DNA probe that was associated with
the Au NPs. The subsequent addition of aqueous NaCl at
concentrations higher than 0.5m resulted in a fast (< 3 min)
color change to purple that represents an aggregation of the
particles. Although the mechanism of this phenomenon is not
fully understood at present, the conformational transition of
the immobilized DNA probably plays an essential role—
formation of the probe-target duplex makes the conformation
more tight and more rigid. This conformational transition
may decrease two contributions of the repulsive interactions
between the nanoparticles. First, electrostatic repulsion may
be decreased by the screening effect because the tight
conformation raises the binding constant with counterions.
Second, steric repulsion may be decreased by the stiffening of
the DNA which lowers the entropic effect. In this non-cross-
linking system, the aggregation is driven by London–van -
der Waals attractive forces between the nanoparticles in
which the repulsive interaction is greatly reduced by the
formation of duplexes on the surfaces of the NPs. The
attractive force works from a distance and leads to the rapid
aggregation.

The use of peptide nucleic acids (PNAs), which are DNA
analogues in which the entire sugar-phosphate backbone is
replaced by a polypeptide backbone, as a means to control the
aggregation of nanoparticles was reported recently.[155] Au
NPs (13� 1.2 nm) were functionalized with various PNA
primers, and these were used for the self-assembled aggrega-
tion of the particles upon hybridization of the complementary
PNA sequences. PNA complexes offer two important advan-
tages for biomaterials-based nanofabrication: 1) PNA com-
plexes exhibit enhanced stability relative to their respective
DNA analogues and 2) the amino acid unit may be easily
altered in the PNA backbone to enable a higher degree of
complexity in the strands. For example, by the substitution of
glycine with other amino acids in the PNA, the structural and
electrostatic properties of the PNA complex may be regulated
and the dynamics of assembly may be controlled. Besides the
possible applications of PNA complexes for nanofabrication,
PNA–NP conjugates may offer advantages over DNA–NP
conjugates for biosensing. The enhanced base-pair mismatch
selectivity of PNA may improve the specificity of the sensors
in the analysis of sequence-specific nucleic acids.

4.3. Composite Assemblies of Nucleic Acids, Proteins, and
Nanoparticles

A combination of the synthetic methods to prepare
biomolecule-functionalized nanoparticles (See Sections 2.1–

Figure 12. A) Enzyme-controlled distance between DNA-bridged Au
NPs. a) ds-DNA–Au NP hybrid with the M.EcoRI recognition site;
b) The hybrid with a 598 bend following the binding of the M.EcoRI
enzyme. B) The assembly of controlled multiparticle composites upon
hybridization on a DNA template. (Part A is adapted from Ref. [151],
with permission; Copyright American Chemical Society, 2002).
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2.3) and the application of proteins, which have affinity
properties (e.g. SAv, antibodies), oligonucleotides, and nano-
particles as building blocks allows the construction of very
sophisticated biomolecule–NP hybrid clusters (Figur-
e 13A).[21a] To functionalize Au NPs with antibodies, a

multistep procedure was developed.[156] The 5’-thiol-modified
oligonucleotide, 27, was covalently bound to SAv through the
heterobifunctional cross-linker sulfosuccinimidyl-4-(maleimi-
domethyl)cyclohexane-1-carboxylate (28). The resulting con-
jugate had four binding sites for biotin ligands and one nucleic
acid function. The SAv receptor sites were treated with
biotinylated antibodies, 29, which were directed against
mouse IgG (aM-IgG) or rabbit IgG (aR-IgG), to yield
DNA-tagged antibody conjugates that could bind to a
complementary DNA strand from one side and to the
respective antigens from the other. This architecture was
treated with Au NPs that were functionalized with oligonu-
cleotides 30, which were complementary to the DNA tag, to
yield Au NPs that were modified with the antibody molecules.
The resulting conjugate was then applied as a label for the
immunoassay of the respective antigens, which were bound to

a surface. The linkage of the Au NPs to the antigen–antibody
complex was further amplified by the electroless deposition of
Ag on the Au NPs (Figure 13B).[156]

A combination of receptor proteins and oligonucleotides
as bridging units for the directed aggregation of nanoparticles
allows the complex structuring of the assemblies.[157] As an
example, SAv was interacted with biotinylated DNA to result
in a four-DNA–Sav conjugate.[157a] Application of this con-
jugate as a building block for the aggregation of DNA-
functionalized Au NPs yielded a network with a motif that
was different from that which resulted upon the direct
aggregation of DNA-functionalized NPs bound by the
complementary oligonucleotide. Even more fascinating
aggregation resulted when Au NPs were primarily associated
with SAv to yield nanoclusters, which were then placed on a
DNA template (Figure 14A).[158] 1.4-nm Au NPs with a single

amine substituent were derivatized with a biotin group, and
the biotin moiety was used to organize the nanoclusters into a
tetrahedral superstructure defined by the geometry of the
biotin-binding sites of the SAv. Prior to cluster formation, SAv
was derivatized with a single DNA molecule. The resulting
tetrahedral four-Au NP clusters, 31, each with a single DNA
tail, were assembled on a DNA template molecule, 32, which
dictated the positions and distances. This approach could
allow the formation of almost any imaginable structure from
nanoparticles of different sizes and various materials. NPs
were also applied for the site-specific labeling of complex
biological species such as viruses; for instance, a 30-nm-
diameter sphere of the cowpea mosaic virus (CPMV) was
labeled with 1.4-nm Au NPs (Figure 14B).[159]

Inorganic nanostructures were crystallographically con-
trolled by using synthetic biomolecular templates that con-
sisted of anionic DNA and cationic lipid membranes. These
membranes self-assembled into a multilamellar structure in
which a periodic 1D lattice of parallel DNA chains was
confined between stacked 2D lipid sheets.[160] Positively
charged Cd2+ ions were electrostatically bound within the
interhelical pores between the DNA strands and they were
subsequently treated with H2S to form CdS nanorods of
controlled widths and crystallographic orientation. The strong

Figure 13. A) The formation of a Au nanoparticle–IgG-antibody conju-
gate. B) The use of the conjugate for the sensing of antigens.

Figure 14. A) The construction of four-nanoparticle clusters, and their
assembly into linear composites along a DNA template. B) A com-
puter-generated electron-density map derived from the X-ray crystal
structure of cowpea mosaic virus (CPMV) that is labeled with 1.4-nm
Au clusters. (Part B is adapted from Ref. [159], with permission).
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electrostatic interactions align the templated CdS (002) polar
planes parallel to the negatively charged sugar-phosphate
DNA backbone to ensure that the inorganic nanostructures
are imprinted into the biomolecular matrix.

5. Assembly of Biomolecule–Nanoparticle
Architectures on Surfaces

The immobilization of biomolecules on transducers such
as electrodes, piezoelectric crystals, or field-effect transistors
is attractive in the development of biosensors and bioelec-
tronic devices.[161–165] Several methods for the surface func-
tionalization of electronic elements have been developed, and
the means to couple the active sites or recognition processes
of biomaterials with the electronic elements to yield the
electronic transduction of the biological events have been
demonstrated. Biosensors,[166] biofuel-cell elements,[167] and
optobioelectronic systems[168] have been constructed. Also,
the deposition of biomaterials on nonconductive surfaces (e.g.
plastics, glasses), and especially the patterning of such
surfaces with biomaterials,[165, 169] is of great interest in
tailoring protein and DNA chips for proteomic and genomic
analyses, respectively. Diverse methods for the assembly of
2D and 3D nanoparticle structures on surfaces have been
developed. Various applications of these systems, such as in
the fabrication of photoelectrochemical cells (e.g. solar cells),
light-emitting diodes, electrochromic systems, and computing
devices, as well as the organization of different nanometric
single-electron devices have been discussed.[7a]

The integration of biomolecule–nanoparticle hybrid sys-
tems with surfaces paves the way for the generation of
ordered architectures with new functionalities. The unique
photonic properties of NPs may be employed to detect and
probe biological recognition
events on surfaces. Biomaterial
structures adsorbed on the surfa-
ces of nanoparticles may be
probed by means of surface plas-
mon resonance (SPR), surface-
enhanced Raman spectroscopy
(SERS), and surface-enhanced
fluorescence spectroscopic techni-
ques. Also, the unique electronic
(conductive) and catalytic proper-
ties of NPs may be used to provide
electron transfer from or to redox
centers of enzymes or to enhance
the chemical reactivities of bio-
material structures.

Biomaterial constituents on surfaces also provide unique
features for the formation of hybrid biomolecule–NP struc-
tures. Biomaterials, such as nucleic acids, and streptavidin–
biotin or antigen–antibody complexes assembled on surfaces
can provide templates for the immobilization of nanoparti-
cles. Enzymes may be used as catalytic tools for the
manipulation of biomaterials on surfaces; the ligation,
scission, or polymerization of nucleic acids may be used to
tailor nucleic acids of specific lengths and compositions. Thus,

complex biomaterial-based structures on surfaces may be
engineered by the genetic manipulation of biomaterials, the
synthesis of nucleic acids, and the biocatalytic manipulation of
the biomaterial on the surface. The incorporation and
integration of NPs in surface-confined biological templates
can then yield new functional materials; as an example, the
catalytic deposition of metals on NP seeds can generate
circuitry with the shape of the biomaterial. Thus, hybrid
biomolecule–NP composites on surfaces provide functional
interfaces that could be important as materials for bioelec-
tronic, electronic, optobioelectronic, and photonic applica-
tions.

The association of functionalized NPs and biomaterials
with solid supports and liquid/liquid or liquid/air interfaces
can be driven by charge interactions[170] or by specific
bioaffinity binding.[21a] The subsequent sections address the
methods to organize these composite biomolecule–NP sys-
tems on surfaces and discuss recent activities that utilize these
systems for sensory, photoelectrochemical, and electronic
circuitry applications.

5.1. Assembly of Layered Nanoparticle–Protein Arrays on
Surfaces

Multilayer systems, which are composed of proteins and
nanoparticles and assembled on solid supports,[171] have been
fabricated by the layer-by-layer deposition of the biological
and inorganic components. Cytochrome c (cyt c)–TiO2 NP
layers were reported[171a] in which the TiO2 NP layers were
deposited by boric acid promoted hydrolysis of hexafluor-
otitanate ions from aqueous solution (liquid-phase deposition
process, LPD; Figure 15A).[172] The LPD technique enables
the preparation of anatase TiO2 without the need for organic

solvents: this is essential for the codeposition of the bioma-
terial. The TiO2 NPs on the surface produced by this
technique are negatively charged. The subsequent deposition
of the positively charged protein cyt c (isoelectric point, pI =

10.1) results in electrostatic attraction between the TiO2 NPs
and the protein which leads to the formation of multilayers.
The deposition of the multilayers was followed by quartz
crystal microbalance (QCM) microgravimetric measure-
ments, which demonstrated a linear increase of the mass
upon deposition of each double layer of TiO2/cyt c. This

Figure 15. A) Method for the construction of TiO2/cyt c multilayers on a QCM electrode. B) Optical
absorbance at l =409 nm of assemblies of different thicknesses: the buildup of layers of cyt c is
shown. (Part B is adapted from Ref. [171a], with permission).
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observation was also verified by absorbance spectroscopy
(Figure 15B). This method could be widely extended to the
preparation of other protein/metal-oxide multilayers that
would facilitate the creation of photofunctional protein–
inorganic superlattices. In another approach, assemblies of
polyurethanecore/Aushell NPs were used as permeable high-
surface supports for the immobilization of enzymes such as
pepsin to provide easy access of the substrate molecules to the
enzyme active centers in the multilayer enzyme assembly.[173]

Scanning electron microscopy (SEM) was applied for the
quantitative analysis of protein chips.[174] Interactions between
biotin and streptavidin, and between an antibody with its
cognate hapten, were used as model systems. The number of
target-coated gold NPs that interact specifically with proteins
arrayed on a derivative microscope glass slide were counted
by utilizing backscattering electron detection. This approach
facilitated the determination of the absolute, rather than
relative, number of biomolecules bound to the chip.

5.2. Nucleic Acid–Nanoparticle Architectures on Surfaces

As discussed in Section 4.2, nucleic acids can serve as
templates that bind DNA-functionalized nanoparticles at
complementary segments. When DNA templates are fixed at
a surface of a solid support, the resulting assemblies of NPs
can yield a pattern that is dependent on either the shape
produced by the DNA template itself or on the pattern
produced upon its immobilization.

A natural single-stranded long-chain viral DNA,
M13mp18 phage vector, 33, which contains 7249 bases, was
hybridized with a biotinylated short-chain target oligonucleo-
tide, 34, which was complementary to a specific segment of

the viral DNA (Figure 16A).[175] It should be noted that the
template viral DNA 33 can have more than one complemen-
tary domain, thus it is capable of accommodating more than
one biotinylated DNA chain. The hybridized DNA-holding
biotin units 35 were then treated with SAv-coated Au NPs 36
(5 nm). The resulting negatively charged Au NP-labeled
DNA template 37 was adsorbed on a surface of positively
charged Mg2+-coated mica substrate and was subjected to
atomic force microscopy (AFM)measurements (Figure 16B).
The images obtained clearly show Au NPs associated with the
DNA template, yet the number of Au NPs per DNA chain
was not perfectly defined; this reflects either incomplete
hybridization of the template with the biotinylated target
DNA or incomplete association of the SAv-functionalized Au
NPs with the biotinylated domains. As different biotinylated
nucleic acid segments may be hybridized with the M13mp18
DNA, the entire viral DNA may be decorated with SAv–Au
NPs. Indeed, such experiments revealed that the Au NP-
functionalized viral DNA was formed on the solid support.

The electrostatic association of CdS NPs with DNA was
applied as the driving force for the formation of a semi-
conductor NP–DNA wire on the surface.[176] Negatively
charged ds-DNA molecules associated with the water/air
interface of a solution that contained cationic surfactant
molecules (dioleoyltrimethylammonium propane, 38 ;
Figure 17). The layer at the interface was compressed by

using the Langmuir–Blodgett technique to provide a high-
density packing of the DNA molecules. Positively charged
CdS NPs (3 nm) capped with thiocholine, 39, were then added
to the aqueous phase which resulted in their aggregation with
the DNA. The formed DNA–CdS aggregates were trans-
ferred to a solid support, and electron microscopy images
revealed the formation of densely packed CdS NPs along the
DNA template. These generated chains were composed of
semiconductor NPs with a diameter of � 3 nm and an average
separation of � 3.5 nm.

Figure 16. A) The controlled association of a SAv-coated Au NP with a
ss-DNA template by means of the hybridization of a biotinylated ss-
DNA with the template DNA. B) AFM image of a DNA strand with Au
NPs that are specifically bound to the template through biotin–SAv
interactions. (Part B is adapted from Ref. [175], with permission).

Figure 17. Electrostatic deposition of CdS NPs on a DNA chain at the air/
water interface by using the Langmuir–Blodgett technique.
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Several other methods were reported to generate DNA–
semiconductor (or metal) hybrid nanostructures on surfaces.
The circular plasmid ds-DNA pUCLeu4 (3455 base pairs) was
treated with Cd2+ ions, and the resulting Cd2+/DNA complex
was adsorbed by spin-coating onto a polylysine-coated glass
slide. The complexed Cd2+ ions were treated with S2� ions to
yield CdS, and electron microscopy images revealed the
formation of CdS NPs that followed the circular shape of the
DNA template.[177] In another example, Au NPs capped with
positively charged lysine were deposited onto a surface that
was coated with a thick, negatively charged DNA film.[178,179]

Electrostatic interaction between the positive charges asso-
ciated with the Au NPs and the negatively charged phosphate
groups of the DNA template led to the assembly of the
nanoparticles into linear superstructures. The DNA, which
are locked into a fairly rigid structure prior to the addition of
the lysine-capped Au NPs, are rendered mobile owing to
solvation during the addition of the solution of NPs to the
surface of the DNA film. This process facilitates reorganiza-
tion into highly regular linear NP superstructures during
electrostatic complexation. Visualization by means of AFM
and STM of the surface-confined DNA can be greatly
improved through the addition of complementary-DNA-
functionalized Au NPs. These latter particles introduce not
only clearly visible Au clusters associated with the DNA that
lies on the surface, but can also change the orientation of the
long DNA molecules at the surface to produce tethered,
rather than flat-lying, DNA chains.[180] Both of these effects
can ease the visualization of DNA molecules at surfaces.

Negatively charged DNA molecules can form complexes
with positively charged metal ions that are later reduced to
the metallic state to produce a metal wire across the DNA
template. For example, upon reduction of Pd2+ cations loaded
on a DNA template, nanoscale Pd clusters formed on the
DNA.[181] Depending on the duration of the reduction process,
either well-separated Pd clusters or a quasi-continuous Pd
wire with a grainlike structure could be produced.

A system which utilizes DNA that cross-links into a
continuous network has been investigated in an attempt to
improve structural control over a longer distance (Fig-

ure 18A).[182] Three types of oligonucleotides were used: 40,
41, and 42. Oligonucleotide 40 had a sequence of 17 bases, and
its 3’ end was modified with a thiol group (5’-GTAAAAC-
GACGACGGCCAGT-SH-3’). The 57-base oligonucleotide
41 included a central sequence complementary to 40 and side
sequences of alternating A and T bases. Oligonucleotide 42
was a 50-base poly(dA-dT) (poly(deoxyadenylic acid–deox-
ythymidylic acid)) that forms a network structure and is
hybridized upon contact with 41. All three oligonucleotides
were mixed with 5-nm Au NPs. The resulting network was
adsorbed onto a mica surface, and the surface was probed by
AFM (Figure 18B). These images resembled a nanocircuit
that lacked organization and direct contact between the Au
NPs. To construct real microsized DNA-templated wires,
microwires prepared by electrochemical metal deposition in a
porous alumina membrane were bound to thiolated DNA
molecules and were treated with a solid support functional-
ized with a complementary DNA oligonucleotide.[183] The
hybridization process between the surface-confined DNA and
the DNA linked to the microwires yielded ds-DNA bridges
that bound the microwires to the surface. It should be noted
that in this case, the DNAmolecules were used as “molecular
glue” to bind microsized predesigned wires to the surface
instead of individual nanoparticles which provides a signifi-
cant advance to microscale circuitry.

Another approach to the directed placement of nano-
particles on solid supports by means of DNA is based on the
micropatterning of a surface with DNA molecules. This
approach provides the specific binding of complementary-
DNA-functionalized NPs at specific domains of the pattern.
An amine derivative of an oligonucleotide was deposited in a
pattern onto a chemically modified glass surface by a
nanoliter dispensing device and was then covalently bound
to the surface.[184] Au NPs (34 nm) functionalized with a
complementary oligonucleotide were then treated with the
DNA-patterned surface to yield a Au NP pattern that
followed the shape of the DNA pattern. Even more precise
placement of Au NPs was demonstrated by the “dip-pen
nanolithography” method, which was applied for the pattern-
ing of the addressable primary DNA on a surface.[185] Two
types of amine-functionalized DNA oligonucleotides
TCTCAACTCGTAA10 (43) and A10CGCATTCAGGAT
(44) were deposited and then covalently bound to a gold
surface that was functionalized with 1,16-mercaptohexadeca-
noic acid (Figure 19A). The deposition was performed in two
sequential steps to yield a pattern that was composed of spots
of both oligonucleotides. This primary pattern was treated
with an oligonucleotide of sequence TACGAGTTGA-
GAATCCTGAATGCG (45), which was composed of two
domains—one was complementary to 43 and the other was
complementary to 44. The resulting DNA-functionalized
surface provided addressable complementary DNA chains
for two kinds of DNA-functionalized Au NPs: 43–Au (13 nm)
and 44–Au (31 nm) particles. A pattern was observed on the
DNA-functionalized surface by AFM: 43–Au NPs were
specifically bound to the spots of 44/45, and 44–Au NPs
were bound to the spots of 43/45 that were periodically
located on the solid support (Figure 19B). A similar proce-
dure was used to pattern a surface with functionalized AuNPs

Figure 18. A) The 2D assembly of Au NPs by using a DNA-based
method: a) A gold NP is attached to oligonucleotide 40 through a Au–
thiol interaction; b) The oligonucleotide 40 is hybridized with oligonu-
cleotide 41, which possesses a complementary base sequence; c) The
components are incorporated into a DNA network that consists of
oligonucleotide 42. B) AFM image of the resulting 2D Au NP–DNA
network. (Adapted from Ref. [182], with permission).
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by direct-write dip-pen nanolithography based on antigen–
antibody specific recognition.[186]

Multilayers of nanoparticles can be assembled on solid
supports by utilizing DNA complementarity.[187] For this
purpose, a glass surface was functionalized with a monolayer
of an oligonucleotide, 46, and then the surface was treated
with an oligonucleotide, 47, which was composed of two
domains—one domain was complementary to 46, whereas the
second provided complementarity for 48. Au nanoparticles
(13 nm) that were functionalized with oligonucleotide 48
were then added to yield a monolayer of ds-DNA (ds-47/48)
attached to the Au NPs (Figure 20A). As many of the DNA
chains (48) around the Au NP are not treated with the
surface-confined DNA 47, they can be reacted with further
complementary domains of oligonucleotide 47 to provide
binding sites for 46. A second type of Au NP modified with
the oligonucleotide 46 was treated with this first layer
assembly to result in a second layer of Au NPs. The repetitive
stepwise deposition of Au NPs functionalized with the
oligonucleotides 46 and 48 resulted in a multilayer assembly
of Au NPs. Each hybridized Au NP layer imparted a deeper
red color onto the substrate. This method could allow the
layer-by-layer deposition of different (sizewise or in chemical
nature; e.g. Ag, CdS, CdSe) types of nanoparticles.

A similar approach was applied to construct a multilayer
of CdS NPs (2.6 nm) on a glass support (Figure 20A).[188] The
absorbance and the intensity of the fluorescence emission of
the multilayer structure of the NPs increased as the number of
layers of the nanoparticles increased (Figure 20B and C).
Gold NPs functionalized with several different thiolated
oligonucleotides provided complementarity for more than
one DNA sequence.[189] These multioligonucleotide-function-
alized Au NPs were applied to address DNA arrays, which
were modified with oligonucleotide libraries to allow the
simultaneous sensing of many DNA analytes and to construct

nanoparticle multilayers that were bound to a solid support
and cross-linked by various oligonucleotides.[189a] Also, Au
NPs which were functionalized with two different oligonu-
cleotides were used as building blocks that contained two
independently addressable DNA sequences: one of the
sequences was utilized for attaching the Au NPs at the solid
support, whereas the other sequence was used to establish
lateral cross-links between the adjacently immobilized
NPs.[189b] AFM analyses proved the functionality of the
interparticle cross-links that led to the enhanced surface
coverage of the monolayered DNA–Au NP assembly
attached to the solid support. The methods for the assembly
of nanoparticle layers on surfaces may be expanded to other
nanoparticles and have important implications in the design
of active electronic, photonic, and photoelectrochemical
sensors (see Sections 6.2 and 6.3).

6. Functional Biomolecule–Nanoparticle Structures
on Surfaces for Application as Sensors

The unique properties of nanoparticles render biomole-
cule–nanoparticle conjugates attractive labels for applications
as sensors. The optical and electronic sensing of biomaterials
on surfaces is a common practice in analytical biochemistry.
Thus, the immobilization of biomolecule–NP conjugates on
surfaces provides a general route for the development of
optical or electronic biosensors. Metal NPs such as Au or Ag
NPs exhibit plasmon absorbance bands in the visible spectral

Figure 19. A) The use of dip-pen lithography and DNA to produce a
predesigned multinanoparticle pattern. B) AFM image of the assembly,
which consists of large and small nanoparticles (scale bar=1 mm).
(Part B is adapted from Ref. [185], with permission).

Figure 20. A) The use of DNA as a linker to construct nanoparticle
multilayers on surfaces. B),C) The absorbance and the fluorescence
spectrum, respectively, of the CdS NP multilayer assemblies: a)–d) 1
to 4 layers. (Parts B and C are adapted from Ref. [188], with permis-
sion).
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region that are controlled by the size of the respective
particles. Numerous studies on the labeling of bioassays and
the staining of biological tissues by metal particles as a means
to image and visualize biological processes have been
reported.[190] The spectral shifts which originate from adjacent
or aggregated metal nanoparticles, such as Au NPs,[139–141] are
of increasing interest in the development of optical biosensors
based on biomolecule–NP hybrid systems. As an example,
NPs that were functionalized with two kinds of nucleic acid,
which were complementary to two segments of an analyzed
DNA, were hybridized with the analyzed DNA. This led to
the aggregation of the NPs and to the detection of a red-
shifted interparticle plasmon absorbance of the nanoparticle
aggregate.[69a]

An alternative approach for the optical detection of
biorecognition processes that involved the use of metallic NPs
as local quenchers of the fluorescence of dyes was reported. In
a DNA molecular beacon, which was terminated at its ends
with a Au NP and a dye, intramolecular quenching of the dye
fluorescence persists. Opening of the DNA molecular beacon
by hybridization with an analyte DNA molecule led to the
regeneration of the fluorescence of the dye because of the
spatial separation of the nanoparticle and dye units.[105]

Similarly, semiconductor NPs exhibit size-dependent tunable
fluorescence. Their favorable properties—high fluorescence
quantum yields, their photostability, and their tunable fluo-
rescence bands—evoked substantial research efforts for the
application of semiconductor NPs as fluorescence labels for
biorecognition processes.[75]

The extensive use of metal and semiconductor NPs in
biosensing applications suggests that the unique catalytic or
photoelectrochemical properties of the NPs could be used to
develop electronic biosensors.[191] The catalytic electroless
deposition of metals on biomolecule–NP hybrid labels could
be used to generate conductive domains and surfaces, and the
conductivity properties of the systems may then transduce the
biosensing processes.[156] Functionalized NPs are extensively
used in bioelectroanalytical chemistry.[192] Also, the localized
plasmon of metal NPs, which act as bioconjugate labels, may
interact with the surface plasmon of a gold support[193] to
result in the amplification of the biorecognition events that
occur on the surface. Furthermore, charging of the NPs
through biological transformations may lead to a perturbation
of the surface plasmon resonance (SPR) spectra. These
effects may then be utilized to develop new transduction
methods for the signals that originate from the biotransfor-
mations at interfaces. The following sections address the
recent advances in the application of biomolecule–nano-
particle conjugates as active components in bioelectronic and
biosensing systems.

6.1. Bioelectronic Systems Based on Nanoparticle–Enzyme
Hybrids as Sensors

The electrical contacting of redox enzymes with electro-
des is a key process in the design of enzyme electrodes for
bioelectronic applications such as biosensors[162,165,194] or
biofuel-cell elements.[167] Redox enzymes usually lack direct

electrical communication with electrodes,[165] but the electri-
cal contacting of redox proteins with electrodes has been
reported by the application of diffusional electron media-
tors,[195] the tethering of redox-relay groups to the protein,[196]

or the immobilization of the enzymes in redox-active
polymers.[163, 197] Relatively inefficient electrical contacting of
the enzymes with the electrode is observed because of the
nonoptimal modification of the enzymes by the redox
units,[196f] or the lack of appropriate alignment of the enzymes
with respect to the electrode. On the other hand, very
efficient electrical communication between redox proteins
and electrodes was observed upon the reconstitution of apo-
enzymes on relay cofactor monolayers associated with
electrodes.[198–200] Apo-glucose oxidase was reconstituted on
a relay FAD (flavin adenine dinucleotide) layer,[198, 199a] and
apo-glucose dehydrogenase was reconstituted on a pyrrolo-
quinoline quinone (PQQ)-modified polyaniline film that was
associated with an electrode.[199b] Effective electrical commu-
nication between the redox centers of the biocatalysts and the
different electrodes was observed, and high-turnover elec-
tron-transfer rates from the redox sites to the electrodes were
noted. The effective electrical contacting of these redox
enzymes was attributed to the alignment of the proteins on
the electrodes and to optimal positioning of the intermediary
electron-relay units between the redox centers of the enzyme
and the electrode.

Biocatalytic electrodes for biosensor applications have
been prepared by the codeposition of redox enzymes/proteins
and Au nanoparticles on electrode supports.[201, 202] In one
example, direct electron transfer between hemoglobin and a
glassy carbon electrode was facilitated by lipid-protected Au
NPs.[202] The biocatalytic electrodes were reported to operate
without electron-transfer mediators. However, the random
and nonoptimized positioning of the redox proteins on the
conductive NPs did not allow efficient electron transfer
between the active sites of the enzyme and the electrode
support. Highly efficient electrical contacting of the redox
enzyme glucose oxidase (GOx) through a single Au NP was
demonstrated by the reconstitution of the apo-flavoenzyme,
apo-glucose oxidase (apo-GOx), on a 1.4-nm Au55 nano-
particle that was functionalized with N6-(2-aminoethyl)flavin
adenine dinucleotide (FAD cofactor, amine derivative; 49).
The resultant conjugate was assembled on a thiolated
monolayer by using different dithiols as linkers (50–52,
Figure 21A).[203] Alternatively, the FAD-functionalized Au
NP could be assembled on a thiolated monolayer associated
with an electrode, and apo-GOx could be subsequently
reconstituted on the functional NPs (Figure 21B). The
enzyme electrodes prepared by these two routes reveal
similar surface coverages of about 1 N 10�12 molcm�2 of the
protein. The nanoparticle-reconstituted glucose oxidase layer
was found to be electrically contacted with the electrode
without any additional mediators, and the enzyme assembly
stimulated the bioelectrocatalyzed oxidation of glucose
(Figure 21C). The resulting nanoparticle-reconstituted
enzyme electrodes revealed unprecedented efficient electri-
cal communication with the electrode (electron-transfer
turnover rate � 5000 s�1). This electrical contacting renders
the enzyme electrode insensitive to oxygen or to common
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oxidizable agents such as ascorbic acid. The rate of electron
transfer from the enzyme active center through the Au NP is
limited by the structure of the dithiol molecular linker that
bridges the particle to the electrode. The conjugated benzene
dithiol 52 was found to be the most efficient electron-
transport unit among the linkers 50–52. The application of
effective molecular wires such as oligophenylacetylene units
could further improve the efficiency of electrical contacting
processes.

Whereas the previous system employed the metal nano-
particle as a nanoelectrode to electronically link the enzyme

redox site to the macroscopic electrode, one may also
use enzyme–nanoparticle hybrid systems, in which the
product generated by the biocatalytic process activates
the functions of the NP. This has recently been demon-
strated by tailoring an acetylcholine esterase (AChE)–
CdS NP hybrid monolayer on a Au electrode, and
activation of the photoelectrochemical functions of the
NPs by the biocatalytic process.[204] The CdS–AChE
hybrid interface was assembled on a gold electrode by
the stepwise coupling of cystamine-functionalized CdS
to the electrode, and the secondary covalent linkage of
the enzyme AChE to the particles (Figure 22A). In the
presence of acetylthiocholine (53) as the substrate, the
enzyme catalyzes the hydrolysis of 53 to thiocholine (54)
and acetate. Photoexcitation of the CdS semiconductor
yields an electron–hole pair in the conduction band and
the valence band, respectively. The enzyme-generated
thiocholine (54) acts as an electron donor for valence-
band holes. The scavenging of the valence-band holes
results in the accumulation of the electrons in the
conduction band and their transfer to the electrode with
the generation of a photocurrent, which is controlled by
the concentration of the substrate (Figure 22,B and C).
The addition of enzyme inhibitors such as 1,5-bis(4-
allyldimethylammoniumphenyl)pentan-3-one dibro-
mide (55) blocks the biocatalytic functions of the
enzyme and, as a result, inhibits the photocurrent
formation in the system (Figure 22D). Thus, the hybrid
CdS–AChE system provides a functional interface for
the sensing of the AChE inhibitors by means of photo-
current measurements and is thus applicable to the
analysis of chemical warfare. A similar system that was
composed of photoactivated CdS NPs and coimmobi-
lized formaldehyde dehydrogenase, which utilizes form-
aldehyde as an electron donor, has been reported.[205] In
this hybrid system, the direct electron transfer from the
active center of the enzyme to the photogenerated holes
of the CdS was possible, and the steady-state photo-
current signal in the system was reported to be directly
related to the substrate concentration.

6.2. Bioelectronic Systems Based on Nanoparticles as
Sensors of Biorecognition Events

The unique optical,[206] photophysical,[7a] elec-
tronic,[6,207] and catalytic[208] properties of metal and
semiconductor nanoparticles render them ideal labels

for biorecognition and biosensing processes. For example, the
unique plasmon absorbance features of Au NPs and, specif-
ically, the interparticle-coupled plasmon absorbance of con-
jugated particles have been widely used for DNA[209] and
antibody–antigen[210] analyses. Similarly, the tunable fluores-
cence properties of semiconductor NPs were used for the
photonic detection of biorecognition processes.[21a,75] Also,
electrochemical methods were used to monitor NP labels
bound to biomolecules. Differential pulse voltammetry sig-
nals (� 1.2 V), which correspond to the oxidation of Au NP

Figure 21. The electrical “wiring” of glucose oxidase (GOx) by apo-enzyme
reconstitution with a gold nanoparticle that is functionalized with a single
FAD cofactor unit. A) Reconstitution of apo-GOx performed prior to the
adsorption of the assembly onto a dithiol-modified Au electrode. B) Adsorp-
tion of the Au–FAD conjugate onto a dithiol-modified Au electrode followed
by the reconstitution of apo-GOx at the interface. C) Calibration plot of the
electrocatalytic current developed by the reconstituted GOx electrode in the
presence of different concentrations of glucose.
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labels that are connected to the target DNA molecules, were
applied for the electrochemical analysis of DNA.[211]

Metal and semiconductor NPs coupled to biomaterials
generate solubilized entities. The solubility of the biomole-
cule–NP structures allows washing procedures to be per-
formed on surfaces that contain a sensing interface, and thus
nonspecific adsorption processes can be eliminated. Also,
even nanoscale particulate clustered systems include many

atoms/molecules in the clusters. The specific capturing of
biomolecule–nanoparticles on the respective sensing inter-
faces allows the secondary dissolution of the captured nano-
particles and thus enables the amplified detection of the
respective analyte by the release of many ions/molecules as a
result of a single recognition event.

Most of the detection schemes employed until now have
commonly relied on a highly sensitive electrochemical strip-
ping transduction/measurement of the metal tracer. Stripping
voltammetry is a powerful electroanalytical technique for
trace-metal measurements.[212] Its remarkable sensitivity is
attributed to the “built-in” preconcentration step, during
which the target metals are accumulated (plated) onto the
working electrode. The detection limits are thus lowered by
3–4 orders of magnitude compared to pulse-voltammetric
techniques, which were used earlier to monitor DNA hybrid-
ization. Such ultrasensitive electrical detection of metal tags
has been observed with a variety of novel DNA-linked
particle nanostructure networks. The clustered systems could
be loaded with additional markers, including redox-active
moieties. Silica nanoparticles loaded with tris(2,2’-bipyridyl)-
cobalt(iii)[213] or Au NPs functionalized with tethered ferro-
cene units[214] were applied for the labeling of DNA and for
the further electrochemical detection of DNA on the basis of
redox processes of the redox-active complex units.

Powerful nanoparticle-based electrochemical DNA-
hybridization assays were developed using Au, Ag, Cu, or
In metal tracers.[215–219] Such protocols have relied on captur-
ing the gold,[215,216] silver,[217] or Cucore/Aushell

[218] NPs, or In
nanorods[219] on the hybridized target followed by anodic
stripping electrochemical measurement of the metal tracer.
Immobilization of the probe or the target has been performed
directly on carbon or indium–tin oxide (ITO) electro-
des.[220, 221] Alternatively, the DNA probe was linked to
streptavidin-coated magnetic beads[215] or adsorbed onto the
walls of polystyrene microwells.[216] The DNA-functionalized
beads were collected on an electrode surface, and picomolar
levels of the DNA target were electrochemically detected. An
electrochemical method was employed for the Au NP-based
quantitative detection of the 406-base human cytomegalo-
virus DNA sequence (HCMV DNA).[216] The HCMV DNA
was immobilized on a microwell surface and hybridized with
the complementary oligonucleotide-modified Au NP. The
resulting surface-immobilized Au NP–ds-DNA assembly was
treated with HBr/Br2 which resulted in the oxidative disso-
lution of the gold particles. The solubilized Au3+ ions were
then electrochemically reduced and accumulated on the
electrode, and the Au was subsequently determined by
anodic stripping voltammetry by means of a sandwich-type
screen-printed microband electrode (SPMBE). The combi-
nation of the sensitive detection of Au3+ ions at the SPMBE
(owing to nonlinear mass transport of the ions) and the
release of a large number of Au3+ ions upon the dissolution of
the particles associated with a single recognition event
provides an amplification path: the HCMV DNA was
detected at a concentration of 5 N 10�12m. The sensitivity
was further enhanced by the catalytic growth of the gold
tracer, which was associated with the double-stranded DNA
assembly, by the deposition of gold[215] or silver.[222] Combining

Figure 22. A) Assembly of the CdS NP–AChE hybrid system for the photo-
electrochemical detection of enzyme activity (h=hole). B) Photocurrent
action spectra observed in the presence of acetylthiocholine (53):
a) 0 mm, b) 6 mm, c) 10 mm, d) 12 mm, e) 16 mm, and f) 30 mm. C) Cali-
bration curve of the photocurrent at l =380 nm at variable concentrations
of 53. D) Photocurrent spectra for the CdS–AChE system in the presence
of 53 (10 mm): a) in the absence of inhibitor 55, b) upon addition of the
inhibitor 55 (1M10�6m), and c) after rinsing the system, exclusion of the
inhibitor, and addition of 53 (10 mm).
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such growth of the metal-particle tags with the effective
“built-in” amplification of electrochemical stripping analysis
paved the way to subpicomolar detection limits.

An electrochemical protocol for the detection of DNA
hybridization that is based on the deposition of metal clusters
along the DNA backbone rather than attaching them at the
end of the duplex was described recently.[223] This protocol
relies on the DNA-template-induced generation of conduct-
ing nanowires as a result of DNA hybridization. The use of
DNA as a metallization template[224] has evoked substantial
research activity directed towards the generation of conduc-
tive nanowires and the construction of functional cir-
cuits.[181,225–227] Such an approach was applied to grow
silver,[225,226] palladium,[181] or platinum[227] clusters on DNA
templates. Aspects of the methods used to generate metal
nanocircuitry from DNA templates were adapted to develop
DNA detection schemes as outlined in Figure 23. The short
DNA primer 56 which is attached to the electrode hybridizes
with the target DNA 57 (step a). The phosphate groups
associated with the long target DNA 57 collect Ag+ ions from
the solution by electrostatic interaction (step b). The bound
Ag+ ions are then reduced by hydroquinone which results in
the formation of metallic silver aggregates along the DNA
(step c). The subsequent dissolution and stripping electro-
chemical detection of the nanoscale silver clusters (step d)
thus allows detection of the hybridized DNA. It should be
noted, however, that the short DNA primer might also bind
someAg+ ions which would yield a background response. The
background signal could be avoided and the sensitivity
provided by this method could be improved upon application
of peptide nucleic acids (PNA), which lack phosphate groups
and thus do not bind Ag+ ions, as the primer for the
hybridization of the target DNA.

The catalytic features of metal NPs that enable the
electroless deposition of metals on the NP clusters allows the
enlargement of the particles to conductive interparticle-
connected entities. The formation of conductive domains as
a result of biorecognition events provides then an alternative
path for the electrical transduction of biorecognition events.
This was exemplified by the design of a miniaturized
immunosensor based on Au NPs and their catalytic properties
(Figure 24A).[228] Latex particles which were stabilized by an
anionic protective layer were attracted to a gap between
micron-sized Au electrodes upon the application of a nonuni-
form alternating electric field between the electrodes (dielec-
trophoresis). Removal of the protective layer from the latex
particles by an oppositely charged polyelectrolyte resulted in
the aggregation of the latex particles and their fixation in the
gap domain. Adsorption of protein A on the latex surface
yielded a sensing interface for the specific association of the
human immunoglobulin (IgG) antigen. The association of
human IgG on the surface was probed by the binding of the
secondary Au NP-labeled antihuman IgG antibodies to the
surface, followed by the catalytic deposition of a layer of silver
on the Au NPs. The silver layer bridged the gap between the
two microelectrodes to result in a conductive “wire”. Typical
resistances between the microelectrodes were 50–70 W,
whereas control experiments conducted without the specific
catalytic enlargement of the domain by the Au NP–antibody

conjugate yielded resistances > 103 W. The method enabled
the analysis of human IgG with a detection limit of � 2 N
10�13m.

A related DNA detection scheme was developed by using
microelectrodes fabricated on a silicon chip (Figure 24B).[229]

A probe nucleic acid, 58, was immobilized on the SiO2

interface in the gap that separates the microelectrodes.[229a]

The target 27-mer nucleotide 59 was then hybridized with the
probe interface, and Au NPs that were functionalized with a
nucleic acid 60 were subsequently hybridized with the free 3’
end of the target DNA. The Au NPs catalyzed the reduction
of Ag+ ions by hydroquinone which resulted in the deposition

Figure 23. Outline of the steps involved in the amplified electrochemi-
cal detection of DNA by the deposition of catalytic silver clusters on
the DNA strand: A) Hybridization of the complementary target DNA
57 with the DNA probe 56, which is covalently linked to the electrode
surface through a cystamine monolayer; B) Loading of the Ag+ ions
onto the immobilized DNA; C) Reduction of Ag+ ions by hydroquinone
to form silver aggregates on the DNA backbone; D) Dissolution of the
silver aggregates in acidic solution, and transfer of the solution to the
detection cell for stripping potentiometric measurement (PSA=poten-
tiometric stripping analysis).
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of silver on the Au NP assembly and the decrease of the
resistance between the electrodes. Single-base mutants of the
analyte oligonucleotide 59 were washed away from the probe
nucleic acid 58 with a buffer of appropriate ionic strength. A
difference of 106 in the gap resistance was observed upon
analysis of the target DNA and its mutant by this method. The
low resistances between the microelectrodes were found to be
controlled by the concentration of the target DNA, and the
detection limit for the analysis was estimated to be � 5 N
10�13m. This sensitivity translates to � 1 mgmL�1 of human
genomic DNA or � 0.3 ngmL�1 of DNA from a small
bacterium. The sensitivity suggests that the DNA extracted
from pathogens may be analyzed with no pre-PCR (polymer-
ase chain reaction) amplification. Elsewhere, the hybridiza-
tion of DNAwas analyzed by capacitance measurements on a
chip.[229b] A collection of DNA targets was simultaneously
analyzed with a chip socket that included 42 electrode gaps
and appropriate different nucleic acid sensing probes between
the electrode gaps.[230]

The immobilization of nanoparticles on surfaces may also
be used to yield high-surface-area electrodes[231] and hence to
increase the hybridization capacity of the surface.[232] Such use
of NP supporting films relied on the self-assembly of 16-nm-

diameter Au NPs on a cystamine-modified gold electrode and
resulted in surface densities of oligonucleotides as high as 4 N
1014 molecules per cm�2. The detection of the ferrocenecar-
boxaldehyde tag (conjugated to the target DNA) resulted in a
detection limit of 500 pm. The roughening of a Au–quartz
crystal with a monolayer of Au NPs was employed for the
enhanced microgravimetric analysis of DNA.[233] Similarly,
electrode surfaces roughened by the deposition of Au or SiO2

NPs were employed as platforms for enhanced immunoassays
that used microgravimetric, impedimetric, or amperometric
readout signals.[234]

Efficient methods for the preparation of semiconductor
NPs (e.g. CdS, CdSe, PbS, ZnS) and their functionalization
with biomolecules were recently developed.[235] These NPs
were applied as labels of biomaterials in biorecognition
processes such as DNA sensing. For instance, CdS semi-
conductor NPs that were modified with nucleic acids were
employed as tags for the detection of hybridization events of
DNA.[236] Dissolution of the CdS NPs (in the presence of 1m
HNO3), followed by the electrochemical reduction of the
Cd2+ to Cd0, which accumulates on the electrode, and the
removal of the generated Cd0 (as Cd2+) provided the electrical
signal for the DNA analysis. Figure 25A shows the chrono-

Figure 24. A) Immunosensing at microsized Au electrodes by the
change of conductivity between the Au strips upon the binding of Au
NPs and the deposition of silver. B) The use of a DNA–NP conjugate
and the deposition of silver to connect two microelectrodes and sense
a DNA analyte. (Part A is adapted from Ref. [7a], with permission).

Figure 25. A) Stripping potentiograms measured upon the sensing of
different concentrations of DNA that are bound to magnetic particles
and labeled with CdS NPs: a) 0.2, b) 0.4, and c) 0.6 mgL�1; d) Control
experiment with noncomplementary DNA (0.6 mgL�1). B) Multitarget
electrochemical DNA detection with different nanocrystal labels:
a) Introduction of probe-modified magnetic beads; b) Hybridization
with the DNA targets; c) Second hybridization with the NP-labeled
probes; d) Dissolution of the NPs and the electrochemical detection.
C) Stripping voltammogram recorded upon the simultaneous analysis
of three different 60-mer DNA targets (T1–3; 54 nm each), which are
related to the BRCA1 breast cancer gene. The DNA molecules are
labeled with ZnS NPs (T1), CdS NPs (T2), and PbS NPs (T3). (Part A
is adapted from Ref. [236]; Parts B and C are adapted from Ref. [237],
with permission; Copyright American Chemical Society, 2003).
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potentiograms that result from the analysis of different
concentrations of the complementary target DNA by using
the CdS NPs as tags. A further development has been the use
of magnetic particles, which are functionalized with the
sensing nucleic acid, and CdS NPs, which are functionalized
with the complementary oligonucleotide, as labels. The
hybridization of the complementary nucleic acids allowed
the separation of the duplex from the reaction mixture and
the determination of its concentration on the electrode
surface followed by the electrochemical detection. Electroless
deposition of Cd0 onto CdS NPs allowed their enlargement
and, thus, a further amplification of the electrochemical signal
to result in a sensitivity level as low as 100 fmol of the analyte
DNA.

An interesting aspect of these systems is, however, the
future possibility of a combination of different metal or
semiconductor tags, which are linked to different nucleic
acids, for the simultaneous high-throughput analysis of differ-
ent DNA targets that are linked to different magnetic beads.
By this approach,[237] different nucleic acid probes that are
complementary to a series of DNA targets are linked to
different magnetic particles. Similarly, different semiconduc-
tor- or metal-NP tags, which were complementary to seg-
ments of the series of the target DNAs, were used as
amplifying detection units for the primary hybridization
process. The hybridization of the nucleic acid functionalized
semiconductor or metal particle to the specific DNA targets
followed by the dissolution of the NPs and the electro-
chemical accumulation and removal (stripping off) of the
metals enables the determination of the specific DNA targets
that are present in the sample. That is, the characteristic
potentials needed to strip off the metal provide electro-
chemical indicators for the nature of the analyzed DNA. A
model system that follows this principle was developed[237] in
which three kinds of magnetic particles modified with three
different nucleic acids, 61a–c, were hybridized with the
complementary analyte nucleic acids, 62a–c. The particles
were subsequently hybridized with three different kinds of
semiconductor NPs, ZnS, CdS, and PbS, that were function-
alized with nucleic acids, 63a–c, which were complementary
to the free ends of the analyte DNA molecules (Figure 25B).
The magnetic particles allow easy transportation and purifi-
cation of the analyte sample, whereas the semiconductor
particles provide nonoverlapping electrochemical signals that
transduce the specific kind of hybridized DNA. Stripping
voltammetry measurements of the metals that originated
from the semiconductor NPs yielded well-defined and well-
resolved stripping peaks at �1.12 V (Zn), �0.68 V (Cd), and
�0.53 V (Pb; all versus Ag/AgCl reference electrode) that
allow the simultaneous electrochemical analysis of several
DNA analytes that are tagged with the semiconductor NP
labels. Figure 25C depicts the stripping voltammograms for a
solution that contains three DNA samples that are labeled
with the ZnS, CdS, and PbS NP tracers, respectively. The
functionalization of the nanocrystal tags with thiolated
oligonucleotide probes offered the voltammetric signature
with distinct electrical hybridization signals for the corre-
sponding DNA targets. The position and size of the resulting
stripping peaks provided the desired identification and

quantitative information, respectively, of a given target
DNA molecule. The multitarget DNA detection was com-
bined with the amplification feature of stripping voltammetry
to yield femtomolar detection limits and an efficient magnetic
removal of nonhybridized nucleic acids to offer high sensi-
tivities and selectivities. Up to 5–6 targets can thus be
measured simultaneously in a single run in connection with
ZnS, PbS, CdS, InAs, and GaAs semiconductor particles. The
performance of parallel assays in microwells of microtiter
plates or by using multichannel microchips in which each
microwell or channel carries out multiple measurements
could thus lead to a high-throughput analysis of DNA.

The amplification paths for the electrochemical analysis
of DNA that were discussed in the previous sections have
employed a single reporter unit, such as a metal or semi-
conductor NP, per hybridization event. To further enhance the
sensitivity of DNA detection, it is possible to load multiple
tags per binding event[238,239] by linking the biorecognition
units to polymeric microbeads, which carry multiple redox
tracers in external positions (on their surface) or internal
positions (through encapsulation). A triple-amplification
bioassay that couples the carrier-sphere amplifying units
(loaded with numerous gold NP tags) with the “built-in”
preconcentration feature of the electrochemical stripping
detection and the catalytic enlargement of the multiple gold
particle tags was demonstrated (Figure 26A).[238a] The gold-
tagged beads were prepared by binding biotinylated Au NPs
to streptavidin-coated polystyrene spheres. These beads were
functionalized with a single-stranded oligonucleotide, which

Figure 26. A) The amplified detection of DNA by using nucleic acid–
Au NP-functionalized beads as labels and electroless catalytic deposi-
tion of gold on the NPs as a means of amplification: a) Hybridization
of the nucleic acid–Au NP-functionalized beads with the target DNA,
which is associated with a magnetic bead; b) The enhanced catalytic
deposition of gold on the NPs; c) Dissolution of the gold clusters;
d) The detection of the Au3+ ions by stripping voltammetry. B) The
amplified detection of DNA with polystyrene beads, which are loaded
with a ferrocene redox marker 64.
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was further hybridized with a complementary oligonucleotide
that was linked to a magnetic particle (Figure 26A, step a).
The numerous Au NP labels associated with one ds-oligonu-
cleotide pair were enlarged by the electroless deposition of
gold (Figure 26A, step b) and transported to the electrode
array with the use of the magnetic particle. Then, the Au
assembly was dissolved upon treatment with HBr/Br2 and
electrochemically analyzed by using the electrochemical
deposition/stripping procedure (Figure 26A, steps c and d).
Such a triple-amplification route offered a dramatic enhance-
ment of the sensitivity. In another approach, carbon nano-
tubes that were loaded with many CdS NPs were employed as
labels for DNA hybridization.[238b] Dissolution of the bound
CdS NPs in 1m HNO3 solution followed by the electro-
chemical detection of the released Cd2+ ions provided an
amplified signal for the hybridization event.

The internal encapsulation of electroactive tags within
carrier beads offers an alternative means to label the probes
and it might offer some advantages relative to the external
labeling of the probes by nanoparticles. Ultrasensitive elec-
trical DNA detection based on polystyrene beads impreg-
nated with ferrocenecarboxaldehyde (64) as a redox marker
(Figure 26B) was recently reported.[239a] The probe DNA 65
was linked to magnetic particles, whilst the polystyrene beads
were functionalized with the complementary nucleic acid 66,
and the conjugates were then hybridized with the nucleic acid
modified magnetic particles. Collection of the hybridized
system and dissolution of the beads in an organic solvent
released the immobilized redox label 64. This allowed the
chronopotentiometric detection of the target DNA with a
sensitivity of 5.1 N 10�21 mol (~ 31000 molecules) under exper-
imental conditions that involved hybridization during
20 minutes and dissolution of the modified beads in an
organic medium to “release” the marker. The amplified
electrochemical readout signal was observed with the remark-
able discrimination of a large excess (107-fold) of noncom-
plementary nucleic acids to highlight the analytical advan-
tages of this sensing process. Further efforts were directed to
encapsulate different redox-active NPs (ZnS, GaAs, CdS,
InAs, and PbS) in polystyrene host beads to provide libraries
with electrochemically readable encoding to allow parallel
multitarget DNA detection.[239b] Other marker-encapsulation
routes hold great promise for electrical DNA detection.
Particularly attractive are the recently developed nanoencap-
sulated microcrystalline particles prepared by the layer-by-
layer technique which offer large marker/biomolecule ratios
and superamplified bioassays.[240] Related analytical proce-
dures that combined multiple amplification pathways based
on enzyme-functionalized liposomes and the accumulation of
the biocatalytic reaction product were reported as ultra-
sensitive DNA assays.[241] Such bioassays relied on the large
surface area of the liposomes that carry a large number of
enzyme molecules; the accumulated product was detected by
means of chronopotentiometry.

The photoelectrochemical transduction of DNA recogni-
tion processes has been demonstrated by using semiconductor
(CdS) nanoparticles modified with nucleic acids.[188] Semi-
conductor CdS NPs (2.6� 0.4 nm) were functionalized with
one of the two thiolated nucleic acids 67 or 68 that are

complementary to the 5’ and 3’ ends of a target DNA
molecule, 69. An array of CdS NP layers was then constructed
on a Au electrode by a layer-by-layer hybridization process
(Figure 27A). A primary thiolated DNAmonolayer of 68 was
assembled on a Au electrode, and the target DNA 69was used
as a cross-linking unit for the association of the 67–CdS NPs
to the electrode. The subsequent association of the CdS
nanoparticles that were functionalized with 68 and hybridized
with 69 resulted in the second generation of CdS particles. By
the stepwise association of the two different kinds of nucleic
acid functionalized CdS NPs with 69, an array with a
controlled number of nanoparticle generations could be
assembled on the electrode. This array was characterized by
absorbance and fluorescence spectroscopy upon the assembly
of the array on glass supports (as in Figure 20, parts B and C),
and by microgravimetric quartz crystal microbalance analyses
on Au–quartz piezoelectric crystals. Illumination of the array
resulted in the generation of a photocurrent. The photo-
currents increased with the number of generations of CdS
NPs associated with the electrode, and the photocurrent
action spectra followed the absorbance features of the CdS
NPs which implies that the photocurrents originated from the
photoexcitation of the CdS nanoparticles. That is, photo-
excitation of the semiconductor induced the transfer of
electrons to the conduction band and led to the formation
of an electron–hole pair. Transfer of the conduction-band
electrons to the bulk electrode and the concomitant transfer
of electrons from a sacrificial electron donor to the valence-
band holes yielded the steady-state photocurrent in the
system. The ejection of the conduction-band electrons into

Figure 27. A) The construction of CdS NP–DNA superstructures and
their use for the generation of photocurrents. B) Dendritic amplified
DNA sensing by the use of oligonucleotide-functionalized Au NPs,
which are assembled on a quartz crystal microbalance (QCM) elec-
trode.
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the electrode occurred from the NPs that were in intimate
contact with the electrode support. This was supported by the
fact that Ru(NH3)3

6+ units 70 (E0 =�0.16 V versus saturated
calomel electrode, SCE), which were electrostatically bound
to the DNA, enhanced the photocurrent from the DNA–CdS
array. In other words, the Ru(NH3)6

3+ units acted as electron-
wiring elements that facilitate the hopping of conduction-
band electrons fromCdS particles, which lack contact with the
electrode, through the DNA tether. The system is important
not only because it demonstrates the use of photoelectro-
chemistry as a transduction method for DNA sensing but also
as the system reveals the nanoengineering of organized DNA-
tethered semiconductor NPs on conductive supports. These
latter nanoengineered structures comprise the first step
towards electronic nanocircuitry (see Section 8.2).

Nanoparticles as components of metal NP–nucleic acid
hybrids represent high-molecular-weight units that render
these conjugates ideal labels for the analyses of biorecogni-
tion processes on the surfaces of piezoelectric crystals by
quartz crystal microgravimetry (QCM). Furthermore, as NPs
act as catalysts for the deposition of metals, even higher mass
changes may be stimulated and thus the microgravimetric
detection of biorecognition processes may be amplified. For a
quartz piezoelectric crystal (AT-cut), the crystal resonance
frequency changes by Df when a mass change Dm occurs on
the crystal according to the Sauerbrey equation, Equa-
tion (1),[242] in which f0 is the fundamental frequency of the
quartz crystal, Dm is the mass change, A is the piezoelectri-
cally active area, 1q is the density of quartz (2.648 gcm

�3), and
mq is the shear modulus (2.947N 1011 dyncm�2 for AT-cut
quartz).

Df ¼ �2 f 20
Dm

A ðmq 1qÞ1=2
ð1Þ

The microgravimetric (QCM) detection of DNA was
possible by using nucleic acid functionalized Au NPs as
“nanoweights”. A target DNA molecule 69 was hybridized to
a Au–quartz crystal that was modified with a probe oligonu-
cleotide 68. This was followed by the hybridization of the
interface with Au NPs that were functionalized with the DNA
67, which is complementary to the free 3’ segment of the
target DNA, 69 (Figure 27B).[243] Further amplification of the
response was reported by the use of a secondary Au NP that
was functionalized with the nucleic acid 68, which is
complementary to the 5’ segment of the target DNA 69 and
which enabled a layer-by-layer deposition of the Au NPs. The
hybridization of the 68--Au NPs with the analyzed DNA 69
followed by hybridization of the complex to the primary
nanoparticle layer yielded a “second generation” of Au
NPs—a process that is reminiscent of the growth of dendri-
mers.[243b,244] Concentrations of DNA as low as 1N 10�10m
could be detected by the amplification of the target DNA
by the nucleic acid functionalized Au NP labels. It has been
shown that the increase in the size of the Au NP labels from
10 nm up to � 40–50 nm results in an enhanced Df signal,
which increases the amplification factor of the DNA analy-
sis.[245] Further increase in the size of the Au NPs, however,
resulted in smaller changes in the microgravimetric signal

because of the incomplete hybridization of the DNA analyte
as a result of the labeling particles being too large.

A further method for the amplified microgravimetric
QCM analysis of DNA utilized catalytic metal deposition on
the NP labels.[246] Figure 28A depicts the amplified detection

of the 7249-base M13mp18 DNA by using the catalytic
deposition of gold on a AuNP conjugate.[247] The DNA primer
71 was assembled on a Au–quartz crystal. After hybridization
with M13mp18 DNA 72, the double-stranded assembly was
replicated in the presence of a mixture of nucleotides
(deoxynucleotide triphosphates, dNTP mix) that included
dATP, dGTP, dUTP, biotinylated dCTP (B-dCTP), and
polymerase (Klenow fragment). The resulting biotin-labeled
replica was then treated with a streptavidin–Au NP conjugate
73, and the resulting Au-labeled replica was subjected to the
Au NP-catalyzed deposition of gold by the NH2OH-stimu-

Figure 28. The catalytic depostition of gold on a Au NP conjugate for A) the
amplified detection of the 7249-base M13mp18 DNA, B) the analysis of a
single-base mismatch in DNA, and C) the microgravimetric detection of a
single-base mutant. The frequency responses in C) were observed with a
mutant DNA sequence (a) and with a normal DNA sequence (b). Arrows
indicate (1) the attachment of the SAv–Au conjugate and (2) the catalytic
deposition of gold on the Au NPs. (Adapted from Ref. [247]; Reproduced with
permission of the Royal Society of Chemistry).
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lated reduction of AuCl4
� . The replication process represents

the primary amplification step as it increases the mass
associated with the crystal and simultaneously generates a
high number of biotin labels for the association of the
streptavidin–Au NP conjugate. The binding of the conjugate
represents the secondary amplification step for the analysis of
M13mp18 DNA. The third step, which involves the catalyzed
precipitation of the metal, led to the greatest amplification in
the sensing process as a result of the increase in the mass of
the Au NPs. The M13mp18 DNA could be sensed by this
method with a lower detection limit of � 1 N 10�15m.

This means of amplification was also applied to the
analysis of a single-base mismatch in DNA as depicted in
Figure 28B. This was exemplified with the analysis of the
DNA mutant 74a, which differs from the normal gene 74 by
the substitution of a G base with an A base. The analysis of
the mutant was performed by the immobilization of the probe
DNA 75, which is complementary to the normal gene 74 as
well as to the mutant 74a (up to one base prior to the
mutation site), on the Au–quartz crystal. Hybridization of the
normal gene or the mutant with this probe interface, followed
by the reaction of the hybridized surfaces with biotinylated
dCTP (B-dCTP) in the presence of polymerase (Klenow
fragment) led to the incorporation of the biotin-labeled base
only into the assembly that included the mutant 74a. The
subsequent association of the SAv–Au conjugate 73 followed
by the catalyzed deposition of gold on the Au NPs amplified
the analysis of the single-base mismatch in 74a. Figure 28C,
curve a, shows the microgravimetric detection of the mutant
74a by this method, whereas the normal gene 74 does not
alter the frequency of the crystal (Figure 28C, curve b). With
this method, the mutant could be detected with a detection
limit of 5 N 10�13m.

6.3. Nanoparticle–Biomolecule Conjugates for Optical Sensing
and Analysis

Metal or semiconductor nanoparticles that are linked to
bioreceptors provide labeled conjugates that can be used to
optically follow the biorecognition events at biosensor
surfaces. Various optical methods have been employed to
detect the association of NPs on biochips, including the
scanometric detection of light scattering, surface plasmon
resonance spectroscopy, resonance-enhanced absorption by
NPs, nanoparticle fluorescence, and enhanced Raman scat-
tering. Although not limited, most of these detection schemes
have been applied in the detection of DNA.

In a typical setup for scanometric detection, a modified
glass slide was mounted on a microscope stage and was
illuminated in the plane of the slide with white light. In this
configuration, the slide served as a planar waveguide to
prevent any light from reaching the microscope objective by
total internal reflectance. Wherever NP probes were attached
to the surface, evanescently coupled light was scattered from
the slide and was observed as bright, colored spots. This
approach was used for the detection of Au NP-labeled DNA
molecules that were specifically bound to a DNA-function-
alized surface.[248] Enlargement of the Au NPs by the catalytic

reduction of silver ions and the deposition of silver metal on
the Au NPs resulted in a 100-fold amplification of the signal
and thus increased the sensitivity.[248a,d] Two different DNA
sequences could be detected at once when two Au NPs of
different sizes were used to label different oligonucleoti-
des.[248c] Spots with different colors, corresponding to the
primary association of two kinds of Au NPs, were detected on
the glass support when domains functionalized with different
DNA probes were treated with the corresponding comple-
mentary DNA labeled with Au nanoparticles of 50- and 100-
nm diameter. This method was used to detect single-base
mismatches in oligonucleotides, which were hybridized to
DNA probes that were immobilized at different domains of a
glass support.[248a] High analytical sensitivity was provided by
the deposition of silver, whereas the selectivity was demon-
strated by examination of the “melting” profiles of the spots:
the mismatched spot reveals a lower “melt” temperature
owing to its lower association constant. The melting proper-
ties of DNA-linked nanoparticle aggregates are affected by a
number of factors, which includes DNA surface density,
nanoparticle size, interparticle distance, and salt concentra-
tion.[249] A theoretical model that describes this process was
recently developed.[249a] The sharpness of the melting profile is
highly dependent on the size of the nanoparticle; with 50-nm
Au NPs, a melting transition of one degree was observed.[249b]

As the sharpness of the melting transition correlates directly
with the selectivity of the respective assay, this latter
observation points a way for greatly improving the selectivity
of DNA detection systems based on nanoparticles.

Ag NPs have similarly been used as antibody labels for the
detection of antigens. This setup provided high-enough
sensitivity to perform immunoassays based on single-target
detection.[250] A simple desktop flatbed scanner was used to
read out signals from the immunosensing surface upon
pesticide immunoassay with Au NP-labeled antibodies.[251]

Also, a low-cost image analyzer was used for a genomic
analysis to capture evanescent wave-induced light scatter
from silver-amplified Au nanolabels.[248d]

A real-time DNA detection method that utilizes single-
strand DNA-modified Au NP probes and micropatterned
chemoresponsive diffraction gratings interrogated simultane-
ously at multiple laser wavelengths was recently reported.[252]

The surface-bound NP-probe-based assay with the chemo-
responsive diffraction grating signal transduction scheme
resulted in a simple DNA detection protocol that combines
the high sensitivity and selectivity afforded by NP probes with
the experimental simplicity, wavelength-dependent resonant
enhancement features, and miniaturization potential of the
diffraction-based sensing technology.

Resonance enhancement of the optical absorptive proper-
ties of metal NPs upon biorecognition interactions was also
used as an effective means for biosensing.[253] Ag NPs were
used as a support for further biorecognition binding,[253b] or
metal NPs (Ag, Au, Pt) were employed as labels bound to the
sensing interface upon the biorecognition events.[253a] A good
agreement between the experimental observations and the
extended Mie theory provided a theoretical approach to the
quantitative estimation of the amount of bound biomolecu-
les.[253c] The unique optical properties of gold NPs were
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applied to the development of a reagent-dry strip-type
biosensor that enables visual detection of double-stranded
DNA within minutes.[254] Sensitive naked-eye detection of
immunoglubulin G by the enlargement of Au NPs has been
reported.[255] Au NPs were also used as spectroscopic enhanc-
ers for in vitro studies on single viruses.[256] Extrinsic
parameters, such as the dielectric properties of the immediate
environment (nanoenvironment) of the particle or charge
distributions, decisively influence the position of the nano-
particle plasmon resonance.[257] Protein or DNA binding
events cause a change in the refractive index of the nano-
environment of a gold NP that results in a shift of the position
of the NP plasmon resonance. This shift was used as a reporter
signal of biorecognition events on a single NP.[258]

An interesting application of submicrometer metallic
“barcodes”[259] for the analysis of biomaterials such as DNA
or antigens has recently been reported.[259b] “Barcodes” that
are a few hundred nanometers in diameter, several microns
long, and composed of many different metals (Pt, Pd, Ni, Co,
Ag, Cu, and Au) were prepared by the electrochemical
deposition of the metals in a porous Al2O3 membrane. The
length of the respective metal segments in the strips was
controlled by the charge applied in the electrochemical
process (Figure 29A). The structure of the “barcode” could
be identified by optical reflectivity or field emission SEM.
Figure 29B shows an optical image of a Au–Ag multistripe
barcode that consists of 240-, 170-, 110-, and 60-nm Ag stripes
that are separated by � 550-nm Au stripes. It was suggested
that with the available optical resolution, the number of
possible readable “barcodes” that comprise two metals with a
coding length of 6.5 mm is 4160, whereas for three-metal
barcodes, 8.0 N 105 distinctive striping patterns are possible.
The use of a mixture of “barcodes”, each used to identify a

specific biomaterial adsorbed on it, could enable the simulta-
neous analysis of numerous components in biological mix-
tures. Thus, the “barcode” concept introduces a NP-based
analysis method that competes with chip arrays and encoded
microbeads.

As the identification of the label can be performed
optically, fluorescence spectroscopy can be used to character-
ize a biorecognition event.[259b] Figure 30A outlines the
fluorescence detection of an analyte DNA, 76, by a primer

nucleic acid 77 that is linked to the Ag stripes of a Ag–Au–Ag
“barcode”. A nucleic acid, 78, that is labeled with a
fluorophore (TAMRA dye; TAMRA= tetramethylrhoda-
mine) hybridizes with the free segment of the analyte DNA.
Figure 30B, images a and b show the fluorescence and
reflectivity images, respectively, of the fluorophore-labeled
DNA complex confined to the Ag–Au–Ag “barcode”. The
fluorescence image characterizes the binding event, whereas
the reflectivity image identifies the “barcode” and thus the
attached DNA probe. When the analyte DNA 76 is omitted, a
very low fluorescence background is observed and the

Figure 29. A) The construction of mixed-metal “barcodes” in an
alumina membrane. B) An optical image of a Au–Ag multistripe “bar-
code” nanorod. (Adapted from Ref. [259b], with permission).

Figure 30. A) Detection of DNA with “barcodes”. B) Fluorescence (a)
and reflectivity (b) images of “barcodes” with bound fluorescent DNA;
Fluorescence (c) and reflectivity (d) images of “barcodes” in the
absence of analyte DNA. C) Multiple immunoassay by using “barco-
des”. D) a) Reflectivity and fluorescence images produced by b) fluo-
rescein (FITC)-labeled anti-human-IgG and c) Texas Red-labeled anti-
rabbit-IgG. (Adapted from Ref. [259b], with permission).
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particles are visible only in
the reflectivity image (Fig-
ure 30B, images c and d).

The simultaneous analy-
sis of different biological
analytes was exemplified
with the immunoassay of
human immunoglobulin G
(IgG) and rabbit IgG.[259b]

Two different “barcodes”,
namely, a Au–Ag–Au (4-mm
length) and a Au–Ni–Au (8-
mm length), were employed.
The Ag stripes of the Au–
Ag–Au “barcode” were
modified with the anti-
human IgG antibody 79,
and the Au stripes of the
Au–Ni–Au “barcodes” were
derivatized with the anti-
rabbit IgG antibody 80 (Fig-
ure 30C). Challenging the
mixture of “barcodes” with
the mixture of antigens fol-
lowed by the labeling of the
antibodies with fluorescein-
labeled anti-human IgG 81
and Texas Red-labeled anti-
rabbit IgG 82 allows the
optical detection of the respective “barcodes” and the
fluorescence detection of the two antigens. Figure 30D,
image a, shows the image of the two kinds of “barcodes” by
optical reflectance, whereas Figure 30D, images b and c, show
the specific fluorescence from the fluorescein-labeled anti-
bodies that are bound to the Au–Ag–Au “barcodes” and the
Texas-Red-labeled antibodies that are linked to the Au–Ni–
Au “barcodes”, respectively.

Selective noncovalent binding of proteins to specific
domains of bimetallic Ni–Au nanorods was demonstrated.[259c]

Gold surfaces of the bimetallic nanorods were functionalized
with alkanethiols that were terminated with hexa(ethylene
glycol) groups, which prevent the adsorption of proteins,
whereas nickel domains were functionalized with palmitic
acid, a 16-carbon fatty acid that, on the other hand, allows the
effective adsorption of proteins. Thus, “solution arrays” of
highly encodable and chemically diverse nanorods provide an
interesting approach for the future analysis of complex
biological samples (e.g. genomics, proteomics).

The label encoding for the analysis of multiple biospecies
can be performed in a different way. Nanoparticle labels
encoded with DNA molecules were used for ultrasensitive
multianalyte immunosensing.[260] This has been demonstrated
for the analysis of a prostate-specific antigen (PSA;
Figure 31). An antibody which is complementary to PSA
was linked to magnetic beads to give 83 as the primary sensing
interface. After the association of PSA to the sensing
interface, a gold nanoparticle that was functionalized with a
second antibody, which was complementary to another
domain of PSA, and with the double-stranded nucleic acids

84 was linked to the magnetic bead–antibody–PSA complex
to form a triple-component sandwich assay configuration, 85.
The assembly was separated by an external magnet and was
washed free from any nonspecific adsorbates. The subsequent
thermal dissociation of the nucleic acid duplex yielded the
free nucleic acid, 86, and the single-stranded-oligonucleotide-
functionalized Au NPs, 87. Two different routes were then
employed to analyze the assay sample: a) The Au NPs, 87,
which held the assay components, were hybridized on a chip
surface that was functionalized with the complementary
oligonucleotides. Then the Au NPs were enlarged by the
electroless deposition of Ag and were further analyzed by
optical means (Figure 31, route A). b) The free oligonucleo-
tides 86 were multiplied by the PCR procedure and then
analyzed upon their deposition on a chip surface. The
sequence analysis of the dissociated nucleic acid then
provided a specific signal for the analyzed antigen
(Figure 31, route B). This analytical protocol includes an
intrinsic amplification feature as numerous nucleic acid
barcodes are released in the thermal dehybridization step as
a result of a single PSA recognition event. Furthermore, the
subsequent PCR amplification of the released nucleic acid
provides an invaluable tool to further amplify the PSA
detection, and the antigen can be detected with an unprece-
dented sensitivity of 3 attomolar by this approach. A multi-
analyte immunoassay could therefore be performed when
each specific antigen analyte is encoded with a different
oligonucleotide sequence.

Au NPs have been extensively used for the detection of
bioaffinity binding by virtue of nanoparticle-enhanced sur-

Figure 31. Application of Au nanoparticle labels that are encoded with DNA for the amplified immunosensing
of prostate-specific antigen (PSA).
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face plasmon resonance (SPR) spectroscopy.[261] The SPR
signals were dramatically enhanced when Au nanoparticles
were used as labels in immunosensing[210b,c] and DNA sensing
applications.[209] A sensing interface that was modified with
antibody units was employed to bind the complementary
antigen component, and the resulting affinity complex was
treated with a secondary antibody labeled with a Au NP.
Whereas the association of the antigen to the antibody-
functionalized surface yielded a small shift in the SPR
spectrum, a substantial shift in the SPR spectrum was
detected upon the binding of the secondary Au NP-labeled
antibody. As the secondary antibody associates with the
modified surface only if the antigen is bound to the sensing
interface, the Au NP-labeled antibody provides a means of
amplification of the primary recognition event. The binding of
Au NPs to the immunosensing interface led to a large shift in
the plasmon angle, a broadening of the plasmon resonance,
and an increase in the minimum reflectance, all of which
thereby allowed picomolar detection of the antigen. Similarly,
the sensitivity of DNA analysis was enhanced by � 3 orders
of magnitude when Au NP-functionalized DNA molecules
were used as probes (Figure 32).[209] Au NPs have been used to

label polypeptides, and the assembly of a de novo protein
from the labeled polypeptide fragments has been followed by
the SPR technique. Changes in the SPR spectrum are also
observed upon the chemically directed association of the Au
NP labels in the de novo protein structure.[262]

A novel class of fiber-optic evanescent-wave sensor was
constructed by the modification of the unclad part of an
optical fiber with self-assembled gold NPs that were func-
tionalized with biomolecules to provide selectivity for the
substrate molecules that bind to the sensing interface.[263] The
optical properties and, hence, the attenuated total reflection
(ATR) spectrum of self-assembled Au NPs on the optical
fiber change upon alteration of the refractive index of the
local environment of the Au NPs. Accordingly, biorecognition
events that take place on the NPs change the refractive index
of the interface and result in a change in the total reflection

spectrum of the system. In a model system, the modification
of the Au NP interface with biotin enabled the detection of
streptavidin with a detection limit of 9.8 N 10�11m.

A DNA sensor was based on enhanced transmission
surface plasmon resonance (ET-SPR) spectroscopy.[264] ET-
SPR spectroscopy is based on the high sensitivity of the
surface plasmon absorption band of gold NPs to their
environment. Indeed, advantage has been taken of gold
“nanoislands” that are deposited onto glass slides to provide
an inexpensive and simple method for sensing medium
changes (such as air versus water) and for quantifying
adsorbed or chemically bound molecules or both. Changes
in the ET-SPR spectra were observed upon hybridization of
Au NP-labeled DNA with the complementary DNA primer
immobilized on Au nanoislands thus allowing spectral
detection of the hybridization process.

Triangular silver nanoparticles, � 100-nm wide and 50-nm
high, are formed (Figure 33A) and these show very unique

optical properties (Figure 33B).[265] In particular, the max-
imum absorbance wavelength, lmax, of their localized surface
plasmon resonance (LSPR) spectrum is unexpectedly sensi-
tive to the size, shape, and local (� 10–30 nm) external
dielectric environment of the nanoparticle. The sensitivity of
lmax(LSPR) to the nanoenvironment has allowed the devel-
opment a new class of nanoscale affinity biosensors[265] that
operate in a totally analogous manner to their SPR counter-
parts by transducing small changes in the refractive index near
the noble-metal surface into a measurable wavelength-shift
response. The novel affinity biosensor based on the LSPR
wavelength shift was tested using the streptavidin–biotin
recognition system.[265a] Triangular silver NPs were function-
alized with biotin units, and the changes in the LSPR spectra
were followed upon the binding of streptavidin molecules
(Figure 33B). The detection by LSPR was further amplified
by the secondary coupling of biotinylated Au NPs to the
streptavidin-saturated interface. A similar method was
applied to design an immunosensor.[265b]

SPR spectroscopy was used to follow biocatalytic reac-
tions with amplification of the signal by Au nanoparticles. Au
NPs that were functionalized by the covalent binding of N,N’-

Figure 32. Surface plasmon resonance (SPR) spectroscopy enhanced
by Au NPs for DNA analysis (R= reflectance). A) SPR spectrum of the
DNA primer-functionalized surface, B) SPR spectrum after hybridiza-
tion with the target DNA molecules, and C) SPR spectrum after hybrid-
ization with the target DNA molecules conjugated with Au NPs.
(Adapted from Ref. [209], with permission; Copyright American Chemi-
cal Society, 2000).

Figure 33. Localized surface plasmon resonance (LSPR) nanobiosensor
that uses triangular silver NPs for the labeling of biomaterials. A) AFM
image of the triangular Ag NPs. B) Amplified LSPR analysis of strepta-
vidin (SAv) with the triangular Ag NPs: a) Ag NPs after modification
with biotin (1 mm); b) Biotinylated Ag NPs after reaction with SAv
(100 nm); c) SAv-loaded Ag NPs after reaction with biotinylated Au
NPs. (Adapted from Ref. [265a], with permission; Copyright American
Chemical Society, 2002).
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bipyridinium (viologen) units to the tio-
pronin shell were coupled to the redox
processes of NAD+/NADH cofactors.[266]

The viologen–shell units were biocatalyti-
cally reduced by the NADH cofactor in
the presence of diaphorase. The reduced
viologen units were adsorbed onto a SPR
plate which brought the Au cores closer to
the sensing interface. Plasmon coupling
between the Au SPR plate and the Au NPs
resulted in an amplified change in the SPR
spectrum that depended on the concen-
tration of NADH. In the opposite setup,
the viologen–shell units were electrochem-
ically reduced and precipitated onto the
surface of the SPR electrode. In the
presence of NAD+ cofactor and diaphor-
ase, the reduced viologen units were
reoxidized by NAD+ and redissolved.
The decrease of the loading of the Au
NPs on the SPR electrode again resulted in
the NAD+ concentration-dependent
amplified change in the SPR spectrum. It
should be noted that application of molec-
ular viologen unbound to Au NPs under
the same conditions results in only minute
changes to the SPR spectrum which do not
allow the detection of the NAD+/NADH
cofactors.

The electrical charging of Au nano-
particles that are associated with a SPR
interface results in changes in the SPR
spectra which depend on the extent of the
electrical charge on the Au NPs. There-
fore, coupling biocatalytic reactions, which
involve an electron-transfer process, to Au
NPs which results in their charging allows
the analysis of the processes by SPR
spectroscopy.[267] Au NPs (1.4 nm) that
were functionalized with N6-(2-aminoe-
thyl)flavin adenine dinucleotide (FAD
cofactor, amine derivative; 49) were
reconstituted with apo-glucose oxidase
(apo-GOx). The nanoparticles were then
self-assembled on a gold thin-film (SPR electrode) by using a
long-chain dithiol, HS(CH2)9SH, monolayer as a linker. This
yielded the biocatalytically active glucose oxidase (GOx)
bound to the Au NPs in an aligned configuration (Figur-
e 34A).[267a] The biocatalyzed oxidation of glucose resulted in
the formation of the reduced form of the cofactor, FADH2. In
the absence of O2, which is a natural electron acceptor for
GOx, electron transfer proceeds from the reduced cofactor to
the Au NPs to result in their charging. The long-chain dithiol
monolayer provided a barrier for the electron tunneling from
the Au NPs to the bulk Au support to preserve the electrical
charge that was produced on the Au NPs. The plasmon
coupling between the charged Au NPs and the Au support
resulted in a shift of the SPR spectrum which was dependent
on the charge generated on the NPs (Figure 34B). As the

charge value was controlled by the rate of the biocatalytic
reaction, the shift in the SPR spectrum was enhanced upon
elevation of the glucose concentration (Figure 34C). This
optical transduction of the glucose concentrations upon the
“biopumping” of electrons into the Au NPs is a new concept
in biosensing.

A related system has employed the photoelectrochemical
charging of Au nanoparticles by CdS nanoparticles as a
method to detect acetylcholine esterase inhibitors.[267b] A
bilayer that consists of Au NPs covalently bound to CdS NPs
was assembled on a SPR-active Au surface by using a
cystamine monolayer as a linker (Figure 34D). The enzyme
acetylcholine esterase (AChE) was covalently coupled to the
CdS NPs to yield the Au/CdS nanoparticles–AChE enzyme
biocatalytic assembly. Hydrolysis of acetylthiocholine (53) by

Figure 34. A) Assembly of Au NP-bound reconstituted glucose oxidase (GOx) on a dithiol
monolayer that is associated with a SPR-active surface, and biocatalytic charging of the Au
NPs in the presence of glucose. B) SPR spectra of the Au NP–GOx hybrid system upon the
addition of various concentrations of glucose: a) 0, b) 0.3, c) 1.6, d) 8, e) 40, and f) 100 mm.
C) Calibration plot of the SPR spectra minimum shift as a function of glucose concentration.
D) Assembly of the Au NP–CdS NP–acetyl choline hybrid system on a SPR-active surface, and
photochemical charging of the Au NPs controlled by the biocatalytic reaction. EDC=1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide.
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the enzyme yields thiocholine (54), which acts as an electron
donor. Photoexcitation of the CdS nanoparticles results in the
generation of electron–hole pairs in the conduction band and
valence band, respectively. The electron donor 54, which is
generated by the enzyme in situ, scavenges the valence-band
holes to enable the transport of the conduction-band elec-
trons to the Au NPs. As the cystamine linker provides a
tunneling barrier against further electron transfer to the bulk
Au support, the charge is preserved on the Au NPs and thus
results in changes in the SPR spectrum of the system. The
changes in the SPR spectra are controlled by the extent of the
NP charging, which itself is dominated by the concentration of
the electron donor 54 generated in situ. In the presence of
AChE inhibitors, such as 1,5-bis(4-allyldimethylammonium-
phenyl)pentan-3-one dibromide (55), the biocatalyzed gen-
eration of the electron donor declined as the concentration of
the inhibitor increased which altered the electrical charging of
the Au NPs and the resulting SPR spectrum of the system.
Therefore, this system allowed the optical assay of AChE
activity and quantitative analysis of the enzyme inhibitors.

Surface-enhanced Raman (SER) scattering of nanoparti-
cle-bound substrates allows the amplification of molecular
vibrational spectra by up to 105-fold.[21a,268] Some early studies
demonstrated the enhanced Raman scattering spectra of
cytochrome c that was coupled to Au NPs, which were
associated with aggregated Ag clusters.[269] Also, SER spectra
were observed for hemoglobins bound to Ag NPs.[36] Mod-
ification of metal NPs with different Raman dyes could
generate multiply coded NPs[270] that allow thousands of codes
to be written and read by means of surface-enhanced
resonance Raman (SERR) scattering without the need for
spatial resolution of components of the code.[270a] The use of
surface enhanced Raman spectroscopy (SERS) for the
analysis of biorecognition events was demonstrated with the
application of Au NPs that were functionalized with Raman
dyes and recognition elements.[270b,c] Formation of the com-
plementary recognition complex on surfaces followed by the
electroless deposition of Ag0 islands on the Au NPs enabled
the readout of the biorecognition events by SERS. The
concept was applied for the parallel detection of various
analytes on surfaces in an array configuration. For example,
three different thiol-functionalized Raman-active dyes, Cy3,
Cy3.5, and Cy5, were linked through a spacer, which
comprised twenty adenine bases (A20), to the three small
molecules, biotin, digoxigenin, and dinitrophenyl, respective-
ly.[270b] These functional units were then coupled to Au NPs
(13 nm) to yield three different Raman dye-labeled Au NPs
(Figure 35A). These labeled nanoparticles were then
employed to detect the specific interactions with the comple-
mentary mouse monoclonal antibodies for biotin, digoxige-
nin, and dinitrophenyl, respectively, by SERS. The different
kinds of antibodies were spotted on a surface and the specific
binding of Au NPs was followed by the electroless deposition
of Ag0 on the Au NPs and analysis by SERS (Figure 35B).
The selective analysis of the three different Au NP labels by
the prepatterning of the surface with the antibodies is
depicted in Figure 35C. A similar concept was also used to
identify protein–protein interactions by using Au NPs that
were functionalized with specific antibodies and encoded with

specific Raman dyes.[270b] Further development of the SERS
technique allowed highly sensitive immunoassay proce-
dures[271] such as femtomolar detection of a prostate-specific
antigen (PSA) by using Au NPs labeled with the respective
antibody.[271a]

Semiconductor nanoparticles (e.g. CdS, CdSe, ZnS) can
be used as fluorescent labels for immunosensing and DNA
sensing as they provide tunable wavelengths, narrow emission
peaks, and 100-fold higher stability relative to molecular
fluorescent dyes.[21a,75,272] CdSecore/ZnSshell NPs were function-
alized with avidin and these were used as fluorescent labels
for biotinylated antibodies. Fluoroimmunoassays utilizing
these antibody-conjugated NPs were successfully used in the
detection of protein toxins (staphylococcal enterotoxin B and
cholera toxin).[272f]

Four different-sized CdSecore/ZnSshell NPs that exhibit
nonoverlapping emission wavelengths in the region 530–
640 nm were used to modify four different nucleic acids.[272g]

The NP-labeled nucleic acids were selectively collected by
specific hybridization with a spotted array of the comple-
mentary DNA and were analyzed by fluorescence imaging of
the array. Another approach for DNA hybridization assays
that uses metal-enhanced fluorescence was reported
recently.[273] For this, thiolated oligonucleotides were bound
to silver NPs that were associated with a glass substrate.

Figure 35. A) Application of Raman dye-functionalized Au NPs for
amplified multitarget immunosensing. B) Flatbed scanner images of
silver-enhanced microarrays upon the immunosensing of different anti-
bodies by Au NPs that are functionalized with the respective antigens
and various Raman dyes. C) Typical Raman spectra that correspond to
the colored dots in the immunosensing array. (Parts B and C are
adapted from Ref. [270b], with permission; Copyright American Chemi-
cal Society, 2003).
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Addition of the complementary fluorescein-labeled oligonu-
cleotide in the presence of the Ag NPs resulted in a 12-fold
increase in the fluorescence intensity. The enhanced steady-
state fluorescence was attributed to the shortening in the
lifetime of the dye as it entered into proximity of the Ag NPs.
Thus, hybridization could be followed by the analysis of the
decay kinetics of the emission of the dye. These results suggest
that silver particles could be used as a versatile label for the
amplified detection of DNA hybridization. Similarly, Ag
nanoparticle-enhanced fluorescence was applied in the
immunoassay of insulin in serum.[274]

CdSecore/ZnSshell NPs were also applied as photochemical
centers for lighting-up the dynamics of DNA replication or
telomerization processes that occur on the nanoparticles. Dye
units were incorporated into the newly synthesized DNA
replica or telomer to act as energy acceptors for fluorescence
resonance energy-transfer (FRET) processes.[275] CdSecore/
ZnSshell NPs were functionalized with the primer 88, which is
complementary to a section of M13mp18 DNA. Hybrid-
ization of the M13mp18 DNAwith the nanoparticle interface
followed by the replication of the assembly in the presence of
polymerase enzyme (Klenow fragment) and the nucleotide
(dNTP) mixture that included Texas Red-functionalized
dUTP (89) resulted in the concomitant incorporation of the
dye labels into the DNA replica (Figure 36A, route a). A
FRET process from the semiconductor NPs to the incorpo-
rated dye units resulted in emission from the dye with
concomitant quenching of the fluorescence of the NPs
(Figure 36B).

Telomerase activity in cancer cells was monitored by an
identical method.[275] The CdSecore/ZnSshell NPs were function-
alized with the nucleic acid 90, which is recognized by
telomerase. Treatment of the NPs with a HeLa cancer-cell
extract in the presence of the dNTP mixture that contained
the Texas Red-functionalized dUTP (89) resulted in the
telomerization of the primer with incorporation of the dye
labels (Figure 36A, route b). The incorporation of the dye
units into the telomer enabled FRET from the excited
semiconductor NPs to the dye units. The time-dependent
increase in the dye emission was used to follow the dynamics
of telomerization and to probe the telomerase activity in the
cancer cells (Figure 36C). Similarly, the FRET process was
applied to follow the binding of dye-functionalized proteins to
the CdSecore/ZnSshell NPs,[276] thus opening the way to FRET-
based immunosensing. Functionalization of a protein back-
bone with photoisomerizable photochromic units yielded a
hybrid system, in which the FRET efficiency was controlled
by the isomeric state of the photochrome to allow modulation
of the fluorescence intensity from the bound nanoparticle.[277]

Recently, dye-doped silica NPs were developed as labels
for bioanalytical applications.[278] The SiO2 NPs, sized between
2 and 100 nm, provide a versatile matrix for the immobiliza-
tion of biomaterials, such as proteins or DNA, and the
entrapped fluorophores reveal an enhanced stability towards
photodegradation. Also, the accumulation of numerous
entrapped fluorescence labels in a single SiO2 NP provides a
means of signal amplification path in biosensing because a
single biorecognition event is imaged by the emission of
numerous fluorophore units.

7. Biomolecule-Functionalized Magnetic Particles

Magnetic particles (microspheres, nanospheres, and fer-
rofluids) are widely studied and applied in various fields of
biology and medicine such as magnetic targeting (of drugs,
genes, and radiopharmaceuticals), magnetic resonance imag-
ing, diagnostics, immunoassays, RNA and DNA purification,
gene cloning, and cell separation and purification.[279] These
magnetic particles generally exist in a “core/shell” config-
uration in which biological species, such as cells, nucleic acids,
and proteins, are bound to the magnetic “core” through
organic linkers, which are often organized as a polymeric
“shell” around the core.[280] The efficiency of the binding of a
biomaterial to the primary organic shell that surrounds the
magnetic core was analyzed by various techniques including
capillary electrophoresis with laser-induced fluorescence
detection.[280a] Most of the applications of biomaterial–mag-
netic-particle hybrid conjugates involve the concentration,
separation, regeneration, mechanical translocation, and tar-
geting of biomaterials. Phospholipid-coated magnetic NPs
with a mean magnetite core size of 8 nm were used for the
recovery and separation of proteins from protein mixtur-
es.[280b] Antibodies were adsorbed on synthetic Fe3O4 mag-
netic particles, and these particles were then used for specific
binding to cells and the separation of the cells by an external
magnetic field.[281] Magnetic NPs (FePt, � 4-nm diameter)
that were functionalized with vancomycin (Van) were used to

Figure 36. A) Replication (path a) and telomerization (path b) of
nucleic acid functionalized CdSecore/ZnSshell NPs with incorporated
Texas Red-labeled dUTP followed by FRET from the photoexcited quan-
tum dots to the incorporated dye molecules. B) Emission spectra upon
the time-dependent DNA replication: a) 0, b) 10, c) 30, and d) 60 min.
C) Emission spectra upon the time-dependent DNA telomerization:
a) 0, b) 10, c) 30, and d) 60 min.
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capture selectively Gram-positive bacteria cells through
molecular recognition between Van and the terminal peptide,
d-Ala-d-Ala, on the surface of the cells.[282] Unexpectedly, the
Van-modified magnetic particles were also found to associate
to Gram-negative bacteria such as E. coli.

A magnetic nanocapturer has been developed for the
separation and collection of trace amounts of DNA/mRNA
from mixtures and cancer cells. The nanocapturer was
fabricated by using a magnetic NP as a magnetic carrier
that was then functionalized with a molecular beacon as a
DNA probe for gene recognition and collection.[283] High
sensitivity detection of molecular recognition was observed
by using magnetically labeled biomolecules and magneto-
resistive sensors.[284] The layer-by-layer deposition of enzymes
and magnetic particles was applied to prepare a bioreactor
and allowed the biocatalytic layer to be stripped out with an
external magnet when it was deactivated so that the surface
could be reloaded with a new active biocatalyst layer.[285]

Magnetic NPs could be applied to design magnetoelec-
tronic materials and devices with improved properties. In this
context, biomaterials can be used as a template for the
synthesis of the magnetic NPs. As an example, monodisperse
Co/Pt magnetic NPs were produced inside the apo-ferritin
cavity. These assemblies were subsequently self-organized as
a thin-film array on a glass support to yield a magnetic
recording media with the potential to support Terabit inch�2

recording densities.[286]

Some recent research, however, has been directed to the
coupling of functional magnetic particles with biomaterials to
yield magnetically controlled functions of the biomaterial–
magnetic particle hybrids. The results of these studies are
outlined in the following chapters.

7.1. Synthesis of Biomolecule-Functionalized Magnetic Particles

The core of magnetic particles is usually composed of
Fe3O4 or g-Fe2O3, and its primary modification with an
organic shell can include the adsorption of an organic polymer
or the covalent attachment of a functionalized organosilane
film. Convenient syntheses of magnetic particles with con-
trolled size and magnetization have been developed.[287,288]

The size-controlled synthesis of magnetite (Fe3O4) NPs was
reported in organic solvents.[289] Gold-coated iron NPs with a
specific magnetic moment of 145 emug�1 and a coercivity of
1664 Oe were prepared and tested for biomedical applica-
tions.[290] The gold shell allows the further modification of the
magnetic NPs with biomolecules by using the self-assembly
method. Elsewhere, silica particles that carry encapsulated
magnetic NPs were used to bind proteins to the outer sphere
of the inorganic beads for biocatalysis.[291]

Organic functional groups introduced by these techniques
allow the coupling of biomolecules to the organic shell.[292]

Several synthetic approaches to couple biomolecules to
magnetic particles and to use the hybrid assemblies for
various bioanalytical applications have been reported. The
preparation and characterization of magnetic NPs that are
coated by organic shells for the covalent immobilization of
enzymes (e.g. HRP or lipase) was described recently.[293] The

immobilization of enzymes on magnetic particles yields
biocatalytically active particles. In one example, alcohol
dehydrogenase was covalently bound to Fe3O4 magnetic
particles, and the immobilized enzyme demonstrated high
biocatalytic activity.[294] Enzyme-modified magnetic particles
could also demonstrate bioelectrocatalytic activities while
being in contact with an electrode surface.[293d] The reversible
association of proteins with negatively charged polyacrylicshell/
Fe3O4core magnetic particles was demonstrated.[295] The bind-
ing of proteins was controlled by electrostatic interactions
between the proteins and the negatively charged shells. The
protein molecules, which were positively charged at low pH
values (pH<pI; pI= isoelectric point), were electrostatically
attracted to the negatively charged shells, whereas at higher
pH values (pH> pI), the negatively charged protein mole-
cules were repelled from the functionalized magnetic par-
ticles. The reversible association/dissociation of the proteins
to and from the magnetic particles, respectively, was used to
collect, purify, and transport proteins. DNA molecules were
treated with a mixture of Fe2+/Fe3+ ions, which were electro-
statically associated with DNA chains.[296] The Fe2+/Fe3+ ions
were then reacted to give Fe3O4 magnetic particles associated
with the DNA molecules. The labeled DNA could hybridize
with complementary oligonucleotides, and the magnetic
particles linked to the DNAmolecules allowed the separation
of the labeled DNA from nonlabeled strands.

The cooperative assembly of magnetic NPs in the
presence of amino acid based polymers was studied, and it
was demonstrated that electrostatic interactions between
block copolypeptides and NPs could control the organization
of these components.[297] The presence of polyaspartic acid
initiated the aggregation of maghemite NPs into clusters
without the formation of a precipitate. The addition of the
block copolypeptide poly(EG2-Lys)100-b-poly(Asp)30 induced
a controlled organization of the magnetic NPs (possibly
through the formation of micelles) with cores that consisted of
the NPs electrostatically bound to the polyaspartic acid end of
the block copolypeptide. In this case, the poly(EG2-Lys) ends
of the copolymers formed the micelle shell, and the micelles
both stabilized the clusters and controlled their size. By
altering the composition of the block copolypeptide, it should
be possible to control both the size and the stability of the
resulting dispersed NP clusters to thereby greatly expand the
potential applications and usefulness of these cooperatively
assembled nanocomposite materials.

Inorganic nano- and microsized particles including mag-
netic particles could be generated by biochemical means. The
field of biomineralization has highlighted the possibility to
synthesize materials based on the molecular interactions
between supramolecular organic or bioorganic assemblies
and inorganic materials.[21a,298] Protein cages,[299] and partic-
ularly viral protein cages,[299d–f] provide structurally con-
strained reaction nanoenvironments that act as templates
for the generation of inorganic nanomaterials. Viral protein
cages exist in a wide variety of sizes and shapes and have
structural transitions that allow controlled access to the
interior of the protein cage.[299f] Genetic and chemical
modifications of protein templates provide a further flexi-
bility to the syntheses of nanomaterials.[299g] The natural

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6079Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


protein ferritin provides a structurally constrained reaction
medium for the syntheses of both natural and synthetic
inorganic nanomaterials.[129,299a–c,300] In particular, ferritin can
be used to generate precisely sized and shaped magnetic
particles in the protein cavity.[301] For this purpose, the
nonmagnetic natural core that was composed of
5Fe2O3·9H2O was chemically removed from the protein
cavity, and an artificial magnetic core that was composed of
magnetite (Fe3O4)

[129c] or magnetite/maghemite (Fe3O4/g-
Fe2O3)

[302] was generated inside apo-ferritin. The direct
electrochemistry of ferritin adsorbed on an ITO electrode
was studied.[303] It was shown that the iron-oxide core of
ferritin is electrically contacted with the electrode and its
reductive dissolution yielded the apo-ferritin. Genetic engi-
neering was employed to tune the size of the cavity to provide
monodisperse ferric oxide magnetic NPs of variable size.[304]

The unusual ferritin-like protein from the bacteriaListeria
innocua has been shown to form a twelve-subunit cage
structure around a 5-nm-diameter interior cavity.[305] This
small cage structure has the capacity to hold only 500 Fe
atoms in the form of a ferric oxyhydroxide NP.[306] This cage
provides a new size regime and holds promise for tuning size-
dependent material properties. The natural protein shell that
surrounds the NPs provides binding groups for the covalent
attachment of biomolecules. The well-characterized cowpea
chlorotic mottle virus (CCMV), which is devoid of nucleic
acid, was used as the starting material to create a new cage
with specific chemical functionality that mimics the iron-
storage protein ferritin.[307] The CCMV protein cages are
composed of 180 identical 20-kDa subunits that self-assemble
into an empty virion that has icosahedral symmetry (Fig-
ure 37A). Structural analysis indicated that the viral protein
cage should allow access to small molecules through pores
that are created at the interfaces of the protein subunits. This
empty protein cage has an outer diameter of 28 nm and an
inner diameter ranging from 18–24 nm (Figure 37B). Thus,
CCMV has a cavity of approximately twice the diameter of
ferritin. The CCMV coat protein was genetically modified by
replacing 9 basic residues at the N terminus with glutamic
acid. The mutant assembled readily into a cagelike architec-
ture similar to the wild-type protein. This electrostatically
altered viral protein cage catalyzed the rapid oxidation of
Fe2+ which led to the formation of a spatially constrained iron
oxide NP, 24.0� 3.5 nm, within the cage.

Biomineralization which is performed by many micro-
organisms yields various micro- and nanostructured magnetic
materials that are included into biological structures.[308] For
example, some bacteria (e.g. Magnetospirillum magnetotacti-
cum MS-1,[309] Magnetospirillum sp. MGT-1,[310] Magnetospir-
illum sp. AMB-1,[311] and Magnetospirillum gryphiswal-
dense[312]) produce natural magnetic particles (Fe3O4, 50–
100 mm in size) that are aligned in chains and enveloped by a
lipid membrane.[313] These naturally produced lipid-coated
magnetic particles could be isolated from the parent bac-
teria[314] and modified with biomolecules by the use of
bifunctional coupling reagents (e.g. glutaric dialdehyde).
These magnetic particles have been applied as active compo-
nents in fluoroimmunoassays,[315] chemiluminescence immu-
noassays,[316] mRNA recovery,[317] and as DNA carriers.[318]

7.2. Antigen- or Antibody-Functionalized Magnetic Particles
Applied as Immunosensors

Magnetic particles functionalized with antigens or anti-
bodies have been applied in various immunoassay
schemes.[319] In most of these applications, the functionalized
magnetic particles were used for the isolation and concen-
tration of the sensing materials as well as for the exchange of
the sensing interface at the end of the analysis. As an example,
magnetic NPs were functionalized with antigens or antibodies
and these were then attracted to a quartz crystal microbalance
by the use of an external magnet and used for immonosen-
sing.[319a] The method allowed the rapid regeneration of the
sensing interface by simple exchange of the modified
magnetic particles. In another application, Au NPs were
coated with dinitrophenyl-functionalized mercaptodextrans,
which bind specifically to magnetic beads that are modified
with the corresponding DNP-antibody.[320] The hybrid system
allowed the spectral detection of immunorecognition reac-
tions by following the absorbance spectra of the Au NP labels.
The magnetic beads provided an easy means of purification
and concentration of the analyte samples. Magnetic particles
with an encoding symbol introduced by functionalization
were applied to a parallel multianalyte immunoassay that
used a self-assembled addressable microparticle array on a
chip.[321]

The intrinsic magnetic properties of the particles were
also used as a means of detection in biosensing. For example,
adenovirus (ADV) species were cross-linked by anti-ADV-
functionalized magnetic NPs to yield an aggregated
system.[322] The formation of the ADV–magnetic NP assembly
was detected by measurement of the changes of the T2

relaxation times of water. The method allowed the detection
of as few as five viral particles in 10mL of 25% protein
solution.

7.3. DNA Analysis by Oligonucleotide-Functionalized Magnetic
Particles

The separation and purification steps that are performed
prior to the electrochemical analysis of DNAwere simplified

Figure 37. A) Ribbon diagram of the 180-subunit protein cage of the
cowpea chlorotic mottle virus (CCMV). B) Cut-away view that shows
the central cavity of the protein cage. (Adapted from Ref. [307], with
permission).
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by the attachment of the DNA analyte to magnetic par-
ticles.[323] The reversible, magnetically controlled oxidation of
DNA was accomplished in the presence of nucleic acid-
modified magnetic particles.[324] Avidin-modified magnetic
particles were functionalized with the biotinylated probe
nucleic acid, and these were subsequently hybridized with the
complementary DNA. Two carbon-paste electrodes were
patterned on a surface and applied as working electrodes.
Spatial deposition of the functionalized magnetic particles on
the left or right electrode enabled the magneto-controlled
oxidation of the DNA by chronopotentiometric experiments
(potential pulse from 0.6 to 1.2 V; Figure 38). Changing the

position of the magnet (to below the planar printed electro-
des) allowed “ON” and “OFF” switching of the oxidation of
the DNA (through attraction and removal of DNA-function-
alized magnetic particles). Such magnetic triggering of the
DNA oxidation holds great promise for the analysis of DNA
on arrays.

Several protocols for the detection of DNA have com-
bined the inherent signal amplification of stripping analysis
with an effective discrimination against nonhybridized

DNA.[215,239a] Besides the efficient isolation of the duplex,
magnetic spheres can open the door to elegant ways to trigger
and control electrical DNA detection.[324,325] An interesting
magnetic triggering of the electrical DNA detection was
demonstrated by the “magnetic” collection of the magnetic
bead–DNA hybrid metal tracer assembly onto a thick-film
electrode transducer that allowed the direct electrical contact
of the silver precipitate.[325] By this approach, a biotinylated
nucleic acid is linked to avidin-modified magnetic particles
that act as the capturing particles. Hybridization of the
analyzed DNAwith the capturing nucleic acid is followed by
the secondary association of metal or semiconductor NPs,
which are functionalized with a nucleic acid that is comple-
mentary to a free segment of the analyzed DNA. The binding
of the NP labels to the biorecognition assay provides
amplifying cluster tags that enable the release of numerous
ions upon dissolution. Furthermore, the metal NPs associated
with the sensing interface may act as catalytic sites for the
electroless deposition of other metals. This leads to the
amplified detection of DNA by the intermediary accumula-
tion of metals that are stripped off or by the generation of an
enhanced amount of dissolved product that can be electro-
chemically analyzed.[223,326]

Figure 39A depicts the amplified detection of DNA by
the application of nucleic acid functionalized magnetic beads
and Au NPs as catalytic seeds for the deposition of silver.[325]

A biotin-labeled nucleic acid, 91, was immobilized on avidin-
functionalized magnetic particles, and these conjugations
were then hybridized with the complementary biotinylated
nucleic acid 92. The hybridized assembly was then treated
with a Au NP–avidin conjugate. The magnetic separation of
the particles by an external magnet concentrated the hybri-
dized assembly from the analyzed sample. Treatment of the
magnetic particles–DNA–Au NP conjugate with silver ions
(Ag+) in the presence of hydroquinone resulted in the
electroless catalytic deposition of silver on the Au NPs, with
the latter acting as the catalyst. The deposition process
provided amplification because the catalytic accumulation of
silver on the Au NPs originated from a single DNA-
recognition event. The current which resulted from the
accumulated silver being stripped off then provided the
electronic signal for the detection of the target DNA.

In a related system (Figure 39B),[215] DNA was electro-
chemically detected by the use of Au NPs as electroactive and
catalytic tags. The primer biotinylated nucleic acid 93 was
linked to magnetic beads through an avidin bridge, and the
conjugate was hybridized with the nucleic acid 94 function-
alized with Au NPs. The hybridization was detected after the
dissolution of the Au NPs in a solution of HBr/Br2, followed
by the electrochemical reduction of the generated Au3+ ions
onto the electrode, and the subsequent electrochemical
“stripping” of the surface-generated gold (Figure 39B,
route a). This analytical procedure was further amplified by
the intermediary deposition of gold on the Au NPs (Fig-
ure 39B, route b). The higher gold content after the catalytic
deposition led to a higher chronopotentiometric signal.
Figure 39C, a and b, respectively, show the potentiograms
that correspond to route a) the stripping of the gold generated
on the electrode upon the analysis of the nucleic acid that is

Figure 38. Chronopotentiometric (PSA=potentiometric stripping anal-
ysis) signals for the DNA-oligomer-functionalized magnetic particles
by the dual carbon-paste electrode assembly: a–d) Potentiograms
obtained at the left electrode; a’–d’) Potentiograms obtained at the
right electrode. Potentiograms a), b’), c), and d’) were obtained in the
absence of the magnet, whereas potentiograms a’), b), c’), and d)
were recorded in the presence of the magnet. (Adapted from
Ref. [324], with permission).
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associated with 5-nm Au NPs, and route b) after the
deposition of gold on the Au NPs for 10 minutes.

It is also possible to use the magnetic beads as
reporters (tags) in association with stripping voltam-
metry measurements of the iron content for the
detection of DNA hybridization.[327] A related proto-
col, which was developed in the same study, involved
probes that were labeled with gold-coated iron core/
shell NPs. In both cases, the captured iron-containing
particles were dissolved after hybridization, and the
released iron was quantified by cathodic stripping
voltammetry in the presence of a 1-nitroso-2-naph-
thol ligand and a bromate catalyst. The application of
functionalized magnetic particles as carriers for DNA

samples provided convenient analytical schemes for compli-
cated purposes. Single nucleotide polymorphism genotyping
of the aldehyde dehydrogenase 2 gene was studied by using a
single bacterial magnetic particle.[328]

7.4. Application of Redox-Functionalized Magnetic Particles for
the Triggering and Enhancement of Electrocatalytic and
Bioelectrocatalytic Processes

Micro- and nanosized magnetic particles that are func-
tionalized with redox-active units were used to control
biocatalytic reactions that are particularly important for
bioelectroanalysis. A series of electroactive relay units,
which consist of 2,3-dichloro-1,4-naphthoquinone (95), N-
(ferrocenylmethyl)aminohexanoic acid (96), N-methyl-N’-
(dodecanoic acid)-4,4’-bipyridinium (97), pyrroloquinoline
quinone (PQQ, 98), or microperoxidase-11 (MP-11, 99),
were covalently linked to magnetite (Fe3O4) particles
(Figure 40).[329,330] The electrochemical activities of the func-

Figure 39. Electrochemical analysis of DNA upon the assembly of
DNA molecules at magnetic particles followed by their association
with Au NPs. A) Au NPs are used for the deposition of silver, and the
DNA analysis is performed by the electrochemical stripping of Ag.
B) The Au NPs are chemically dissolved, then the resulting Au3+ ions
are electrochemically reduced, and the deposited gold is electrochemi-
cally stripped (path a); The intermediate enlargement of the Au NPs
results in the further amplification of the signal (path b). C) The effect
of gold enhancement upon the stripping response for the DNA ana-
lyte: PSA signals prior to treatment of the system with gold enhance-
ment solution (a) and after 10 minutes of reaction (b). (Part C is
adapted from Ref. [215], with permission; Copyright American Chemi-
cal Society, 2001).

Figure 40. Synthesis of redox-relay-functionalized magnetic particles through the
covalent linkage of redox-active units to magnetic particles that are functional-
ized with a [3-(2-aminoethyl)aminopropyl]siloxane film. A) Linkage of 2,3-
dichloro-1,4-naphthoquinone (95) to the functionalized particles to yield the
aminonaphthoquinone (100)-functionalized magnetic particles. B) Carbodiimide
coupling of the electron-relay carboxylic derivatives 96–99 to the amino groups
of the siloxane layer. C) Functionalization of magnetic particles with the PQQ–
NAD+ dyad for the electrochemical activation of NAD+-dependent enzymes.
(Adapted from Ref. [329b], with permission).
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tional magnetic particles were triggered by means of an
external magnet as schematically outlined in Figure 41A.
Attraction of the magnetic particles to the electrode surface
by means of the external magnet activates the electrical
contact between the redox units, R, and the electrode that
switches on the redox features of the redox components.
Positioning of the magnet above the electrochemical cell
retracts the magnetic particles from the electrode, and the
electrochemical activity of the functional magnetic particles is
switched off. Figure 41B exemplifies the reversible activation
and deactivation of the redox features of magnetic particles
that are functionalized with the ferrocene derivative 96 (E0 =

0.32 V vs SCE), upon the attraction of the magnetic particles
to the electrode support or their retraction from the electrode
surface, respectively, by means of the external magnetic field.
Similarly, reversible “ON” and “OFF” switching was
observed for the electrochemical response of magnetic
particles that were functionalized with aminonaphthoquinone
(100, E0 =�0.39 V vs SCE at pH 7.0).

The electrochemical activation of redox units that are
associated with magnetic particles enables the secondary
magneto-controlled switchable activation and deactivation of
bioelectrocatalytic processes. PQQ (98 ; E0 =�0.16 V at
pH 8.0 vs SCE) acts as an electrocatalyst in the oxidation of
1,4-dihydro-b-nicotinamide adenine dinucleotide
(NADH).[331] Accordingly, the magnetic particles funtional-
ized with 98 (average surface coverage of 7.5 N 103 PQQ units
per particle) were employed to control the electrocatalyzed
oxidation of NADH by means of an external magnet.[329b] In a
similar way, magnetic particles functionalized with micro-
peroxidase-11, 99, were employed for the magnetically
switched electrocatalytic reduction of hydrogen peroxide.[329b]

Electron-relay units act as electron-transfer mediators
that electrically communicate the active sites of redox
enzymes with electrode supports. Ferrocene or bipyridinium
redox-relay units were reported to electrically contact oxida-
tive redox enzymes, such as glucose oxidase, or reductive
biocatalysts, such as nitrate reductase, respectively.[195] The

Figure 41. The electrochemical, electrocatalytic and bioelectrocatalytic reactions of functional magnetic particles which are controlled by means of
an external magnet. A) Switching “ON” and “OFF” the electrochemical reaction of the redox-relay groups (R) that are covalently bound to the
magnetic particles and the electrocatalytic function that is provided by the redox groups. B) Differential pulse voltammograms of a Au electrode
in the presence of the ferrocene (96)-functionalized magnetic particles. The particles are magnetically attracted to (a) or retracted from (b) the
electrode surface. Inset: Reversible changes of the peak current upon magnetic activation (&) and deactivation (*) of the electrochemical process.
C) Switching “ON” and “OFF” either the bioelectrocatalytic oxidation of glucose in the presence of glucose oxidase (GOx) and ferrocene (96)-
functionalized magnetic particles or the oxidation of lactate in the presence of lactate dehydrogenase (LDH) and PQQ-NAD+-functionalized mag-
netic particles. D) Cyclic voltammograms at a Au electrode in the presence of ferrocene (96)-functionalized magnetic particles (10 mg), glucose
(10 mm), and GOx (1 mgmL�1). The redox functions of the particles are switched “ON” by their attraction to the electrode (a) and “OFF” by their
retraction from the electrode (b). Inset: Reversible changes of the electrocatalytic current (measured at E=0.45 V vs SCE) upon attraction (&) or
retraction (*) of the magnetic particles to/from the electrode. (Adapted from Ref. [329b], with permission).
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activation of the redox functionalities of the relay-modified
magnetic particles enabled the subsequent switchable activa-
tion and deactivation of enzyme bioelectrocatalytic trans-
formations by means of an external magnet.[329] Figure 41C
shows the schematic magnetoswitchable activation of redox
enzymes in the presence of electron-relay-functionalized
magnetic particles, such as the bioelectrocatalyzed oxidation
of glucose by glucose oxidase in the presence of ferrocene
(96)-functionalized magnetic particles. The magnetic attrac-
tion of the ferrocene-functionalized magnetic particles to the
electrode results in the oxidation of the ferrocene units to
ferrocenyl cations. The ferrocenyl cation relay units oxidize
the redox center of glucose oxidase and activate the
bioelectrocatalyzed oxidation of glucose. Figure 41D shows
the magnetic activation of the bioelectrocatalyzed oxidation
of glucose which is reflected by the electrocatalytic anodic
current upon attraction of the functional magnetic particles to
the electrode. Retraction of the magnetic particles from the
electrode support by means of an external magnet blocks the
electrical communication between the electrode and the
ferrocene units which inhibits the secondary bioelectrocata-
lyzed oxidation of glucose. The reversible attraction and
removal of the magnetic particles to and from the electrode,
respectively, allowed cyclic “ON” and “OFF” activation and
deactivation of the bioelectrocatalytic process.

A similar approach was applied to the magnetic switching
of the bioelectrocatalyzed reduction of nitrate to nitrite by
using nitrate reductase as a biocatalyst and magnetic particles
that were functionalized with bipyridinium 97 (E0 =�0.57 V
vs SCE) as mediator units.[329b] Upon attraction of the 97-
functionalized magnetic particles to the electrode and appli-
cation of a potential of E =�0.7 V to the electrode, the
bipyridinium radical-cation-mediated bioelectrocatalyzed
reduction of nitrate to nitrite occurred at a rate of 6.5 N
10�3 mmmin�1, whereas retraction of the particles from the
electrode by positioning the magnet above the electrochem-
ical cell blocked the bioelectrocatalytic process. By switching
the position of the external magnet from below to above the
electrode surface, the electrocatalyzed reduction of NO3

� was
reversibly switched between “ON” and “OFF” states, respec-
tively.

Functional magnetic particles were also employed for the
cyclic activation and deactivation of NAD+-dependent
enzymes by means of an external magnet. It was reported
that a covalently linked monolayer of pyrroloquinoline
quinone (PQQ)–NAD+ units associated with an electrode
provides an active interface for the activation of NAD+-
dependent enzymes such as lactate dehydrogenase.[332] The
biocatalyzed oxidation of the substrate yields NADH, which
is oxidized to NAD+ by PQQ. The resulting PQQH2 is
electrooxidized to PQQ, which thus stimulates the electro-
chemically driven biocatalyzed oxidation of the substrate (e.g.
lactate). As an example, PQQ (98)-functionalized magnetic
particles were treated with N6-(2-aminoethyl)-b-nicotinamide
dinucleotide (101)[333] to yield PQQ–NAD+-modified parti-
cles (Figure 40C).[329b] The resulting particles were then
applied to the magnetoswitching of the bioelectrocatalytic
functions of the NAD+-dependent enzyme lactate dehydro-
genase (LDH) by means of an external magnet Figure 41C.

Attraction of the PQQ–NAD+-functionalized magnetic par-
ticles to the electrode in the presence of lactate dehydrogen-
ase (LDH) activated the bioelectrocatalyzed oxidation of
lactate to pyruvate. The biocatalyzed reduction of the NAD+

cofactor unit by lactate was followed by the oxidation of the
resulting NADH by the PQQ electrocatalyst. An appropriate
potential (E = 0.05 V vs SCE) was then applied to oxidize the
resulting PQQH2 and to regenerate the electrocatalyst. This
enabled the continuous bioelectrocatalyzed oxidation of
lactate to pyruvate in the presence of LDH. The electro-
catalytic anodic current developed by the system increased as
the lactate concentration was elevated, and it leveled off to a
saturation value of the current density of imax = 1.8 mAcm�2 at
a lactate concentration of 50 mm. Analysis of the electro-
catalyzed oxidation of lactate to pyruvate by LDH under
steady-state electrolysis indicated that pyruvate is generated
at a rate of 0.13 mmmin�1. Retraction of the functionalized
magnetic particles from the electrode by an external magnet
prohibited the bioelectrocatalyzed oxidation of lactate. By
the cyclic positioning of an external magnet below and above
the cell, the process was reversibly switched between “ON”
and “OFF” states, respectively.

The concept of controlling bioelectrocatalytic transfor-
mations by an external magnet was utilized to develop
selective dual biosensing systems.[334] The specific simulta-
neous electrochemical sensing of two substrates in an over-
lapping redox-potential region is a challenging topic in
bioelectronics. The bioelectrochemical dual sensing of lactate
and glucose in the presence of the two oxidative enzymes,
lactate dehydrogenase (LDH) and glucose oxidase (GOx),
was performed by using an electrode that was functionalized
with a monolayer of ferrocene, NAD+–PQQ-functionalized
magnetic particles, and an external magnet. Application of a
potential on the electrode (E> 0.32 V vs SCE) while retract-
ing the magnetic particles from the electrode resulted in the
ferrocene-mediated bioelectrocatalyzed oxidation of glucose,
whereas the bioelectrocatalyzed oxidation of lactate was
prohibited. Magnetic attraction of the NAD+–PQQ-function-
alized magnetic particles to the electrode followed by
sweeping the potential on the electrode in the range
�0.13 V<E< 0.32 V (vs SCE) allowed the PQQ–NAD+-
mediated oxidation of lactate in the presence of the NAD+-
dependent lactate dehydrogenase. As the ferrocene units are
not oxidized in this potential range, the bioelectrocatalyzed
oxidation of glucose was prohibited.

An important advance in the magnetic control of electro-
catalytic and bioelectrocatalytic transformations involves the
attraction of magnetic particles to an electrode support,
followed by the rotation of the magnetic particles on the
electrode by means of an external rotating magnet.[335] The
rotation of the magnetic particles turns the redox-function-
alized magnetic particles into circular-rotating microelectro-
des. As a result, redox-activated electrocatalytic or bioelec-
trocatalytic processes mediated by the functional particles are
controlled by convection rather than by the diffusion of the
respective substrates onto the microelectrodes. Accordingly,
enhanced amperometric responses of the particle-mediated
electrocatalytic processes are anticipated, and the resulting
currents should be controlled by the rotation speed of the
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particles. Figure 42A depicts schematically the amplified
amperometric analysis of glucose by the rotation of magnetic
particles, which are functionalized with ferrocene (96), on the
electrode support. As the interaction of glucose oxidase
(GOx) with the electron-transfer mediator, which is associ-

ated with the rotating magnetic particles, is convection-
controlled, the resultant electrocatalytic currents relate to the
square root of the rotation speed (Icat/w

1=2). Figure 42B
shows the bioelectrocatalytic currents observed in the system
at different rotation speeds of the external magnet. Clearly,
the amperometric responses increased as the rotation speed
was elevated. Figure 42C shows the amperometric responses
of the system at different concentrations of glucose with the
rotation of particles at speeds of 400 and 100 rpm (curves c
and b, respectively) relative to when the particles are in a
steel, nonrotating configuration (curve a). The rotation of the
particles (400 rpm) resulted in a � 15-fold increase in the
amperometric responses of the bioelectrocatalytic process.
The responses of the bioelectrocatalytic transformations were
analyzed with the conventional rotating-disc electrode
(RDE) theory.[336] Analysis using Levich theory of the
experimental currents that were obtained at different rotation

speeds of the redox-functionalized magnetic particles allowed
the interfacial electron-transfer rate constant to be estimated.

The enhanced electrocatalysis and bioelectrocatalysis in
the presence of rotating magnetic particles can be used to
amplify biosensing events. This is schematically depicted in
Figure 43A in which an analyte, a, is sensed by magnetic
particles functionalized with the complementary unit b.
Binding of a second recognition element c for a, which is
conjugated to horseradish peroxidase (HRP), yields the
biocatalytic sandwich structure for analyzing a. The magnetic
attraction between a mixture of magnetic particles, which
comprises magnetic particles that are functionalized with
aminonaphthoquinone (100), with the sandwich structure that
is generated between the magnetic particles that contain the
components b/a/c–HRP“ enables the amplified detection of
the analyte by electrogenerated chemiluminescence. Electro-
reduction of the aminonaphthoquinone (100) units leads to
the electrocatalyzed reduction of O2 to H2O2, which, in the
presence of luminol (102) and HRP, yields the biocatalyzed
generation of light. Upon the rotation of the magnetic
particles, O2 and luminol interact with the functionalized
magnetic particles by convection which leads to the amplified
generation of chemiluminescence (Figure 43B). The biosens-
ing affinity interactions that occur on the magnetic particles
may be antigen–antibody, nucleic acid–DNA, or any other
host–guest intermolecular binding process. The amplified
detection of immunological interactions, such as the analysis
of the dinitrophenyl (DNP) antibody in the presence of
magnetic particles that are functionalized with the DNP
antigen 103, and the ultrasensitive detection of DNA have
been demonstrated in the presence of rotating functionalized
magnetic particles.[337]

A modified scheme for the amplified detection of viral
DNA by functional magnetic particles is exemplified in
Figure 44A with the analysis of the 7249-base M13mp18
DNA.[338] The 27-base DNA primer 104, which is comple-
mentary to a segment of the analyte DNA, was associated
with the magnetic particles. The hybridization of 104 with the
M13mp18 DNA 105 was followed by a polymerization
process in the presence of the dNTP mixture, which included
biotin-labeled dUTP (deoxyuridine triphosphate). The repli-
cation process introduced biotin labels into the replicated
nucleic acid on themagnetic particles. This replication process
was followed by a sequence of thermal cycles by which the
M13mp18 DNA was dissociated, rehybridized with another
primer on the particle, and further replicated to incorporate
the biotin labels. The resulting particles were then interacted
with the avidin–HRP bioconjugate, and the resulting func-
tionalized magnetic particles were collected by means of an
external magnet on the electrode surface and then mixed with
the aminonaphthoquinone (100)-labeled particles. The elec-
trocatalyzed reduction of O2 by the quinone units yielded
H2O2, which, in the presence of luminol and HRP, led to the
generation of chemiluminescence. Furthermore, rotation of
the magnetic particles led to amplified light emission.
Figure 44B shows the intensity of the emitted light upon the
analysis of the M13mp18 DNA (8N 10�9m) at different
rotation speeds of the particles. With this method, the target
DNA was analyzed with a detection limit of 8 N 10�18m

Figure 42. A) Enhanced bioelectrocatalytic oxidation of glucose in the
presence of glucose oxidase (GOx) and ferrocene-functionalized mag-
netic particles; enhancement occurs upon circular rotation of the parti-
cles by means of an external rotating magnet. B) Cyclic voltammo-
grams of a Au electrode with the magnetically attracted 96-functional-
ized magnetic particles (6 mg) in the presence of GOx (1M10�5m) and
glucose (50 mm) and upon rotation of the magnet: a) 0, b) 10, c) 100,
and d) 400 rpm (potential scan rate: 5 mVs�1). C) Calibration plots for
the amperometric detection of glucose (E=0.5 V vs SCE) upon rota-
tion of the magnet: a) 0, b) 100, and c) 400 rpm. (Adapted from
Ref. [335], with permission; Copyright American Chemical Society,
2002).
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(Figure 44C). The intensity of the chemiluminescence light,
which was generated in the system, correlated linearly with
the square root of the rotation speed (w

1=2) and is consistent
with the fact that the luminescence intensity was controlled by
the convection of the substrates to the rotating particles. A
similar approach has been applied to detect single-base
mismatches in DNA[338] and to follow telomerase activity in
cancer cells.[339]

7.5. Magnetomechanical Detection of Biorecognition Events

The possibility of chemically modifying cantilevers and
optically monitoring their nanometric deflections render
these microelements ideal mechanical sensors.[340] Indeed,
stress interactions that occur on the surface of the cantilevers
were reported to induce their mechanical deflection. For
instance, a thin polyaniline film associated with a lever was
reported to act as a reversible electrochemically driven
mechanical device.[341] Oxidation of the polymer film led to
the electrostatic repulsion of the polymer chains which
resulted in stress on the cantilever and its deflection. The

reduction of the oxidized poly-
mer removed the surface stress,
and the lever was retracted to its
original position. Biorecognition
events such as antibody–anti-
gen[342] or nucleic acid–DNA[343]

binding processes were similarly
reported to stimulate the
mechanical deflection of canti-
levers. The electrostatic repul-
sions between surface-hybri-
dized DNA were reported to
induce a surface stress that
resulted in the mechanical
deflection of the lever.[343] The
use of a cantilever array for the
parallel micromechanical detec-
tion of different target DNAs or
different mutants was also sug-
gested. The force exerted on a
lever that is modified with mag-
netic particles and subjected to
an external magnetic field could
drive the deflection of the canti-
lever. Indeed, upon mounting
magnetic particles on a canti-
lever, a highly sensitive mag-
netic-field sensor was devel-
oped.[342] The deflection of the
cantilever could monitor
changes in the magnetic field as
low as 10 nT. The extensive use
of magnetic particles as supports
for biosensing processes[344] sug-
gests that the amplified magne-
tomechanical detection of biore-
cognition processes is feasible.

The ultrasensitive magnetomechanical detection of DNA
and single-base-mismatches in nucleic acids and the assay of
telomerase activity were performed by monitoring the
magnetically induced deflection of a cantilever, which was
functionalized with magnetic beads that were associated with
the biosensing interfaces.[345] The analyzed M13mp18 DNA
was hybridized with nucleic acid functionalized magnetic
beads and then subsequently replicated in a similar process to
that shown in Figure 44A in the presence of dNTPs (including
biotin-labeled dUTP, B-dUTP). The DNA primer-function-
alized magnetic particles were interacted with the M13mp18
DNA and subjected to 90 cycles of replication with the
incorporation of biotin labels. By this, the particles were
hybridized with M13mp18 DNA, which was then replicated in
the presence of Taq polymerase and the dNTPs mixture and
then melted to dissociate the double-stranded DNA assembly
before repeating the cycle (90 times). This procedure resulted
in a linear amplification of the biotin-labeled chains that were
associated with the magnetic particles. The resulting beads
were then attached to an avidin-coated cantilever, and the
modified cantilever was deflected by an external magnetic
field (Figure 45A). Figure 45B shows the reversible magne-

Figure 43. Amplified detection of bioaffinity recognition processes by multilabeled rotating magnetic par-
ticles. A) Synthesis of the functionalized magnetic particles for the biorecognition assay. B) Amplified
biorecognition assay upon the rotation of the functionalized magnetic particles. HRP=horseradish per-
oxidase, * denotes an excited state.
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tomechanical deflection and retraction of the avidin-modi-
fied cantilever, which was interacted with the preamplified
biotin-labeled magnetic particles. Placement of the external
magnet below the lever led to the attraction of the lever to
the magnet and resulted in its mechanical deflection,
whereas the removal of the external magnet retracted the
lever to its original position. The extent of the magneto-
induced deflection of the cantilever depended on the amount
of the functionalized magnetic particles bound to its surface
which, in turn, was dependent on the concentration of the
analyzed M13mp18 DNA. Thus, this allowed the magneto-
mechanical biosensing of DNAwith a sensitivity limit of 7.1 N
10�20m (Figure 45C).

Similarly, a magnetomechanical process for the detection
of single-base mismatches in nucleic acids was developed.[345]

The concept was also applied to the magnetomechanical
detection of telomerase activity that originates from cancer
cells.[345] A nucleic acid primer that is recognized by telomer-
ase was linked to the magnetic particles, and the telomeriza-
tion of the primer was performed in the presence of the HeLa-
cell extract and the dNTPs mixture, which included the biotin-

labeled dUTP. The process led to the incorporation of the
biotin labels into the telomers and the association of the
resulting magnetic particles to the avidin-modified cantilever.
This enabled the magnetomechanical detection of the telo-
merase activity. The telomerase activity that originates from
approximately 100 cancer cells could be detected by this
method.

8. Biomolecule-Based Nanocircuitry

The miniaturization of objects by lithographic methods
has reached its theoretical limits, and it is generally accepted
that the development of different miniaturization method-
ologies is necessary to overcome this barrier. Whereas
lithographic methods use a “top–down” miniaturization of

Figure 44. A) Labeling of the nucleic acid replica with biotin units by
thermal cycles for the amplified detection of viral DNA by multila-
beled rotating magnetic particles. B) Chemiluminescence intensities
upon the analysis of M13mp18 DNA (8M10�9m) at different rotation
speeds: a) 0, b) 60, c) 400, and d) 2000 rpm.; e) Chemiluminescence
signal observed by applying the protocol in the absence of M13mp18
DNA and with a rotation speed of 2000 rpm. C) Calibration curve for
the chemiluminescence intensities upon the analysis of different con-
centrations of M13mp18 DNA at 2000 rpm. In all experiments, the
chemiluminescence was generated by the application of a potential
step from E=0.0 V to �0.5 V and back under air. Arrows indicate the
times for switching the potential to �0.5 V and to 0.0 V. (Parts B and
C are adapted from Ref. [338], with permission).

Figure 45. A) Schematic configuration of the instrumental setup and concept for
the magnetomechanical analysis of biorecognition processes on functionalized can-
tilevers (X=deflectance). B) Magnetomechanical deflection or retraction of the can-
tilever in the analysis of M13mp18 DNA (7.1M10�12m) by using Taq polymerase
and thermal cycles for replication and labeling processes. a) The cantilever is sub-
jected to the external magnet; b) The external magnet is removed. C) Dependence
of the deflection signal on the concentration of the M13mp18 DNA. (Adapted from
Ref. [345], with permission; Copyright American Chemical Society, 2004).
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patterns, the alternative approach of the “bottom–up” con-
struction of objects has been suggested as a means to
overcome the limitations of lithography. That is, the con-
struction of objects at the molecular or supramolecular level
could be used to generate templates or “seeds” for nano-
meter-size features. Nanowires are considered as building
blocks for the self-assembly of logic and memory circuits in
future nanoelectronic devices.[346] Thus, the development of
methods to assemble metal or semiconductor nanowires is a
basic prerequisite for the construction of nanocircuits and
nanodevices. Furthermore, the nanowires should include
functional sites that allow their incorporation into structures
of higher complexity and hierarchical functionality. The use of
biomaterials as templates for the generation of nanowires and
nanocircuitry is particularly attractive. Besides the ingenious
structures that Mother Nature provides us which may act as
templates for the generation of nanoobjects, the unique
recognition features of biomaterials may act as driving forces
for self-assembly and for the generation of complex func-
tional structures.

Biological templates such as DNA,[182, 225,347] viru-
ses,[299d,e, 348] antibodies,[38] S-layers (surface layers),[112,349] pro-
tein cages,[130] bacterial rhapidosomes,[350] and microtu-
bules[351] have been used to direct the nucleation, deposition,
and assembly of inorganic micro- and nanostructures. Besides
microtubules, a variety of other polymorphic tubulin assem-
blies such as sheets, macrotubules, and S-ribbons are also
known.[352]

Biomolecules exhibit dimensions that are comparable to
those of the envisaged nanoobjects. Besides the fascinating
structures of biomaterials that may lead to new inorganic or
organic materials, templates of biological origin may act as
“factories” for the production of “molds” for nanotechnology.
The proliferation of cells, the replication of DNA, the
synthesis of proteins, and the association of protein mono-
mers into sheets, tubules, or ribbons all represent biological
processes for the high-throughput synthesis of potential
biomaterial templates for nanotechnology. The further appli-
cation of genetic engineering to manipulate proteins and the
application of chemical methods to synthesize new de novo
proteins, modify proteins by synthetic amino acids, or modify
DNA by synthetic nucleotides provides us with a flexible
arsenal of means to tailor the templates for the desired
nanostructures. Although this topic is in its infancy, it attracts
substantial research efforts, and the already visible results
promise exciting future developments.

8.1. Protein-Based Nanocircuitry

Natural protein structures such as microtubules[351] were
applied as templates for the deposition of metal nanoparticles.
Microtubules are cylindrical proteins that consist of charac-
teristically arranged ab-heterodimeric tubulin subunits. The
length of the tubulin dimer is about 8 nm and its diameter is
4–5 nm. Depending on the conditions of the in vitro assembly,
thirteen or fourteen protofilaments are aligned in an almost
parallel configuration to form hollow cylinders, which exhibit
outer diameters of 25 nm and lengths of several micrometers.

These assemblies were used as biotemplates for the gener-
ation of metal nanowires by the deposition and catalytic
enlargement of NPs (Figure 46).[353]

Many proteins comprise well-defined channels or cavities
(e.g. ferritin)[128] or are organized in the form of pore-
containing layers on surfaces (e.g. S-layers).[354] These chan-
nel- or pore-containing materials may act as templates for the
generation of nanostructures, nanorods, and even circuitry.
Ferritin, for example, consists of a hollow polypeptide shell
that is 8 and 12 nm in its internal and external diameters,
respectively, and a 5-nm-diameter ferric oxide (5Fe2O3·9H2O)
core.[128] After the reduction of the ferric oxide core, the
reduced material can be washed away from the protein and
the apo-ferritin channel can be remineralized with different
inorganic oxides, sulfides, or selenides that form nanorods
(e.g. MnO, FeS, CdS, or CdSe).[129,130]

Aromatic short-chain peptides, such as Alzheimer2s
diphenylalanine b-amyloid (106), form well-ordered nano-
tubes that have been used as templates for growing Ag
nanowires (Figure 47A).[355] The peptide nanotubes were
loaded with Ag+ ions, which were reduced with citrate to yield
metallic silver nanowires inside the peptide nanotubes
(Figure 47B). The peptide coating was then removed by
enzymatic degradation in the presence of proteinase K to
yield micrometer-long Ag nanowires with a diameter of
� 20 nm (Figure 47C). Upon the application of d-phenyl-
alanine-based peptide fibrils, which are resistant to proteina-
se K, the peptide coating of the Ag nanowires was preserved.
Various kinds of biomaterial nanotubes have been applied to
generate metallic nanowires that are protected by a biomo-
lecule “skin”. For example, Au NPs of 3–10-nm width were
organized in a glycolipid hollow cylinder nanotube by filling
the internal channel of the lipid nanotube with an aqueous
solution of HAuCl4 by capillary force and subsequently
photochemically reducing the [AuCl4]

� to give metal–lipid
nanotube wires.[356]

Crystalline bacterial-cell surface layers (S-layers)[354] have
exhibited a broad potential for applications owing to the
following features: 1) Pores passing through S-layers show
identical size and morphology and are in the range of

Figure 46. TEM image which shows the quasi-continuous coverage of
a microtubule surface with Pt NP aggregates. (Adapted from
Ref. [353], with permission).
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ultrafiltration membranes. 2) Functional groups on the sur-
face and in the pores are aligned in well-defined positions and
orientations and are accessible for chemical modifications
and binding of functional molecules in a very precise fashion.
3) Isolated S-layer subunits from a variety of organisms are
capable of recrystallizing as closed monolayers onto solid
supports such as metals, polymers, and silicon wafers. 4) Func-
tional domains can be incorporated in S-layers proteins by
genetic engineering. Thus, S-layer technologies particularly
provide new approaches for biotechnology, biomimetics,
molecular nanotechnology, the nanopatterning of surfaces,
and the formation of ordered arrays of metal clusters or NPs
as required for nanoelectronics. S-layers have been patterned
by deep ultraviolet radiation or by the application of a soft
lithography technique:[357] micromolding in capillaries
(MIMIC; Figure 48A).[354c] The patterned S-layers were
used as matrices for the immobilization of functional bio-
materials or as templates for the formation of ordered arrays
of NPs that are important for nanoelectronics and nonlinear
optics. Monodisperse gold particles, 4–5 nm, were formed in
the pore region of the S-layer, and the interparticle spacing of
the gold superlattice resembled the S-layer lattice (Fig-
ure 48B). MIMIC technology was applied to pattern the S-
layers to produce nanocircuits of high complexity. Following
recrystallization of the S-layer and removal of the mold,
human IgG was covalently attached to active carboxylate
groups on the S-layer track surface. Subsequent binding of
fluorescein isothiocyanate-labeled anti-human IgG enabled
fluorescence imaging of the pattern that was produced by the
modified S-layer (Figure 48C).

Alternatively, metallization could be performed on the
exterior sides of peptide-based templates.[358] Bis(N-a-amido-

glycylglycine)-1,7-heptane dicarboxylate molecular units
were self-assembled into nanotube templates through inter-
molecular hydrogen bonds between the amide and carboxylic
acid groups.[359] The sequenced histidine-rich peptide 107 was
then assembled on the nanotubes, where it selectively trapped
Au ions (chlorotrimethylphosphinegold salt, ClAuPMe3;
Figure 49A).[358a,b] After the Au ions were reduced, highly
monodisperse Au nanocrystals were grown on the nanotubes.
The conformations and the charge distributions of the
histidine-rich peptide were determined by pH measurements,
and the concentration of the Au ions in the growth solution
was responsible for the size and the packing density of the Au
nanocrystals. The diameter of the Au nanocrystals was limited
by the spacing between the neighboring histidine-rich pep-
tides on the nanotubes. This simple metal–nanotube fabrica-
tion by the biomineralization method could be applied to
various metals and semiconductors by using peptides with
sequence-specific groups for the association of metal ions.

Similarly, a histidine-rich epitope (HRE) AHHAH-
HAAD from HRP ii was used as a peptide that was suitable
to mediate the synthesis of a variety of metal sulfide, metal
oxide, and zerovalent metal clusters in aqueous solutions.[360]

Screening of the resulting clusters against a monoclonal
antibody for HRP ii revealed molecular recognition of the
ligand epitope along the nanocluster surfaces by some of the
peptide-encapsulated nanoclusters. The peptide, Asn-Pro-
Ser-Ser-Leu-Phe-Arg-Tyr-Leu-Pro-Ser-Asp, recognized and

Figure 47. A) Formation of a silver nanowire inside a channel of a
short-chain diphenylalanine-peptide tube. B) TEM image of the peptide
template, which is filled with a metallic silver nanowire. C) TEM image
of the silver nanowire after the degradation of the peptide template in
the presence of proteinase K. (Adapted from Ref. [355], with permis-
sion).

Figure 48. Nanocircuitry produced upon biospecific interactions on
surfaces. A) Schematic representation of S-layer protein patterning and
assembly by MIMIC (micromolding in capillaries): a) Channels are
formed upon contact of a poly(dimethylsiloxane) (PDMS) mold with a
silicon-wafer support; b) Channels are filled with a solution of protein
by capillary forces; c) The mold is removed; d) Crystalline protein pat-
terns are observed on the support surface; e) S-layer patterns are
either labeled with a fluorescent marker (FITC= fluorescein isothiocya-
nate) or f) they are used as substrates for an antibody–antigen
(IgG= immunoglobulin) immunoassay. B) Electron micrograph of a
nanometer-scale gold superlattice on an S-layer that exhibits square-
lattice symmetry. The inset shows a scanning force microscopy image
of the native S-layer on the same scale. C) Fluorescence images at dif-
ferent magnifications (a and b) of an S-layer pattern that was gener-
ated from a circuit-like PDMS mold. (Parts A and C are adapted from
Ref. [354c]; part B is adapted from Ref. [354e], with permission).
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effected the growth of hexagonal Ag nanocrystals on the
(111) face.[358c] Upon the sequencing and the incorporation of
the peptide onto the surface of the nanotube template, the
biomineralization of Ag+ ions on the polypeptide nanotubes
led to an isotropic coating of hexagonal Ag nanocrystals.

Peptide nanotubes[359] incorporate many free amide and
carboxylic groups on the surfaces as binding sites to anchor
biological molecules and metal ions in order to produce
various other functional nanotubes. Also, thiol groups could
be introduced into the protein backbone to anchor Au NPs.
Usually these binding sites are distributed on the entire
surface of the nanotube to provide a uniform attachment of
modifying units along the entire length of the nanotube. As an
example, amyloid protein fibers (10-nm wide) were generated
by the self-assembly of the prion determinant from Saccha-
romyces cerevisiae (the N-terminal and middle (NM) regions
of Sup35p), which was genetically engineered to include thiol
groups on the protein surface. Gold NPs were associated to
the activated surface of the protein fibers, and by the
subsequent catalytic deposition of silver on the Au NPs,
micrometer-long wires with a diameter of about 100 nm and
with good electrical conductivity were generated.[361]

A novel method has been developed for the directional
functionalization of peptide nanotubes at their ends, whilst
the sidewalls remain untouched.[362] The approach involved,
first, the thiolation of the nanotube sidewalls by the carbo-

diimide coupling of 2-mercaptoethylamine to carboxylic
groups of the polypeptide nanotubes (Figure 49B, step a).
Then, Au nanoparticles were coated as a mask on the
sidewalls of the nanotube (Figure 49B, step b), and the
assembly was incubated in a solution of sulforhodamine-
labeled avidin (Figure 49B, step c). After avidin was immo-
bilized at the ends (not masked by Au nanocrystals) and the
sidewalls (masked by Au NPs) of the nanotubes, the Au NPs
on the sidewalls were chemically etched (Figure 49B, step d).
The chemical etching of the Au nanocrystal masks on the
sidewalls of the nanotubes led to the removal of avidin from
the sidewalls, whereas avidin at the ends of the nanotube
remained bound. The chemical etching process did not
denature avidin, and the nanotube ends could recognize and
immobilize the complimentary biotin units (Figure 49B,
step e). This fabrication method is useful to guide each
individual nanotube to each corresponding location on
complementary protein-patterned surfaces. End-to-end spe-
cific coupling of peptide nanotubes, such as through biotin–
avidin interactions, could allow the formation of a template
that could yield a conductive nanocircuit upon further
metallization.

The specific assembly of protein subunits into template
structures could provide a means of patterning the generated
metal nanowires. An f-actin filament provides specific binding
of the biomolecular motor protein, myosin, which forms a
mobile complex with the filament and whose motility along
the filament is driven by ATP.[363] The f-actin filament is
formed by the reversible association of g-actin subunits in the
presence of ATP, Mg2+, and Na+ ions. Recently, the f-actin
filament was used as a template for the formation of Au
nanowires,[364] whereby the filament was covalently modified
with Au NPs (1.4 nm) that were functionalized with single N-
hydroxysuccinimidyl ester groups 108. Removal by dialysis of
the ATP, Mg2+, and Na+ ions that were used to assemble the g-
actin monomer units into the filament resulted in the
separation of the filament and the formation of Au NP-
functionalized g-actin subunits. The association of Au NPs to
the polymeric form of the actin followed by its dissociation
was essential to protect the binding sites of the monomeric
actin subunits. The Au NP-functionalized g-actin subunits
were then used as versatile building blocks for the Mg2+/Na+/
ATP-induced polymerization of the functionalized monomers
to yield the Au NP-functionalized filaments of a predesigned
pattern (Figure 50A). Electroless catalytic gold deposition on
the Au NP-functionalized f-actin filament yielded 1–3-mm-
long gold wires of 80–150-nm-heights, which depended on the
time elapsed during the gold deposition. By sequential
polymerization of the naked actin filament on the preformed
Au–NP–actin wire and the subsequent electroless catalytic
deposition of gold on the Au NPs, patterned actin/Au wire/
actin filaments were generated (Figure 50C). A related
approach was applied to yield the inverse Au wire/actin/Au
wire patterned filaments (Figure 50B). The latter configura-
tion suggests that the two Au wires may act as contacts for the
deposition of a semiconductor nanotube and the fabrication
of a transistor element. The gold deposited on the actin
filament exhibited metallic conductivity with a resistance
similar to the value obtained for bulk gold.

Figure 49. A) Structure of the Au NP–peptide complex on the histi-
dine-rich polypeptide nanotube template. B) Immobilization of avidin
units at the ends of peptide nanotubes by using Au NPs as protective
masks to yield only end-to-end interconnected peptide nanotubes.
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The specific binding interactions of proteins can provide
specific cross-linking or bridging properties for the generation
of nanoparticle circuits. The homotetrameric protein strepta-
vidin (SAv) is characterized by four high-affinity (Ka>

1014m�1) binding sites for biotin. By the appropriate function-
alization of Au NPs[126] (or ferritin particles)[132] with biotin
units, 3D NP aggregates were generated. Nanoparticle
aggregates that exhibit 3D ordering were also generated by
the use of complementary antigen–antibody binding inter-
actions.[38, 118] The simplest antigen–antibody–metal NP-
ordered aggregate involved the cross-linking of Au NPs
(12 nm), which were functionalized with the anti-dinitro-
phenyl antibody (anti-DNP), with a bifunctional bis(dinitro-
phenyl) antigen (bis-(N-2,4-dinitrophenyloctamethylenedia-
mine)). Circuits of greater com-
plexity were generated by the
application of different protein
receptors and different metals
for the ordered organization of
the NP systems.[38, 118] A nano-
particle aggregate was formed
from two NPs that were differ-
ently functionalized, namely
with streptavidin (SAv) and
anti-DNP groups. The oligo-
meric aggregates generated
from bioorganic SAv particles
and bisbiotinylated ds-DNA
spacers were used as model

systems to study the properties of complex particle networks.
SAv functioned as a 5-nmmodel particle that could undergo a
limited number of interconnections to other particles within
the network. Either one, two, three, or four biotinylated DNA
fragments were conjugated with SAv by means of the high-
affinity SAv–biotin interaction to result in dimers, trimers,
and oligomers that were interconnected in a network as
observed by scanning force microscopy (SFM; Figure 51).[21a]

8.2. DNA as a Functional Template for Nanocircuitry

Among the different biomaterials, DNA is of specific
interest as a template for the construction of nanocircuits.

Figure 50. A) The assembly of patterned actin-based Au nanowires: Left: a Au wire/actin/Au wire filament; Right: an actin/Au wire/actin filament.
B) AFM image of the Au wire/actin/Au wire filament. C) AFM image of the actin/Au wire/actin filament.

Figure 51. SFM images of nanoparticle networks that were prepared with ds-DNA as spacer groups. The
ds-DNA fragments contain two biotin-binding sites at the two 5’ ends of the ds-DNA which allow the
cross-linking of the biotin-binding protein SAv as a model nanoobject. (Adapted from Ref. [21a], with per-
mission).
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Several arguments support the use of DNA as a future
building block of nanostructures: 1) Nucleic acids of prede-
signed lengths, base-orderings, and shapes can be synthesized,
and complex structures have been generated by self-assembly
methods.[365] Whereas the variable DNA shapes may be used
as predesigned templates for the nanocircuits, the base-
sequence may be used as specific addressable domains for the
binding of the reactants that form the nanowires. As a result,
patterned nanocircuits may be envisaged. 2) Nature provides
us with numerous biocatalysts that can manipulate DNA.
These enzymes may be considered as tools for shaping the
desired DNA and eventually for the generation of nano-
circuits. For example, the enzyme ligase ligates nucleic acids,
endonucleases affect the specific scission of nucleic acids,
telomerase elongates single-stranded nucleic acids by telomer
units, and polymerase replicates DNA. These biocatalysts
represent “cut and paste” tools for the formation of DNA
templates. By the application of the replication biocatalyst,
the design of future factories of nanowires may be envisaged.
3) The intercalation of molecular components into DNA and
the binding of cationic species such as metal ions to the
phosphate units of nucleic acids allows the assembly of
chemically active functional complexes. These linked molec-
ular components may be used as precursors for the formation
of the nanowires. Specifically, intercalators that selectively
bind to appropriate base pairs may be used as directing units
for the selective deposition of chemicals on the nucleic acids.
Such directed assembly of reactive sites may then lead to
patterned nanocircuits. 4) Different proteins bind specifically
to certain nucleic acid sequences. This allows the addressable
assembly of complex DNA–protein structures. Such protein–
DNA complexes may act either as addressable domains for
the selective deposition of metals or semiconductors, or
alternatively as temporary shielding domains that protect the
DNA from metal deposition. These insulated domains may
then be used for the deposition of other metals or semi-
conductors to enable the fabrication of patterned complex
structures.

The interaction of metal NPs with DNA is a well-known
phenomenon,[179, 181,347,366] and the microscopic mechanism of
the nucleation of metal nanoclusters on DNA templates has
been studied.[227] Usually, single or double-stranded DNA is
decorated by the metal particles, which can easily be imaged
by TEM or AFM.[367] Upon the interaction of DNA with Au
NPs that are stabilized with phosphane ligands
(Au55(Ph2PC6H4SO3H)12Cl6), the formation of Au-decorated
wirelike DNA structures was demonstrated by AFM (Figur-
e 52A).[367a] Molecular-modeling studies of the interactions
between the DNA and Au55 and Au13 NPs showed that the
NPs could be arranged inside the grooves of DNA (Fig-
ure 52B). Some of the phosphane ligands could be substituted
by the DNA phosphate groups which provided strong binding
of the Au NPs to the DNA. Au NPs capped with other
phosphane ligands such as tris(hydroxymethyl)phosphine-
cappedAuNPs[368] were also used to decorate DNA templates
that yielded nanowires. 1D chains of Au NPs (4.4 nm) coated
with cationic trimethyl(mercaptoundecyl)ammonium mono-
layers were electrostatically assembled along DNAmolecules
in solution by the careful control of the relative molar

quantities of NPs and DNA base pairs.[367b] TEM images of
the dried droplets of solutions of the DNA-base-pair/MPC
(monolayer-protected cluster) in a molar ratio of 20:1
displayed chains of NPs that were a few microns long in
which the Au cores were lined up with nearly contacting
cationic monolayer edges along the anionic DNA template.

With the vision that DNA can act as a template for the
generation of nanocircuits, attempts were made to explore the
possibility to organize DNA-cross-linked semiconductor NPs
and DNA-based metal NP nanowires on surfaces. As nano-
particles are loaded on the DNA template with gaps between
the adjacent particles, the issue of electrical conductivity of
the DNA matrix itself is important. Electron transport
through DNA has been one of the most intensively debated
subjects in chemistry over the past ten years,[224, 369] and the
subject is still under extensive theoretical[370] and experimen-
tal[371] investigation. Despite some optimistic observations
that show highly conductive properties of the entire DNA
backbone,[372] most of the studies report poorly conductive[373]

or insulator[374] properties of the DNA. To examine the
electrical conductivity of DNA, the conductivity of double-
stranded DNA that connects Au NPs was analyzed. Thiol-
derivatized oligonucleotides were linked to Au NPs, and then
the DNA-functionalized Au NPs were bridged with DNA
chains that were composed of double-stranded helices of
various lengths (24, 48, or 72 bases). These helices were
terminated on both sides with single-stranded domains, which
were complementary to the oligonucleotides bound to the Au
NPs.[69b] The resulting Au NP aggregates, which were linked

Figure 52. A) a) AFM image of l-DNA, which is partially linked with
Au55 clusters; b) Height profile of both the bare DNA and a decorated
part. B) Energy-minimized structure of the DNA fragment with Au55
clusters arranged along the phosphate backbone of the DNA major
grooves. (Adapted from Ref. [367a], with permission).
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with ds-DNA spacers, were deposited on an electrically
nonconductive solid support, and their conductivity was
measured by the four-probe method. Surprisingly, the con-
ductivities of the aggregates generated by all three linkers
ranged from 10�5 to 10�4 Scm�1 at room temperature, and the
linkers all showed similar temperature-dependent behavior.
The similarity of the electrical properties of the aggregates
originates from the fact that the DNA spacers are compressed
and thus yield small and similar distances between the Au
NPs. Accordingly, the measured conductivity parameters
reflect the electrical properties of the metallic NPs separated
by small gaps.

The conductivity of metallic NP aggregates on a DNA
template can be enhanced by the chemical deposition of
another metal, such as the deposition of Ag on Au aggregates,
to fill the gaps and to form a continuous conductive nanowire.
DNA metallization is based on the association of metal
complexes or metallic NPs with the DNA template and the
further growth of the metal seeds with either the same or a
different metal upon chemical reduction of the respective
metal ions in the presence of strong reductants, such as
dimethylaminoborane, hydroquinone, or sodium borohy-
dride.[224] When metal ions or metal complexes, such as
silver or copper ions,[375] or platinum or palladium com-
plexes,[227] which are electrostatically associated with a DNA
template, are used as the active sites for the metallization of
the DNA, the formation of the continuous nanowire proceeds
over a period of time which ranges from several hours up to
one day.[181, 347] Application of pre-prepared metal NPs that
are associated with the DNA template makes this process
significantly shorter.[368] The binding of the primary metallic
clusters to the template DNA for the subsequent catalytic
deposition of wires on the DNA frame may be performed by
several means: 1) By the reduction of metal ions that are
linked to the phosphate groups to metallic seeds that are
linked to the DNA. 2) By the use of metal or semiconductor
NPs that are functionalized with intercalator units—interca-
lation of the molecular components into ds-DNA leads to the
association of the NPs with the DNA template. 3) By the
synthesis of DNA that have functional tethers, which enable
the covalent attachment of the metal or semiconductor NPs to
the DNA. 4) By the synthesis of ss-DNA that includes
constant repeat units (e.g. telomers) and the hybridization
of metal or semiconductor NPs that are functionalized with
short nucleic acids, which are complementary to the ss-DNA
repeat units.

Figure 53A exemplifies the method for the assembly of
Au NPs on a DNA template by using Au nanoparticles that
are functionalized with an intercalator.[376] The psoralen-
amine derivative 109 was treated with the Au55 nanocluster
(1.4 nm-diameter), which includes a single N-hydroxysucci-
nimidyl ester group 108, to yield the psoralen-functionalized
Au55 nanoparticle 110. As psoralen acts as a specific
intercalator for A–T base pairs, the functionalized Au55

nanoparticles were treated with the pA-pT–ds-DNA 111
(pA-pT= polyadenylic acid–polythymidylic acid). Subse-
quently, the assembly was irradiated with UV light to
induce the 2p+2p cycloaddition reaction between the psor-
alen units and the thymine base sites of DNA. This latter

process covalently fixed the Au55 NPs to the DNA matrix.
Figure 53B depicts the AFM image of the resulting NP wire.
A NP wire that was approximately 600–700-nm-long was
formed. Its width corresponds to around 3.5–8 nm and is
controlled by the width of the DNA template. The height of
the wire was about 3–4 nm, which is consistent with the fact
that the Au NPs intercalate into the DNA on opposite sides of
the double-stranded DNA template. The continuous appear-
ance of the Au NP wire is owed to the dimensions of the
scanning AFM tip, and in reality, most of the particles are not
in intimate contact with one another. The possibility to
arrange the Au NPs on the DNA template allows the further
catalytic enlargement of the particles by an electroless
deposition process (e.g. reaction of AuCl4

� with NH2OH) to
yield continuous conductive nanowires.

Another approach involved the electrostatic association
of metastable Au NPs with a DNA template to yield a
conductive wire along the DNA matrix.[377] Gold NPs were
capped with thiocholine, HS(CH2)2N

+(CH3)3 (54), as a
cationic stabilizer to provide the electrostatic association of
the nanoparticles with the negatively charged DNA template.
Then, the unstable Au NPs underwent self-fusion into the
conductive wire structures. Aucore/anilineshell NPs were self-
assembled onto a DNA template, which was stretched on a
surface, to yield aligned assemblies that were ordered over a

Figure 53. A) Assembly of a Au NP wire in the pA/pT template by
using Au NPs that are functionalized with intercalator (psoralen)
molecules. B) AFM image of the Au NP wire in the pA/pT template.
pA/pT=polyadenylic acid/polythymidylic acid.
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long range.[378] The aniline shell provided a positive charge on
the NPs which resulted in their electrostatic binding to the
negatively charged phosphate backbone of the DNA tem-
plate. Linear arrays of the aniline-coated Au NPs with
interparticle spacing were organized on DNA to form a
necklacelike nanostructure. By the deposition of different
metals or NPs in the interparticle spacings, it should be
possible to tune the electrical or optical properties of linear
arrays.

A high-throughput synthesis of DNA templates for the
generation of metallic nanowires was demonstrated by the
use of HeLa cancer cell generated telomerase. Telomers are
nucleic acids of constant repeat units (5’-TTAGGG-3’) that
protect the chromosome ends from erosion.[379] Their stepwise
degradation during the normal cell life cycle results in a
cellular signal for the termination of the cell life-cycle and
proliferation.[380] In certain cells, the ribonucleoprotein telo-
merase can be accumulated, and this enzyme elongates the
telomer ends with the constant repeat units which results in
the production of immortal malignant or cancer cells. Thus,
telomerase is a characteristic biomarker for cancer cells.[381]

The constant repeat units that exist in the telomers provided
addressable domains for the application of the telomers,
which were generated from HeLa cells, as templates for the

formation of metallic nanowires.[382] In one approach, the
primer 112 was telomerized in the presence of the dNTPs
nucleotide mixture, which contained (aminoallyl)dUTP 113
(Figure 54A). The resulting amine-containing telomers were
treated with Au NPs (1.4 nm; 108), which were functionalized
with single N-hydroxysuccinimidyl ester groups, to yield Au
NP-modified telomers. The Au nanoparticle-decorated DNA
wires were then enlarged by electroless gold deposition to
generate a metallic nanowire (Figure 54, C and D). In a
different approach, the telomer was hybridized with the
complementary nucleic acid segments 114 that were function-
alized with Au NPs (Figure 54B). The resulting Au NP-
modified DNA duplex was enlarged by the electroless
deposition of gold on the nanoparticles to generate a metallic
nanowire (Figure 54E).

Practical applications of the nanowires require their
electrical contacting with macro- or microelectrodes. Towards
this goal, a single nanowire, which was produced on a DNA
template that bridges two microsize electrodes, was con-
structed.[225, 226] Two microelectrodes, which were positioned
opposite each other with 12–16-mm separation, were func-
tionalized with 12-base oligonucleotides that were then
bridged with a 16-mm-long l-DNA (Figure 55A). The result-
ing phosphate units of the DNA bridge were loaded with Ag+

Figure 54. The assembly of Au nanowires on a telomer template. A) Covalent attachment of Au NPs to amine groups, which were introduced into
the telomer structure during the telomerization step, followed by catalytic enlargement of the NPs. B) Binding of oligonucleotide-functionalized
Au NPs to the complementary domains of the telomer followed by the catalytic enlargement of the NPs. C),D) TEM and AFM images, respectively,
of a Au nanowire that was generated according to the procedure outlined in (A). E) TEM image of a Au nanowire that was generated according to
the procedure outlined in (B). (Adapted from Ref. [382], with permission; Copyright American Chemical Society, 2004).
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ions by ion-exchange, and the bound Ag+ ions were reduced
to Ag metal with hydroquinone. The small Ag aggregates
which were produced along the DNA backbone were then
used as catalysts for the further reductive deposition of silver,
which eventually led to the formation of a Ag nanowire. This
micrometer-sized element had a typical width of 100 nm and a
granular morphology (determined by AFM). Electrical
measurements revealed nonlinear graphs of I versus V
(Figure 55B). The nonlinear current–voltage graphs and the
observed hysteresis are not understood at present. This
behavior may originate from quantum effects of the nano-
scale wire. Alternatively, local defects in the generated wire
morphology may introduce a tunneling barrier for the trans-
port of electrons through the wire.

A similar approach was used to generate highly conduc-
tive DNA-templated nanowires that bridged macroscopic Au
interdigitated electrodes.[383] DNA molecules were positioned
between macroscopic Au electrodes and were loaded with
Pd2+ ions,[383a] which were then chemically reduced into
continuous metallic wires. The Pd wires provided specific
conductivity that was only one order of magnitude lower than
that of bulk palladium. Also, the vectorial immobilization of
linear M13mp18 ds-DNA (� 2.5-mm-length) between inter-
digitated electrodes with 2.0-mm spacings was performed by
the nonsymmetrical modification of the opposite electrode
surfaces.[383b] One side of the interdigitated electrodes was
selectively modified with a coating of streptavidin, whereas
the second side was coated with Au NPs. An asymmetric
double-stranded M13mp18 DNA strand that carries a 5’-thiol
group at one end and a 5’-biotin at the other end was obtained
through polymerase chain reaction (PCR) by using two
differently labeled primers. The DNA interaction with the
electrode system resulted in the selective bridging of the
electrode surfaces owing to the biotin–streptavidin coupling
at one side and the adsorption of thiol on the Au NPs at the
other side. Further metallization of the DNA bridges yielded
electrical contacting between the interdigitated electrodes.

Molecular electronics, however, requires more elaborate
manipulations that include the formation of richer geo-
metries, wire patterning with nanometer resolutions, and
molecularly accurate device localization. The binding of

proteins such as RecA to DNA has been used as a means
for the patterning of nanoscale DNA-based metal wires with
nonconductive or semiconductive gaps.[384] The biomolecular
lithography used for this process is based on homologous
recombination processes carried out by the RecA protein,
which operates on ds-DNA substrate molecules. The infor-
mation that guides the lithography is encoded in the 48502-
base-pair ds-DNA substrate 115 and in the auxiliary 2027-
base ss-DNA probe 116. The RecA proteins were polymer-
ized on the ss-DNA probe 116 to form a nucleoprotein
filament 117. This filament was then mixed with the ds-DNA
substrate 115 (Figure 56A, steps a and b). The polymerization
of RecA on the ss-DNA probe 116 is not sequence-specific.
However, the binding specificity of the nucleoprotein fila-
ment 117 to the ds-DNA substrate 115 is dictated by the base-
sequence and its homology to the substrate molecule.
Subsequently, Ag+ ions were bound to the protein-deficient
DNA domains of the nucleoprotein filament, and these were
reduced into Ag clusters that were associated with free
domains of the DNA assembly (Figure 56A, step c). The ds-
DNA 115 was modified with aldehyde groups prior to this
process to allow the chemical reduction of the electrostati-
cally bound Ag+ ions to Ag clusters. The localized RecA
proteins, which served as a resistance, prevented the deposi-
tion of Ag on the nucleoprotein filament 117 domain and
created a gap of predefined sequence length between the Ag-
loaded segments of the substrate molecule. The Ag clusters
served as catalysts for the subsequent electroless deposition of
Au (Figure 56A, step d), and this process produced two
continuous gold wires separated by the predesigned gap
(Figure 56B). The domain of the nucleoprotein filament 117
could be further functionalized by using various protein-
recognition reactions (based on biotin–streptavidin or anti-
gen–antibody affinity) which led to the formation of complex
metal (or semiconductor)–biomaterial hybrid nanowire struc-
tures. In a similar approach, the nucleoprotein filament 117
was used to protect the DNA from the aldehyde derivatiza-
tion process rather than the metallization process.[385] The
binding of RecA to the DNA prohibited its reaction with
glutaraldehyde which created an underivatized region on the
DNA. After the removal of excess glutaraldehyde, the RecA

Figure 55. A) The construction of a nanowire that bridges two microelectrodes by the deposition of Ag+ ions on a bridging DNA strand followed
by the chemical reduction of the Ag+ ions to the metallic agglomerate. B) Current versus voltage (I/V) curves obtained with the structures pro-
duced. (Part B adapted from Ref. [225], with permission).
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protein was disassembled and the DNA was purified. The
resulting DNA molecules, which possessed a predesigned
aldehyde-derivatization pattern, were combed onto a passi-
vated silicon wafer and these were incubated in a silver
solution. The patterned aldehyde derivatization served as a
blueprint for the creation of an insulating gap in the DNA
metallization process.

Recently, 1D and 2D metallic nanowire arrays have been
obtained by the combination of molecular combing and DNA
metallization.[386] The method involved three steps: 1) A fluid
flow was used to prepare parallel unidirectional DNA arrays
of controlled density (Figure 57A); to create 2D arrays of
DNA, a second alignment was made along another direction.
2) Pd2+ ions were absorbed onto the negatively charged DNA
backbones. 3) Chemical reduction of the absorbed Pd2+ ions
produced palladium nanowires. The resulting Pd nanowires
followed the patterns defined by the DNA array to produce
either parallel or crossed networks of Pd nanowires on a mica
substrate. The resulting nanowires were composed of NPs
with an average diameter of about 30 nm. It should be noted
that the actual diameter may be even smaller because of the
limited lateral resolution of the AFM tip. A section analysis
(Figure 57B) showed that these nanowires are about 5 nm in
height. Figure 57C also presents an AFM image at high
magnification that shows a well-defined meshlike 2D Pd
nanowire array. This method could be especially useful for the
parallel assembly of nanosized building blocks into functional

networks. Further complexity was introduced into the
generated 2D arrays of DNA by means of a molecular “cut
and paste” technique by using an AFM tip as an instrument
for molecular manipulation.[387] A DNA strand was cut at a
certain point (Figure 57D) and a part of the DNA was
swept away by an AFM tip. The residual DNA structure
was manipulated with the AFM tip to yield various
patterns (Figure 57E andF). Metallization of the gener-
ated DNA patterns yielded nanocircuit junctions of differ-
ent structures and high complexity.

The possible variability and complexity in DNA design
establishes unique opportunities for programming the
shape and structure of the DNA templates.[365] A cross
structure of eight ds-DNA units that exhibits four wings
with appropriate “sticky” ends was used as a tile for the
self-assembly of a 2D lattice of nanogrid morphology or a
nanoribbon morphology of uniform width.[388] Both mor-
phologies displayed periodic square cavities. The resulting
nanoribbons acted as scaffolds for the metallization and
formation of highly conductive silver wires. Also, DNA
lattices were generated by using a linear array of DNA
triple crossover molecules to yield templates for the
formation of Au NP arrays.[389]

Figure 56. A) Molecular lithography based on homologous recombination processes
carried out by the RecA protein, which operates on ds-DNA substrate molecules.
B) AFM image of the patterned DNA template after gold metallization; Inset:
Close-up image of the gap. The height of the metallized sections is approximately
50 nm. (Adapted from Ref. [384], with permission).

Figure 57. A) The fluid-flow-assisted molecular combing of DNA mole-
cules on a surface to yield 1D or 2D arrays. B) AFM image of a Pd
nanowire, a section analysis of which shows an average particle height
of approximately 5 nm. C) AFM image of a meshlike 2D array of Pd
nanowires that is formed by the metallization of a 2D aligned DNA
sample. D) A DNA strand cut by an AFM tip. E),F) The patterns gener-
ated upon the manipulation of DNA with an AFM tip on the nanome-
ter scale. (Parts A–C were adapted from Ref. [386]; parts D–F were
adapted from Ref. [387], with permission; Copyright American Chemi-
cal Society, 2002).
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8.3. Viral Matrices as Functional Templates for Nanocircuitry

It has been shown that several types of rodshape viruses
form well-controlled liquid-crystalline phases.[390] Recently, a
method of fabrication of a self-assembled, ordered nano-
crystal film that used a nanocrystal-functionalized M13 virus
was reported.[391] Through genetic-engineering techniques,
one end of the M13 virus was functionalized to nucleate or
bind to a desired semiconductor material (specifically II–VI
semiconductor nanoparticles).[392] These semiconductor nano-
crystal-functionalized viral liquid-crystalline building blocks
were grown into ordered hybrid self-supporting films. The
resulting nanocrystal-hybrid film was ordered at the nano-
and microscales into 72-mm periodically striped domains. To
align other materials, such as metallic and magnetic nano-
particles, another general approach has been suggested which
includes the genetic-engineered formation of a virus that
specifically binds streptavidin, SAv. The anti-SAv M13
viruses, which have specific binding moieties for SAv, were
prepared by genetic engineering and were further treated
with AuNP–SAv hybrids. Smectic-ordered self-supporting Au
NP/virus films were obtained and were characterized by
AFM. Because the modification of the DNA insert allows the
controlled modification of the virus length, the spacing in the
smectic layer can be genetically controlled.

Viruses were also used as templates to assemble NPs with
precise placement of the clusters.[393] For example, Pt, Au, or
Ag metal NPs were organized into nanowires by using
Tobacco Mosaic Virus (TMV) as templates.[393a,b] The respec-
tive precursor ions, PtCl6

2�, AuCl4
� , or Ag+, were associated

with the virus surface and were chemically reduced to yield
the specific decoration of the external surface of wild-type
TMV rods with metallic NPs that were less than 10 nm in size.
Similarly, Ni and Co nanowires that were only a few atoms in
diameter and up to the micrometer range in length, were
generated by using the central channel of TMV as a
template.[394] Elsewhere, different mutants of Cowpea
Mosaic Virus (CPMV) have been used as scaffolds to bind
2- and 5-nm Au NPs through gold�sulfur bonds at specific
locations on the virus to produce 3D patterns of specific
interparticle distances.[393c]

8.4. The Integration of Nanowires into Nanodevices

The ultimate goal of nanobioelectronics is the integration
of nanowires into operating electronic systems or functional
devices. Until now, most of the studies have addressed the
structural features of nanocircuitry and the conductivity
properties of the nanostructures. The fabrication of functional
devices is still in its infancy, although recent developments
suggest potential advances in this area.

Nanoscale biosensors that are based on functionalized
nanowires[395] and nanotubes[396] have recently received con-
siderable attention. Functionalized silicon nanowires were
used for DNA analysis on the basis of conductance measure-
ments.[397] Silicon nanowires (p-type) were synthesized by
using gold nanocluster-catalyzed chemical vapor deposition,
and then the wires were assembled into sensor devices that

consisted of electrically addressable nanowires (Figure 58A,
inset).[397a] A PNA (peptide nucleic acid) probe with the
sequence 5’-ATCATCTTTG-3’, which is fully complementary
to the wild-type cystic fibrosis transmembrane receptor
(CFTR) sequence, was bound to a nanowire surface and

was used as the receptor for the analysis of the wild-type and
mutant oligonucleotide sequences that spanned the DF508
region of the CFTR (5’-CATAGGAAACACCAAAGAT-
GATATTTTCTTT-3’ and 5’-CATAGGAAACACCAAT-
GATATTTTCTTT-3’, respectively). Formation of the nega-
tively charged double-stranded complex between the surface-
confined PNA receptor units and the complementary analyte
DNA resulted in a change in the conductance of the nanowire
(Figure 58A). On the other hand, the noncomplementary
mutant DNA did not yield any conductance change, which
suggests that the electronic signal originated from the specific,
rather than nonspecific, binding of the analyte DNA.
Concentration-dependent measurements show that the detec-
tion limit is in the femtomolar range (Figure 58B). This
analytical method with nanowires represents an important
advance towards a direct, label-free, selective, and highly
sensitive means of analyzing DNA. The method could thus
provide a route to the high-throughput, multiplexed analysis
of DNA; a process that will be important for genetic sensing,
clinical diagnostics, and for the detection of biothreats.

An actin/Au nanowire/actin filament that was generated
by the stepwise polymerization of Au nanoparticle-function-
alized g-actin, followed by the polymerization of naked g-
actin at the nanoparticle–filament ends, and the subsequent
enlargement of the Au NPs to a continuous Au bar (see
Section 8.1) was used as a nanotransport system.[364] Towards
this goal, the actin/Au nanowire/actin filament was rigidified
with phalloidin and deposited on a myosin interface that was
linked to a glass support. Upon addition of ATP to the system,
the actin-linked Au nanorods moved on the surface, and the
motility of the nanoobjects was followed by reflectance

Figure 58. A) Real-time conductance response from a Si nanowire
device that is functionalized with a PNA (peptide nucleic acid) recep-
tor. The arrow marks the point in time when the sample of the analyte
DNA (wild-type CFTR; 60 fm) was added; Inset: SEM image of a typi-
cal Si nanowire device with source (S) and drain (D) indicated. B) Con-
ductance of the device as a function of the concentration of the analyte
DNA. The data points shown & and * were obtained from two inde-
pendent Si nanowire devices. (Adapted from Ref. [397a], with permis-
sion; Copyright American Chemical Society, 2004).
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microscopy (Figure 59). The Au nanorods were found to
move at a speed of 250 nms�1. In a related approach, CdSe
NPs were assembled on microtubules and the generated
filaments were driven in the presence of kinesin.[398] In the
future, such systems may be employed as nanotransporters.

9. Conclusions

This review has summarized recent advances in the
rapidly developing area of functional biomolecule–nanopar-
ticle/nanorod hybrid systems. This topic represents an inter-
disciplinary effort to combine the unique optical, electronic,
and catalytic properties of nanoobjects with the naturally
optimized recognition and reactivity functions of biomateri-
als. The fact that NPs and biomaterials such as enzymes,
antibodies, or nucleic acids are of similar dimensions makes
the hybrid systems attractive nanoelements or building blocks
of nanostructures and devices.

Several functions and applications of biomolecule–NP
hybrid systems have been discussed, including analytical
applications, signal-triggered electronic functions, nanostruc-
tures for circuitry, and the assembly of devices. Some of these
functions represent viable technologies, whereas others are
still in an embryonic phase and require additional fundamen-
tal research. The analytical applications of biomolecule–NP
systems have advanced tremendously in the last decade. The
understanding of the unique optical properties of NPs and the
photophysics of coupled interparticle interactions has ena-
bled the use of these particles as optical labels for recognition
events. Similarly, the catalytic properties of nanomaterials
have enabled the amplification of biorecognition events.

Upon the assembly of biomolecule–NP hybrid systems on
surfaces, the electronic detection of biorecognition events can
become feasible by means of electrical conductivity or
piezoelectric or photoelectrochemical transduction. Alterna-
tively, the unique size-controlled optical properties of semi-
conductor NPs imply that the organization of combinatorial
libraries of biomolecule—semiconductor NP hybrid systems
or the assembly of different biomolecule–NP hybrids in array
configurations may lead to the high-throughput parallel
analysis of numerous analytes.

Novel uses of biomaterial–magnetic particle conjugates
for analytical applications were also discussed. Whereas the
concentration and separation of substances by magnetic
particles is a common practice, novel concepts such as the
amplification of electronic sensing through the rotation of the
magnetic particles by an external magnetic motor represents a
new analytical concept. Many future applications of rotating
magnetic particles are envisaged in the detection of antigen–
antibody, nucleic acid–DNA, protein–DNA, or receptor–cell
interactions. Also, enhanced reactivity at rotating magnetic
particles (e.g. accelerated hybridization or polymerization)
may facilitate analytical processes. Future analytical perspec-
tives of hybrid NP systems may involve the mechanical
actuation of microelements. The detection of biomaterials,
such as antibodies[399] or DNA,[400] by the mechanical move-
ment of microlevers owing to surface-stress interactions is
well established. The integration of charged NPs or magnetic
particles as labels for such biorecognition events may enhance
the surface stress and provide mechanical activation of
microobjects.

The electronic triggering of redox proteins by the
incorporation of nanoparticles represents a novel strategy
for the electrical contacting of redox enzymes with their
macroscopic environment. The use of other nanoobjects, such
as metal or semiconductor nanorods and carbon nanotubes,
for the electrical contacting of redox enzymes may be
envisaged. Also, the magnetic triggering of redox proteins
will certainly find applications in tailoring complex sensor
systems and the development of new surface-patterning
methods.

The use of biomaterials as templates for the generation of
nanostructures and nanocircuitry in the presence of NPs is in
an early phase of development. The viability of the concept
has been proven, and nanowires of controlled shapes and
electronic functions have been generated by the incorpora-
tion of nanoparticles on template biomaterials. However, the
biggest challenges are ahead of us, and exciting systems are
envisaged for the future. Besides the interesting nanoarchi-
tectures that may be generated, fundamental problems, such
as probing charge-transport phenomena in such biomolecule–
NP systems, may be highlighted. Nonetheless, the organiza-
tion of NP architectures on biomaterial templates involves
relatively simple motifs that do not make full use of the
catalytic functions of the biomaterial. The replication of NP-
labeled DNA, and specifically, the tailoring of PCR for the
formation of NP wires, represents a novel approach to design
biological machines for the synthesis of nanoparticle wires
and circuitry. Finally, the use of biomolecule–NP composite
systems for the fabrication of nanodevices is at a very early

Figure 59. Images of the motility of actin/Au wire/actin filaments on a
glass surface, which was modified with myosin, upon the addition of
ATP. Images were recorded by reflectance microscopy: A–D) The same
frame imaged at 5-s time intervals.
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stage. Nevertheless, it is already clear that fascinating new
phenomena may be discovered.

For the future development of biomolecule–NP systems, it
is mandatory to develop new synthetic methodologies. At
present, most NPs are capped with a stabilizing layer. The
synthesis of NPs that have a single functionality is a
challenging goal, yet the successful synthesis of monofunc-
tionalized Au55 clusters implies that the preparation of such
particles is feasible. Once particles are modified with a
controlled number of chemical functionalities, the program-
med vectorial growth of biomolecule–nanoparticle structures
should be possible. In this context, the specific chemical
functionalization of the edges of nanorods with biomaterials
could be a means to grow nanostructures of controlled shape
and composition.

Biomolecule-functionalized NPs and nanorods could be
exploited for numerous applications in biomolecular elec-
tronics,[401] biosensors,[402,403] bioactuators,[345, 364] and medicine,
namely in photodynamic anticancer therapy,[404] targeted
delivery of radioisotopes,[405] drug delivery,[406] electronic
DNA sequencing, nanotechnology of gene-delivery sys-
tems,[407] and gene therapy.[408] Novel fascinating areas of
technologies are feasible with the use of bionanomaterials.
For example, nanorobotics, which is still at an embryonic
stage, encompasses the design, fabrication, and programming
of robots with overall dimensions below a few micrometers
and the programmable assembly of nanoscale objects.[409]

Nanorobots are quintessential nanoelectromechanical sys-
tems and raise all the important issues of sensing, actuation,
control, communications, power, and interfacing across
spatial scales and between the organic/inorganic and bio-
logical/mechanical systems. Nanorobots are expected to have
revolutionary applications in such areas as environmental
monitoring and health care. The novel field of nanoelectron-
ics and nanoelectromechanical quantum circuits and systems
is also emerging.[410] The field exploits progress in techniques
for the fabrication (of down to nanometer-length scales) of
freestanding device structures, which incorporate mechanical
motion and which may be designed to perform a variety of
functions (such as optical, electrical, and, in particular,
mechanical). To fully exploit the potential of this technology
in sensing, computation, and signal processing applications,
the use of bionanohybrid systems is essential.

A combination of the unique properties of nanoobjects
(such as nanoparticles and nanorods) and biomaterials
provides a unique opportunity for physicists, chemists,
biologists, and material scientists to mold the new area of
nanobiotechnology.[411] Based on recent advances in the field,
exciting new science and novel systems can be anticipated
from this interdisciplinary effort.

Our research on biomolecule–nanoparticle hybrid systems is
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cover picture for this review was designed by Dr. Andrew N.
Shipway.

Received: January 20, 2004
Published Online: November 10, 2004

[1] There is Plenty of Room at the Bottom, R. Feynman in The
Pleasure of Finding Things Out, (Ed.: J. Robbins), Perseus
Books, 1999.

[2] D. Qin, Y. N. Xia, J. A. Rogers, R. J. Jackman, X.-M. Zhao,
G. M. Whitesides, Top. Curr. Chem. 1997, 194, 1 – 20.

[3] D. M. Tennant, K. Feder, K. F. Dreyer, R. P. Gnall, T. L. Koch,
U. Koren, B. I. Miller, M. G. Young, Microelectron. Eng. 1995,
27, 427 – 434.

[4] Metal Nanoparticles: Synthesis, Characterization, and Applica-
tion, (Eds.: D. L. Feldheim, C. A. Foss Jr), Marcel Dekker, New
York, 2002.

[5] a) F. C. Meldrum, J. Flath, W. Knoll, Langmuir 1997, 13, 2033 –
2049; b) L. Spanhel, H. Weller, A. Fojtik, A. Henglein, Ber.
Bunsen-Ges. 1987, 91, 88 – 94; c) E. Stathatos, P. Lianos, F.
Del Monte, D. Levy, D. Tsiourvas, Langmuir 1997, 13, 4295 –
4300; d) R. Rizza, D. Fitzmaurice, S. Hearne, G. Hughes, G.
Spoto, E. Ciliberto, H. Kerp, R. Schropp, Chem. Mater. 1997, 9,
2969 – 2982; e) D. L. Klein, R. Roth, A. K. L. Lim, A. P.
Alivisatos, P. L. McEuen, Nature 1997, 389, 699 – 701.

[6] a) J. F. Hicks, D. T. Miles, R. W. Murray, J. Am. Chem. Soc.
2002, 124, 13322 – 13328; b) J. F. Hicks, F. P. Zamborini, A. J.
Osisek, R. W.Murray, J. Am. Chem. Soc. 2001, 123, 7048 – 7053;
c) S. Chen, R. W. Murray, J. Phys. Chem. B 1999, 103, 9996 –
10000; d) J. F. Hicks, F. P. Zamborini, R. W. Murray, J. Phys.
Chem. B 2002, 106, 7751 – 7757; e) S. Chen, R. W. Murray, S. W.
Feldberg, J. Phys. Chem. B 1998, 102, 9898 – 9907.

[7] a) A. N. Shipway, E. Katz, I. Willner, ChemPhysChem 2000, 1,
18 – 52; b) M.-C. Daniel, D. Astruc, Chem. Rev. 2004, 104, 293 –
346.

[8] a) A. Badia, S. Singh, L. Demers, L. Cuccia, G. R. Brown, R. B.
Lennox,Chem. Eur. J. 1996, 2, 359 – 363; b) M. Brust, J. Fink, D.
Bethell, D. J. Schiffrin, C. Kiely, J. Chem. Soc. Chem. Commun.
1995, 1655 – 1666.

[9] a) H. Yao, O. Momozawa, T. Hamatani, K. Kimura, Chem.
Mater. 2001, 13, 4692 – 4697; b) N. Hussain, B. Singh, T.
Sakthivel, A. T. Florence, Int. J. Pharm. 2003, 254, 27 – 31;
c) A. C. Templeton, S. Chen, S. M. Gross, R. W. Murray,
Langmuir 1999, 15, 66 – 76.

[10] a) A. Miyazaki, Y. Nakano, Langmuir 2000, 16, 7109 – 7111;
b) W. P. Wuelfing, S. M. Gross, D. T. Miles, R. W. Murray, J.
Am. Chem. Soc. 1998, 120, 12696 – 12697; c) T. Teranishi, I.
Kiyokawa, M. Miyake, Adv. Mater. 1998, 10, 596 – 599.

[11] M. Valina-Saba, G. Bauer, N. Stich, F. Pittner, T. Schalk-
hammer, Mater. Sci. Eng. C 1999, 8–9, 205 – 209.

[12] J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspec-
tives, Wiley-VCH, Weinheim, 1995.

[13] a) M. Lahav, A. N. Shipway, I. Willner, J. Chem. Soc. Perkin
Trans. 2 1999, 1925 – 1931; b) W. Chen, D. Grouquist, J. Roark,
J. Nanosci. Nanotechnol. 2002, 2, 47 – 53.

[14] A. N. Shipway, I. Willner, Chem. Commun. 2001, 2035 – 2045.
[15] a) D. L. Feldheim, C. D. Keating, Chem. Soc. Rev. 1998, 27, 1 –

12; b) T. W. Kim, D. C. Choo, J. H. Shim, S. O. Kang, Appl.
Phys. Lett. 2002, 80, 2168 – 2170.

[16] J. Liu, M. Gomez-Kaifer, A. E. Kaifer in Structure and
Bonding, Vol. 99 (Ed.: J.-P. Sauvage), Springer, New York,
2001, pp. 141 – 162.

[17] D. L. Feldheim, K. C. Grabar, M. J. Natan, T. E. Mallouk, J.
Am. Chem. Soc. 1996, 118, 7640 – 7641.

[18] a) T. Trindade, P. O2Brien, N. L. Pickett, Chem. Mater. 2001, 13,
3843 – 3858; b) J.-T. Lue, J. Phys. Chem. Solids 2001, 62, 1599 –
1612; c) K. Grieve, P. Mulvaney, F. Grieser, Curr. Opin. Colloid
Interface Sci. 2000, 5, 168 – 172; d) P. Schwerdtfeger, Angew.
Chem. 2003, 115, 1936 – 1939; Angew. Chem. Int. Ed. 2003, 42,
1892 – 1895.

[19] a) M. Brust, C. J. Kiely, Colloids Surf. A 2002, 202, 175 – 186;
b) W. P. McConnell, J. P. Novak, L. C. Brousseau III, R. R.

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6099Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Fuierer, R. C. Tenent, D. L. Feldheim, J. Phys. Chem. B 2000,
104, 8925 – 8930; c) R. Gangopadhyay, A. De, Chem. Mater.
2000, 12, 608 – 622.

[20] E. Katz, A. N. Shipway, I. Willner, in Nanoparticles —From
Theory to Applications, (Ed.: G. Schmid), Wiley-VCH, Wein-
heim, 2003, pp. 368 – 421.

[21] a) C. M. Niemeyer, Angew. Chem. 2001, 113, 4254 – 4287;
Angew. Chem. Int. Ed. 2001, 40, 4128 – 4158; b) C. M. Nie-
meyer, Angew. Chem. 2003, 115, 5974 – 5978; Angew. Chem.
Int. Ed. 2003, 42, 5796 – 5800; c) W. J. Parak, D. Gerion, T.
Pellegrino, D. Zanchet, C. Micheel, S. C. Williams, R. Bou-
dreau, M. A. Le Gros, C. A. Larabell, A. P. Alivisatos, Nano-
technology 2003, 14, R15-R27; d) A. Csaki, G. Maubach, D.
Born, J. Reichert, W. Fritzsche, Single Mol. 2002, 3, 275 – 280.

[22] a) S. G. Penn, L. Hey, M. J. Natan, Curr. Opin. Chem. Biol.
2003, 7, 609 – 615; b) J. L. West, N. J. Halas,Annu. Rev. Biomed.
Eng. 2003, 5, 285 – 292; c) P. Alivisatos, Nat. Biotechnol. 2004,
22, 47 – 52.

[23] a) V. Escriou, M. CarriTre, D. Scherman, P. Wils, Adv. Drug
Delivery Rev. 2003, 55, 295 – 306; b) A. G. Tkachenko, H. Xie,
D. Coleman, W. Glomm, J. Ryan, M. F. Anderson, S. Franzen,
D. L. Feldheim, J. Am. Chem. Soc. 2003, 125, 4700 – 4701.

[24] I. Brigger, C. Dubernet, P. Couvreur, Adv. Drug Delivery Rev.
2002, 54, 631 – 651.

[25] C. Aymonier, U. Schlotterbeck, L. Antonietti, P. Zacharias, R.
Thomann, J. C. Tiller, S. Mecking, Chem. Commun. 2002,
3018 – 3019.

[26] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F.
Kim, H. Yan, Adv. Mater. 2003, 15, 353 – 389.

[27] I. W. Hamley, Angew. Chem. 2003, 115, 1730 – 1752; Angew.
Chem. Int. Ed. 2003, 42, 1692 – 1712.

[28] H. CUlfen, S. Mann, Angew. Chem. 2003, 115, 2452 – 2468;
Angew. Chem. Int. Ed. 2003, 42, 2350 – 2365.

[29] K. J. C. van Bommel, A. Friggeri, S. Shinkai, Angew. Chem.
2003, 115, 1010 – 1030; Angew. Chem. Int. Ed. 2003, 42, 980 –
999.

[30] Bioelectronics: From Theory to Applications, (Eds.: I. Willner,
E. Katz), Wiley-VCH, Weinheim, 2005, in press.

[31] a) G. T. Hermanson, A. K. Mallia, P. K. Smith, Immobilized
Affinity Ligand Techniques, Academic Press, London, 1992 ;
b) R. F. Taylor, Protein Immobilization, Dekker, New York,
1990 ; c) A. F. Collings, F. Caruso, Rep. Prog. Phys. 1997, 60,
1397 – 1445.

[32] a) S. V. Rao, K. W. Anderson, L. G. Bachas, Microchim. Acta
1998, 128, 127 – 143; b) W. H. Scouten, J. H. T. Luong, R. S.
Brown, Trends Biotechnol. 1995, 13, 178 – 185.

[33] T. Rajh, J. M. Nedeljkovic, L. X. Chen, O. Poluektov, M. C.
Thurnauer, J. Phys. Chem. B 1999, 103, 3515 – 3519.

[34] J. B. Broderick, M. J. Natan, T. V. O2Halloran, R. P. Van Duyne,
Biochemistry 1993, 32, 13771 – 13776.

[35] C. Yongli, Z. Xiufang, G. Yandao, Z. Nanming, Z. Tingying, S.
Xinqi, J. Colloid Interface Sci. 1999, 214, 38 – 45.

[36] J. De Groot, R. E. Hester, S. Kaminaka, T. Kitagawa, J. Phys.
Chem. 1988, 92, 2044 – 2048.

[37] N. G. Khlebtsov, V. A. Bogatyrev, B. N. Khlebtsov, L. A.
Dykman, P. Englebienne, Colloid J. 2003, 65, 622 – 635.

[38] W. Shenton, S. A. Davis, S. Mann, Adv. Mater. 1999, 11, 449 –
452.

[39] a) I. D. G. MacDonald, W. E. Smith, Langmuir 1996, 12, 706 –
713; b) B. N. Rospendowski, K. Kelly, C. R. Wolf, W. E. Smith,
J. Am. Chem. Soc. 1991, 113, 1217 – 1225.

[40] H. Mattoussi, J. M. Mauro, E. R. Goldman, G. P. Anderson,
V. C. Sundar, F. V. Mikulec, M. G. Bawendi, J. Am. Chem. Soc.
2000, 122, 12142 – 12150.

[41] D. Ibano, Y. Yokota, T. Tominaga, Chem. Lett. 2003, 32, 574 –
575.

[42] H. Larsericsdotter, S. Oscarsson, J. Buijs, J. Colloid Interface
Sci. 2001, 237, 98 – 103.

[43] a) M. J. Meziani, H. W. Rollins, L. F. Allard, Y.-P. Sun, J. Phys.
Chem. B 2002, 106, 11178 – 11182; b) M. J. Meziani, Y.-P. Sun,
J. Am. Chem. Soc. 2003, 125, 8015 – 8018.

[44] M. Zheng, F. Davidson, X. Huang, J. Am. Chem. Soc. 2003, 125,
7790 – 7791.

[45] P. Pengo, Q. B. Broxterman, B. Kaptein, L. Pasquato, P.
Scrimin, Langmuir 2003, 19, 2521 – 2524.

[46] F. Caruso, Adv. Mater. 2001, 13, 11 – 22.
[47] F. Caruso, H. MUhwald, J. Am. Chem. Soc. 1999, 121, 6039 –

6046.
[48] F. Caruso, H. Fiedler, K. Haage, Colloids Surf. A 2000, 169,

287 – 293.
[49] C. SchVler, F. Caruso, Macromol. Rapid Commun. 2000, 21,

750 – 753.
[50] F. Caruso, C. SchVler, Langmuir 2000, 16, 9595 – 9603.
[51] Y. Lvov, F. Caruso, Anal. Chem. 2001, 73, 4212 – 4217.
[52] W. Yang, D. Trau, R. Renneberg, N. T. Yu, F. Caruso, J. Colloid

Interface Sci. 2001, 234, 356 – 362.
[53] R. Mahtab, J. P. Rogers, C. J. Murphy, J. Am. Chem. Soc. 1995,

117, 9099 – 9100.
[54] R. Mahtab, J. P. Rogers, C. P. Singleton, C. J. Murphy, J. Am.

Chem. Soc. 1996, 118, 7028 – 7032.
[55] R. Mahtab, H. H. Harden, C. J. Murphy, J. Am. Chem. Soc.

2000, 122, 14 – 17.
[56] J. R. Lakowicz, I. Gryczynski, Z. Gryczynski, K. Nowaczyk,

C. J. Murphy, Anal. Biochem. 2000, 280, 128 – 136.
[57] S. R. Bigham, J. L. Coffer, J. Cluster Sci. 2000, 11, 359 – 372.
[58] C. J. Murphy, E. B. Brauns, L. Gearheart, Mater. Res. Soc.

Symp. Proc. 1997, 452, 597 – 601.
[59] a) E. B. Brauns, C. J. Murphy, M. A. Berg, J. Am. Chem. Soc.

1998, 120, 2449 – 2456; b) E. B. Brauns, M. L. Madaras, R. S.
Coleman, C. J. Murphy, M. A. Berg, J. Am. Chem. Soc. 1999,
121, 11644 – 11649; c) J. Wildeson, C. J. Murphy, Anal. Bio-
chem. 2000, 284, 99 – 106.

[60] L. A. Gearheart, H. J. Ploehn, C. J. Murphy, J. Phys. Chem. B
2001, 105, 12609 – 12615.

[61] K. Naka, H. Itoh, Y. Tampo, Y. Chujo, Langmuir 2003, 19,
5546 – 5549.

[62] V. I. Korsounski, R. B. Neder, K. Hradil, C. Barglik-Chory, G.
Muller, J. Neuefeind, J. Appl. Crystallogr. 2003, 36, 1389 – 1396.

[63] M. A. Hayat, Colloidal Gold: Principles, Methods, and Appli-
cations, Academic Press, New York, 1989.

[64] a) S. S. Ghosh, P. M. Kao, A. W. McCue, H. L. Chappelle,
Bioconjugate Chem. 1990, 1, 71 – 76; b) E. Droz, M. Taborelli, P.
Descouts, T. N. C. Wells, R. C. Werlen, J. Vac. Sci. Technol. B
1996, 14, 1422 – 1426.

[65] a) H.-G. Hong, P. W. Bohn, S. G. Sligar, Anal. Chem. 1993, 65,
1635 – 1638; b) H.-G. Hong, M. Jiang, S. G. Sligar, P. W. Bohn,
Langmuir 1994, 10, 153 – 158; c) M. A. Firestone, M. L. Shank,
S. G. Sligar, P. W. Bohn, J. Am. Chem. Soc. 1996, 118, 9033 –
9041; d) S. Kanno, Y. Yanagida, T. Haruyama, E. Kobatake, M.
Aizawa, J. Biotechnol. 2000, 76, 207 – 214.

[66] J. Li, J. Wang, V. G. Gavalas, D. A. Atwood, L. G. Bachas,Nano
Lett. 2003, 3, 55 – 58.

[67] A. Schroedter, H. Weller,Angew. Chem. 2002, 114, 3346 – 3350;
Angew. Chem. Int. Ed. 2002, 41, 3218 – 3221.

[68] a) H. Jeon, G. G. Shipley, J. Biol. Chem. 2000, 275, 30465 –
30470; b) M. Malecki, A. Hsu, L. Truong, S. Sanchez, Proc.
Natl. Acad. Sci. USA 2002, 99, 213 – 218; c) O. Medalia, M.
Heim, R. Guckenberger, R. Sperling, J. Sperling, J. Struct. Biol.
1999, 127, 113 – 119; d) K.-M. Sung, D. W. Mosley, B. R. Peelle,
S. Zhang, J. M. Jacobson, J. Am. Chem. Soc. 2004, 126, 5064 –
5065.

[69] a) C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff,
Nature 1996, 382, 607 – 609; b) S.-J. Park, A. A. Lazarides, C. A.

I. Willner and E. KatzReviews

6100 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108

http://www.angewandte.org


Mirkin, P. W. Brazis, C. R. Kannewurf, R. L. Letsinger, Angew.
Chem. 2000, 112, 4003 – 4006; Angew. Chem. Int. Ed. 2000, 39,
3845 – 3848; c) L. M. Demers, C. A. Mirkin, R. C. Mucic, R. A.
Reynolds III, R. L. Letsinger, R. Elghanian, G. Viswanadham,
Anal. Chem. 2000, 72, 5535 – 5541.

[70] G. P. Mitchell, C. A. Mirkin, R. L. Letsinger, J. Am. Chem. Soc.
1999, 121, 8122 – 8123.

[71] R. L. Letsinger, R. Elghanian, G. Viswanadham, C. A. Mirkin,
Bioconjugate Chem. 2000, 11, 289 – 291.

[72] L. Jiang, B. Q. Yang, Y. D. Ma, Y. C. Liu, W. S. Yang , T. J. Li,
C. C. Sun, Chem. Phys. Lett. 2003, 380, 29 – 33.

[73] W. J. Parak, T. Pellegrino, C. M. Micheel, D. Gerion, S. C.
Williams, A. P. Alivisatos, Nano Lett. 2003, 3, 33 – 36.

[74] J. E. Gestwicki, L. E. Strong, L. L. Kisseling, Angew. Chem.
2000, 112, 4741 – 4744; Angew. Chem. Int. Ed. 2000, 39, 4567 –
4570.

[75] M. Bruchez, Jr., M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos,
Science 1998, 281, 2013 – 2015.

[76] B. M. Sergeev, M. V. Kiryukhin, M. Y. Rubtsova, A. N. Prusov,
Colloid J. 2003, 65, 636 – 638.

[77] a) K. Okano, S. Takahashi, K. Yasuda, D. Tokinaga, K. Imai, M.
Koga, Anal. Biochem. 1992, 202, 120 – 125; b) T. Soukka, H.
HWrmW, J. Paukkunen, T. LUvgren,Anal. Chem. 2001, 73, 2254 –
2260; c) I. Sondi, O. Siiman, S. Koester, E. Matijevic, Langmuir
2000, 16, 3107 – 3118.

[78] a) A. Yoshizumi, N. Kanayama, Y. Maehara, M. Ide, H. Kitano,
Langmuir 1999, 15, 482 – 488; b) M. J. HernXiz, J. M. de la
Fuente, A. G. Barrientos, S. PenadYs, Angew. Chem. 2002, 114,
1624 – 1627; Angew. Chem. Int. Ed. 2002, 41, 1554 – 1557.

[79] J. M. de la Fuente, A. G. Barrientos, T. C. Rojas, J. Rojo, J.
CaZada, A. FernXndez, S. PenadYs, Angew. Chem. 2001, 113,
2317 – 2321; Angew. Chem. Int. Ed. 2001, 40, 2258 – 2261.

[80] a) C.-C. Lin, Y.-C. Yeh, C.-Y. Yang, C.-L. Chen, G.-F. Chen, C.-
C. Chen, Y.-C. Wu, J. Am. Chem. Soc. 2002, 124, 3508 – 3509;
b) C.-C. Lin, Y.-C. Yeh, C.-Y. Yang, G.-F. Chen, Y.-C. Chen, Y.-
C. Wu, C.-C. Chen, Chem. Commun. 2003, 2920 – 2921.

[81] H. Otsuka, Y. Akiyama, Y. Nagasaki, K. Kataoka, J. Am. Chem.
Soc. 2001, 123, 8226 – 8230.

[82] D. C. Hone, A. H. Haines, D. A. Russell, Langmuir 2003, 19,
7141 – 7144.

[83] B. Nolting, J.-J. Yu, G.-Y. Liu, S.-J. Cho, S. Kauzlarich, J.
Gervay-Hague, Langmuir 2003, 19, 6465 – 6473.

[84] H. Gu, P. L. Ho, E. Tong, L. Wang, B. Xu, Nano Lett. 2003, 3,
1261 – 1263.

[85] D. Ishii, K. Kinbara, Y. Ishida, N. Ishii, M. Okochi, M. Yohda, T.
Aida, Nature 2003, 423, 628 – 632.

[86] a) M. Kowshik, N. Deshmukh, W. Vogel, J. Urban, S. K.
Kulkarni, K. M. Paknikar, Biotechnol. Bioeng. 2002, 78, 583 –
588; b) Y. Roh, R. J. Lauf, A. D. McMillan, C. Zhang, C. J.
Rawn, J. Bai, T. J. Phelps, Solid State Commun. 2001, 118, 529 –
534; c) J. M. Slocik, D. W. Wright, Biomacromolecules 2003, 4,
1135 – 1141; d) M. Kowshik, S. Ashtaputre, S. Kharrazi, W.
Vogel, J. Urban, S. K. Kulkarni, K. M. Paknikar, Nanotechnol-
ogy 2003, 14, 95 – 100. e) T. Matsunaga, H. Takeyama, Supra-
mol. Sci. 1998, 5, 391 – 394; f) P. Raveendran, J. Fu, S. L.Wallen,
J. Am. Chem. Soc. 2003, 125, 13940 – 13941; g) S. S. Shankar, A.
Ahmad, M. Sastry, Biotechnol. Prog. 2003, 13, 1627 – 1631;
h) A. Ahmad, S. Senapati, M. Khan, R. Kumar, R. Ramani, V.
Srinivas, M. Sastry, Nanotechnology 2003, 14, 824 – 828.

[87] a) A. Ahmad, P. Mukherjee, D. Mandal, S. Senapati, M. I.
Khan, R. Kumar, M. Sastry, J. Am. Chem. Soc. 2002, 124,
12108 – 12109; b) J. L. Gardea-Torresdey, J. G. Parsons, E.
Gomez, J. Peralta-Videa, H. E. Troiani, P. Santiago, M. J.
Yacaman, Nano Lett. 2002, 2, 397 – 401.

[88] S.-Y. Ding, M. Jones, M. P. Tucker, J. M. Nedeljkovic, J. Wall,
M. N. Simon, G. Rumbles, M. E. Himmel, Nano Lett. 2003, 3,
1581 – 1585.

[89] a) A. R. Bizzarri, S. Cannistraro, Appl. Spectrosc. 2002, 56,
1531 – 1537; b) H. Xu, E. J. Bjerneld, M. KWll, L. BUerjesson,
Phys. Rev. Lett. 1999, 83, 4357 – 4360.

[90] A. K. Boal, V. M. Rotello, J. Am. Chem. Soc. 1999, 121, 4914 –
4915.

[91] J. Pan, G. BenkU, Y. Xu, T. Pascher, L. Sun, V. SundstrUm, T.
Polivka, J. Am. Chem. Soc. 2002, 124, 13949 – 13957.

[92] S. O. Obare, T. Ito, M. H. Balfour, G. J. Meyer,Nano Lett. 2003,
3, 1151 – 1153.

[93] N. N. Mamedova, N. A. Kotov, A. L. Rogach, J. Studer, Nano
Lett. 2001, 1, 281 – 286.

[94] C. M. Niemeyer, M. Adler, Angew. Chem. 2002, 114, 3933 –
3937; Angew. Chem. Int. Ed. 2002, 41, 3779 – 3783.

[95] S. R. N. PeZa, S. Raina, G. P. Goodrich, N. V. Fedoroff, C. D.
Keating, J. Am. Chem. Soc. 2002, 124, 7314 – 7323.

[96] M. J. Hannon, V. Moreno, M. J. Prieto, E. Moldrheim, E.
Sletten, I. Meistermann, C. J. Isaac, K. J. Sanders, A. Rodger,
Angew. Chem. 2001, 113, 903 – 908; Angew. Chem. Int. Ed.
2001, 40, 880 – 884.

[97] A. U. Bielinska, C. Chen, J. Johnson, J. R. Baker Jr., Bioconju-
gate Chem. 1999, 10, 843 – 850.

[98] K. Iijima, M. Yoshizumi, M. Hashimoto, S. Kim, M. Eto, J. Ako,
Y. Q. Kiang, N. Sudoh, K. Hosoda, K. Nakahara, K. Toda, Y.
Ouchi, Circulation 2000, 101, 805 – 811.

[99] M. J. Hostetler, A. C. Templeton, R. W. Murray, Langmuir
1999, 15, 3782 – 3789.

[100] A. K. Boal, V. M. Rotello, J. Am. Chem. Soc. 2000, 122, 734 –
735.

[101] C. M. McIntosh, E. A. Esposito III, A. K. Boal, J. M. Simard,
C. T. Martin, V. M. Rotello, J. Am. Chem. Soc. 2001, 123, 7626 –
7629.

[102] X. He, K. Wang, W. Tan, B. Liu, X. Lin, C. He, D. Li, S. Huang,
J. Li, J. Am. Chem. Soc. 2003, 125, 7168 – 7169.

[103] K. Hamad-Schifferli, J. J. Schwartz, A. T. Santos, S. Zhang, J. M.
Jacobson, Nature 2002, 415, 152 – 155.

[104] A. Jordan, R. Scholz, P. Wust, H. FWhling, R. Felix, J. Magn.
Magn. Mater. 1999, 201, 413 – 419.

[105] B. Dubertret, M. Calame, A. J. Libchaber, Nat. Biotechnol.
2001, 19, 365 – 370.

[106] D. J. Maxwell, J. R. Taylor, S. Nie, J. Am. Chem. Soc. 2002, 124,
9606 – 9612.

[107] a) N. O. Fischer, C. M. McIntosh, J. M. Simard, V. M. Rotello,
Proc. Natl. Acad. Sci. USA 2002, 99, 5018 – 5023; b) N. O.
Fischer, A. Verma, C. M. Goodman, J. M. Simard, V. M.
Rotello, J. Am. Chem. Soc. 2003, 125, 13387 – 13391; c) R.
Hong, N. O. Fischer, A. Verma, C. M. Goodman, T. Emrick,
V. M. Rotello, J. Am. Chem. Soc. 2004, 126, 739 – 743.

[108] C.-Y. Lai, B. G. Trewyn, D. M. Jeftinija, K. Jeftinija, S. Xu, S.
Jeftinija, V. S.-Y. Lin, J. Am. Chem. Soc. 2003, 125, 4451 – 4459.

[109] a) C. Petit, A. Taleb, M.-P. Pileni, Adv. Mater. 1998, 10, 259 –
261; b) C. B. Murray, C. R. Kagan, M. G. Bawendi, Science
1995, 270, 1335 – 1338; c) T. Vossmeyer, G. Reck, L. Katsikas,
E. T. K. Haupt, B. Schulz, H. Weller, Science 1995, 267, 1476 –
1479; d) B. A. Korgel, D. Fitzmaurice, Adv. Mater. 1998, 10,
661 – 665.

[110] A. Sashchiuk, E. Lifshitz, R. Reisfeld, T. Saraidarov, M. Zelner,
A. Willenz, J. Sol-Gel Sci. Technol. 2002, 24, 31 – 38.

[111] S. A. Davis, M. Breulmann, K. H. Rhodes, B. Zhang, S. Mann,
Chem. Mater. 2001, 13, 3218 – 3226.

[112] W. Shenton, D. Pum, U. B. Sleytr, S. Mann, Nature 1997, 389,
585 – 587.

[113] S. Dieluweit, D. Pum, U. B. Sleytr, Supramol. Sci. 1998, 5, 15 –
19.

[114] S. A. Davis, H. M. Patel, E. L. Mayers, N. H. Mendelson, G.
Franco, S. Mann, Chem. Mater. 1998, 10, 2516 – 2524.

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6101Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[115] R. P. Andres, J. D. Bielefeld, J. I. Henderson, D. B. Janes, V. R.
Kolagunta, C. P. Kubiak,W. J. Mahoney, R. G. Osifchin, Science
1996, 273, 1690 – 1693.

[116] M. Brust, D. Bethell, D. J. Schiffrin, C. J. Kiely, Adv. Mater.
1995, 7, 795 – 797.

[117] S. Cobbe, S. Connolly, D. Ryan, L. Nagle, R. Eritja, D.
Fitzmaurice, J. Phys. Chem. B 2003, 107, 470 – 477.

[118] S. Mann, W. Shenton, M. Li, S. Connoly, D. Fitzmaurice, Adv.
Mater. 2000, 12, 147 – 150.

[119] R. Bashir, Superlattices Microstruct. 2001, 29, 1 – 16.
[120] C. M. Niemeyer, Appl. Phys. A 1999, 68, 119 – 124.
[121] V. A. Bogatyrev, L. A. Dykman, Y. M. Krasnov, V.K. Plotni-

kov, N. G. Khlebtsov, Colloid J. 2002, 64, 671 – 680.
[122] D. Zanchet, C. M. Micheel, W. J. Parak, D. Gerion, S. C.

Williams, A. P. Alivisatos, J. Phys. Chem. B 2002, 106, 11758 –
11763.

[123] P. C. Weber, D. H. Ohlendorf, J. J. Wendoloski, F. R. Salemme,
Science 1989, 243, 85 – 88.

[124] a) B. K. Sinha, C. F. Chingell,Methods Enzymol. 1979, 62, 295 –
308; b) U. Piran, W. J. Riordan, J. Immunol. Methods 1990, 133,
141 – 143.

[125] a) T. Sano, M. W. Pandori, X. M. Chen, C. L. Smith, C. R.
Cantor, J. Biol. Chem. 1995, 270, 28204 – 28209; b) T. Sano,
C. R. Cantor, Proc. Natl. Acad. Sci. USA 1995, 92, 3180 – 3184.

[126] a) S. Connoly, D. Fitzmaurice,Adv. Mater. 1999, 11, 1202 – 1205;
b) S. Connoly, S. Cobbe, D. Fitzmaurice, J. Phys. Chem. B 2001,
105, 2222 – 2226.

[127] K.K. Caswell, J. N. Wilson, U. H. F. Bunz, C. J. Murphy, J. Am.
Chem. Soc. 2003, 125, 13914 – 13915.

[128] P. M. Harrison, P. Arosio, Biochim. Biophys. Acta 1996, 1275,
161 – 203.

[129] a) T. Douglas, D. P. E. Dickson, S. Betteridge, J. Charnock,
C. D. Garner, S. Mann, Science 1995, 269, 54 – 57; b) F. C.
Meldrum, T. Douglas, S. Levi, P. Arosio, S. Mann, J. Inorg.
Biochem. 1995, 58, 59 – 68; c) F. C. Meldrum, B. R. Heywood, S.
Mann, Science 1992, 257, 522 – 523.

[130] K.K. W. Wong, S. Mann, Adv. Mater. 1996, 8, 928 – 931.
[131] J. M. Dominguez-Vera, E. Colacio, Inorg. Chem. 2003, 42,

6983 – 6985.
[132] M. Li, K.K. W. Wong, S. Mann, Chem. Mater. 1999, 11, 23 – 26.
[133] N. T. K. Thanh, J. H. Rees, Z. Rosenzweig, Anal. Bioanal.

Chem. 2002, 374, 1174 – 1178.
[134] N. T. K. Thanh, Z. Rosenzweig, Anal. Chem. 2002, 74, 1624 –

1628.
[135] L. R. Hirsch, J. B. Jackson, A. Lee, N. J. Halas, J. L. West, Anal.

Chem. 2003, 75, 2377 – 2381.
[136] S. Wang, N. Mamedova, N. A. Kotov, W. Chen, J. Studer, Nano

Lett. 2002, 2, 817 – 822.
[137] S. R. Whaley, D. S. English, E. L. Hu, P. F. Barbara, A. M.

Belcher, Nature 2000, 405, 665 – 668.
[138] a) C. A. Mirkin, Inorg. Chem. 2000, 39, 2258 – 2272; b) J. J.

Storhoff, C. A. Mirkin, Chem. Rev. 1999, 99, 1849 – 1862.
[139] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, C. A.

Mirkin, Science 1997, 277, 1078 – 1081.
[140] J. J. Storhoff, R. Elghanian, R. C. Mucic, C. A. Mirkin, R. L.

Letsinger, J. Am. Chem. Soc. 1998, 120, 1959 – 1964.
[141] a) R. A. Reynolds III, C. A. Mirkin, R. L. Letsinger, J. Am.

Chem. Soc. 2000, 122, 3795 – 3796; b) G. R. Souza, J. H. Miller,
J. Am. Chem. Soc. 2001, 123, 6734 – 6735.

[142] R. C. Mucic, J. J. Storhoff, C. A. Mirkin, R. L. Letsinger, J. Am.
Chem. Soc. 1998, 120, 12674 – 12675.

[143] J. J. Storhoff, A. A. Lazarides, R. C. Mucic, C. A. Mirkin, R. L.
Letsinger, G. C. Schatz, J. Am. Chem. Soc. 2000, 122, 4640 –
4650.

[144] E. Dujardin, L.-B. Hsin, C. R. C. Wang, S. Mann, Chem.
Commun. 2001, 1264 – 1265.

[145] Y. J. Kim, R. C. Johnson, J. T. Hupp, Nano Lett. 2001, 1, 165 –
167.

[146] S. Y. Lin, S. W. Liu, C. M. Lin, C. H. Chen, Anal. Chem. 2002,
74, 330 – 335.

[147] a) J. Liu, Y. Lu, J. Am. Chem. Soc. 2003, 125, 6642 – 6643; b) J.
Liu, Y. Lu, Anal. Chem. 2004, 76, 1627 – 1632.

[148] a) R. R. Breaker, Curr. Opin. Biotechnol. 2002, 13, 31 – 39;
b) R. R. Breaker, Chem. Rev. 1997, 97, 371 – 390; c) G. F. Joyce
in The RNA World, Vol. 37 (Eds.: R. F. Gesteland, T. R. Cech,
J. F. Atkins), Cold Spring Harbor Laboratory Press, New York,
1999, pp. 687 – 689.

[149] a) J. Li, W. Zheng, A. H. Kwon, Y. Lu, Nucleic Acids Res. 2000,
28, 481 – 488; b) S. W. Santoro, G. F. Joyce, Proc. Natl. Acad.
Sci. USA 1997, 94, 4262 – 4266; c) D. Faulhammer, M. Famulok,
Angew. Chem. 1996, 108, 2984 – 2988; Angew. Chem. Int. Ed.
Engl. 1996, 35, 2837 – 2841.

[150] A. G. Kanaras, Z. Wang, A. D. Bates, R. Cosstick, M. Brust,
Angew. Chem. 2003, 115, 201 – 204; Angew. Chem. Int. Ed.
2003, 42, 191 – 194.

[151] C. S. Yun, G. A. Khitrov, D. E. Vergona, N. O. Reich, G. F.
Strouse, J. Am. Chem. Soc. 2002, 124, 7644 – 7645.

[152] A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson, C. J.
Loweth, M. P. Bruchez Jr., P. G. Schultz,Nature 1996, 382, 609 –
611.

[153] C. J. Loweth, W. B. Caldwell, X. Peng, A. P. Alivisatos, P. G.
Schultz, Angew. Chem. 1999, 111, 1925 – 1929; Angew. Chem.
Int. Ed. 1999, 38, 1808 – 1812.

[154] K. Sato, K. Hosokawa, M. Maeda, J. Am. Chem. Soc. 2003, 125,
8102 – 8103.

[155] R. Chakrabarti, A. M. Klibanov, J. Am. Chem. Soc. 2003, 125,
12531 – 12540.

[156] C. M. Niemeyer, B. Ceyhan, Angew. Chem. 2001, 113, 3798 –
3801; Angew. Chem. Int. Ed. 2001, 40, 3685 – 3688.

[157] a) S.-J. Park, A. A. Lazarides, C. A. Mirkin, R. L. Letsinger,
Angew. Chem. 2001, 113, 2993 – 2996; Angew. Chem. Int. Ed.
2001, 40, 2909 – 2912; b) C. M. Niemeyer, Biochem. Soc. Trans.
2004, 32, 51 – 53.

[158] C. M. Niemeyer, W. BVrger, J. Peplies,Angew. Chem. 1998, 110,
2391 – 2395; Angew. Chem. Int. Ed. 1998, 37, 2265 – 2268.

[159] Q. Wang, T. Lin, L. Tang, J. E. Johnson, M. G. Finn, Angew.
Chem. 2002, 114, 477 – 480; Angew. Chem. Int. Ed. 2002, 41,
459 – 462.

[160] H. Liang, T. E. Angelini, J. Ho, P. V. Braun, G. C. L. Wong, J.
Am. Chem. Soc. 2003, 125, 11786 – 11787.

[161] I. Willner, Science 2002, 298, 2407 – 2408.
[162] F. A. Armstrong, G. S. Wilson, Electrochim. Acta 2000, 45,

2623 – 2645.
[163] A. Heller, Acc. Chem. Res. 1990, 23, 128 – 134.
[164] A. Heller, J. Phys. Chem. 1992, 96, 3579 – 3587.
[165] I. Willner, E. Katz, Angew. Chem. 2000, 112, 1230 – 1269;

Angew. Chem. Int. Ed. 2000, 39, 1180 – 1218.
[166] a) J. Wang, J. Pharm. Biomed. Anal. 1999, 18, 47 – 53; b) H.-L.

Schmidt, W. Schuhmann, Biosens. Bioelectron. 1996, 11, 127 –
135; c) I. Willner, E. Katz, B. Willner, Electroanalysis 1997, 9,
965 – 977.

[167] a) I. Willner, G. Arad, E. Katz, Bioelectrochem. Bioenerg. 1998,
44, 209 – 214; b) I. Willner, E. Katz, F. Patolsky, A. F. BVck-
mann, J. Chem. Soc. Perkin Trans. 2 1998, 1817 – 1822; c) E.
Katz, B. Filanovsky, I. Willner, New J. Chem. 1999, 23, 481 –
487; d) E. Katz, I. Willner, A. B. Kotlyar, J. Electroanal. Chem.
1999, 479, 64 – 68; e) S. C. Barton, H.-H. Kim, G. Binyamin, Y.
Zhang, A. Heller, J. Am. Chem. Soc. 2001, 123, 5802 – 5803;
f) T. Chen, S. C. Barton, G. Binyamin, Z. Gao, Y. Zhang, H.-H.
Kim, A. Heller, J. Am. Chem. Soc. 2001, 123, 8630 – 8631; g) E.
Katz, A. N. Shipway, I. Willner in Handbook of Fuel Cells—
Fundamentals, Technology, Applications, Vol. 1 (Eds.: W. Viel-
stich, H. Gasteiger, A. Lamm), Wiley, 2003, pp. 355 – 381.

I. Willner and E. KatzReviews

6102 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108

http://www.angewandte.org


[168] a) I. Willner, A. Doron, E. Katz, J. Phys. Org. Chem. 1998, 11,
546 – 560; b) R. Blonder, E. Katz, I. Willner, V. Wray, A. F.
BVckmann, J. Am. Chem. Soc. 1997, 119, 11747 – 11757.

[169] a) G. Sundarababu, H. Gao, H. Sigrist, Photochem. Photobiol.
1995, 61, 540 – 544; b) S. K. Bhatia, J. L. Teixeira, M. Anderson,
L. Shriver-Lake, J. M. Calvert, J. H. Georger, J. J. Hickman,
C. S. Dulcey, P. E. Schoen, F. S. Ligler, Anal. Biochem. 1993,
208, 197 – 205.

[170] M. Sastry, M. Rao, K. N. Ganesh, Acc. Chem. Res. 2002, 35,
847 – 855.

[171] a) N. Kimizuka, M. Tanaka, T. Kunitake, Chem. Lett. 1999,
1333 – 1334; b) P. He, N. Hu, J. F. Rusling, Langmuir 2004, 20,
722 – 729.

[172] S. Deki, Y. Aoi, O. Hiroi, A. Kajinami, Chem. Lett. 1996, 433 –
434.

[173] S. Phadtare, A. Kumar, V. P. Vinod, C. Dash, D. V. Palaskar, M.
Rao, P. G. Shukla, S. Sivaram, M. Sastry, Chem. Mater. 2003, 15,
1944 – 1949.

[174] N. Levit-Binnun, A. B. Lindner, O. Zik, Z. Eshhar, E. Moses,
Anal. Chem. 2003, 75, 1436 – 1441.

[175] Y. Maeda, T. Nakamura, K. Uchimura, T. Matsumoto, H.
Tabata, T. Kawai, J. Vac. Sci. Technol. B 1999, 17, 494 – 496.

[176] T. Torimoto, M. Yamashita, S. Kuwabata, T. Sakata, H.Mori, H.
Yoneyama, J. Phys. Chem. B 1999, 103, 8799 – 8803.

[177] J. L. Coffer, S. R. Bigham, X. Li, R. F. Pinizzotto, Y. G. Rho,
R. M. Pirtle, I. L. Pirtle, Appl. Phys. Lett. 1996, 69, 3851 – 3853.

[178] M. Sastry, A. Kumar, S. Datar, C. V. Dharmadhikari, K. N.
Ganesh, Appl. Phys. Lett. 2001, 78, 2943 – 2945.

[179] A. Kumar, M. Pattarkine, M. Bhadhade, A. B. Mandale, K. N.
Ganesh, S. S. Datar, C. V. Dharmadhikari, M. Sastry, Adv.
Mater. 2001, 13, 341 – 344.

[180] a) S. Han, J. Lin, F. Zhou, R. L. Vellanoweth, Biochem.
Biophys. Res. Commun. 2000, 279, 265 – 269; b) E. Huang, M.
Satjapipat, S. Han, F. Zhou, Langmuir 2001, 17, 1215 – 1224.

[181] J. Richter, R. Seidel, R. Kirsch, M. Mertig, W. Pompe, J.
Plaschke, H. K. Schackert, Adv. Mater. 2000, 12, 507 – 510.

[182] Y. Maeda, H. Tabata, T. Kawai, Appl. Phys. Lett. 2001, 79,
1181 – 1183.

[183] J.K. N. Mbindyo, B. D. Reiss, B. R. Martin, C. D. Keating, M. J.
Natan, T. E. Mallouk, Adv. Mater. 2001, 13, 249 – 254.

[184] C. M. Niemeyer, B. Ceyhan, S. Gao, L. Chi, S. Peschel, U.
Simon, Colloid Polym. Sci. 2001, 279, 68 – 72.

[185] L. M. Demers, S.-J. Park, T. A. Taton, Z. Li, C. A. Mirkin,
Angew. Chem. 2001, 113, 3161 – 3163; Angew. Chem. Int. Ed.
2001, 40, 3071 – 3073.

[186] a) K.-B. Lee, J.-H. Lim, C. A. Mirkin, J. Am. Chem. Soc. 2003,
125, 5588 – 5589; b) H. Zhang, K. B. Lee, Z. Li, C. A. Mirkin,
Nanotechnology 2003, 14, 1113 – 1117.

[187] T. A. Taton, R. C. Mucic, C. A. Mirkin, R. L. Letsinger, J. Am.
Chem. Soc. 2000, 122, 6305 – 6306.

[188] I. Willner, F. Patolsky, J. Wasserman, Angew. Chem. 2001, 113,
1913 – 1916; Angew. Chem. Int. Ed. 2001, 40, 1861 – 1864.

[189] a) C. M. Niemeyer, B. Ceyhan, P. Hazarika, Angew. Chem.
2003, 115, 5944 – 5948; Angew. Chem. Int. Ed. 2003, 42, 5766 –
5770; b) C. M. Niemeyer, B. Ceyhan, M. Noyong, U. Simon,
Biochem. Biophys. Res. Commun. 2003, 301, 995 – 999.

[190] a) L. Cognet, C. Tardin, D. Boyer, D. Choquet, P. Tamarat, B.
Lounis, Proc. Natl. Acad. Sci. USA 2003, 100, 11350 – 11355;
b) Y. F. Wang, D. W. Pang, Z. L. Zhang, H. Z. Zheng, J. P. Cao,
J. T. Shen, J. Med. Virol. 2003, 70, 205 – 211; c) K. Sokolov, M.
Follen, J. Aaron, I. Pavlova, A. Malpica, R. Lotan, R. Richards-
Kortum, Cancer Res. 2003, 63, 1999 – 2004.

[191] a) D. M. Willard, Anal. Bioanal. Chem. 2003, 376, 284 – 286;
b) J. Wang, Anal. Chim. Acta 2003, 500, 247 – 257.

[192] D. HernXndez-Santos, M. B. GonzXlez-Garcia, A. C. Garcia,
Electroanalysis 2002, 14, 1225 – 1235.

[193] a) W. R. Holland, D. G. Hall, Phys. Rev. B 1983, 27, 7765 – 7768;
b) T. Kume, N. Nakagawa, S. Hayashi, K. Yamamoto, Solid
State Commun. 1995, 93, 171 – 175; c) G. S. Agarwal, S. D.
Gupta, Phys. Rev. B 1985, 32, 3607 – 3611.

[194] a) I. Willner, E. Katz, B. Willner in Biosensors and Their
Applications, (Eds.: V. C. Yang, T. T. Ngo), Kluwer, New York,
2000, pp. 47 – 98; b) I. Willner, B. Willner, E. Katz, Rev. Mol.
Biotechnol. 2002, 82, 325 – 355; c) L. HabermVller, M. Mos-
bach, W. Schuhmann, Fresenius J. Anal. Chem. 2000, 366, 560 –
568; d) I. Willner, B. Willner, Trends Biotechnol. 2001, 19, 222 –
230; e) F. A. Armstrong, H. A. Heering, J. Hirst, Chem. Soc.
Rev. 1997, 26, 169 – 179.

[195] P. N. Bartlett, P. Tebbutt, R. G. Whitaker, Prog. React. Kinet.
1991, 16, 55 – 155.

[196] a) Y. Degani, A. Heller, J. Phys. Chem. 1987, 91, 1285 – 1289;
b) W. Schuhmann, T. J. Ohara, H.-L. Schmidt, A. Heller, J. Am.
Chem. Soc. 1991, 113, 1394 – 1397; c) Y. Degani, A. Heller, J.
Am. Chem. Soc. 1988, 110, 2615 – 2620; d) I. Willner, A. Riklin,
B. Shoham, D. Rivenzon, E. Katz, Adv. Mater. 1993, 5, 912 –
915; e) I. Willner, E. Katz, A. Riklin, R. Kasher, J. Am. Chem.
Soc. 1992, 114, 10965 – 10966; f) A. Badia, R. Carlini, A.
Fernandez, F. Battaglini, S. R. Mikkelsen, A. M. English, J. Am.
Chem. Soc. 1993, 115, 7053 – 7060.

[197] S. A. Emr, A. M. Yacynych, Electroanalysis 1995, 6, 913 – 923.
[198] a) I. Willner, V. Heleg-Shabtai, R. Blonder, E. Katz, G. Tao,

A. F. BVckmann, A. Heller, J. Am. Chem. Soc. 1996, 118,
10321 – 10322; b) E. Katz, A. Riklin, V. Heleg-Shabtai, I.
Willner, A. F. BVckmann, Anal. Chim. Acta 1999, 385, 45 – 58.

[199] a) O. A. Raitman, E. Katz, A. F. BVckmann, I. Willner, J. Am.
Chem. Soc. 2002, 124, 6487 – 6496; b) O. A. Raitman, F.
Patolsky, E. Katz, I. Willner, Chem. Commun. 2002, 1936 –
1937.

[200] a) L.-H. Guo, G. McLendon, H. Razafitrimo, Y. Gao, J. Mater.
Chem. 1996, 6, 369 – 374; b) H. Zimmermann, A. Lindgren, W.
Schuhmann, L. Gorton, Chem. Eur. J. 2000, 6, 592 – 599.

[201] a) J. Zhao, R. W. Henkens, J. Stonehurner, J. P. O2Daly, A. L.
Crumbliss, J. Electroanal. Chem. 1992, 327, 109 – 119; b) A. L.
Crumbliss, S. C. Perine, J. Stonehurner, K. R. Tubergen, J.
Zhao, R. W. Henkens, J. P. O2Daly, Biotechnol. Bioeng. 1992,
40, 483 – 490; c) J. Zhao, J. P. O2Daly, R. W. Henkens, J.
Stonehurner, A. L. Crumbliss, Biosens. Bioelectron. 1996, 11,
493 – 502; d) S. Bharathi, M. Nogami, Analyst 2001, 126, 1919 –
1922; e) S. Liu, H. Ju, Electroanalysis 2003, 15, 1488 – 1493;
f) X.-Y. Wang, H. Zhong, Y. Lv, H.-Y. Chen, Chem. Lett. 2003,
32, 1054 – 1055; g) S. Liu, H. Ju, Biosens. Bioelectron. 2003, 19,
177 – 183; h) S. Liu, H. Ju, Analyst, 2003, 128, 1420 – 1424; i) H.-
Y. Gu, R.-X. Sa, S.-S. Yuan, H.-Y. Chen, A.-M. Yu, Chem. Lett.
2003, 32, 934 – 935; j) T. Liu, J. Zhong, X. Gan, C. Fan, G. Li, N.
Matsuda, ChemPhysChem 2003, 4, 1364 – 1366; k) L. Wang, E.
Wang, Electrochem. Commun. 2004, 6, 225 – 229; l) S. Liu, Z.
Dai, H. Chen, H. Ju, Biosens. Bioelectron. 2004, 19, 963 – 969;
m) Y. Zhang, P. He, N. Hu, Electrochim. Acta 2004, 49, 1981 –
1988; n) S. Xu, X. Han, Biosens. Bioelectron. 2004, 19, 1117 –
1120.

[202] X. Han, W. Cheng, Z. Zhang, S. Dong, E. Wang, Biochim.
Biophys. Acta 2002, 1556, 273 – 277.

[203] Y. Xiao, F. Patolsky, E. Katz, J. F. Hainfeld, I. Willner, Science
2003, 299, 1877 – 1881.

[204] V. Pardo-Yissar, E. Katz, J. Wasserman, I. Willner, J. Am.
Chem. Soc. 2003, 125, 622 – 623.

[205] M. L. Curri, A. Agostiano, G. Leo, A.Mallardi, P. Cosma,M. D.
Monica, Mater. Sci. Eng. C 2002, 22, 449 – 452.

[206] a) P. Mulvaney, Langmuir 1996, 12, 788 – 800; b) M. M.
Alvarez, J. T. Khoury, T. G. Schaaff, M. N. Shafigullin, I.
Vezmar, R. L. Whetten, J. Phys. Chem. B 1997, 101, 3706 –
3712; c) A. P. Alivisatos, J. Phys. Chem. 1996, 100, 13226 –
13329; d) L. Brus, Appl. Phys. A 1991, 53, 465 – 474.

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6103Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[207] a) R. F. Khairutdinov, Colloid J. 1997, 59, 535 – 548; b) Single
Charge Tunneling: Coulomb Blockade Phenomena in Nano-
structures: NATO ASI Ser. B, Vol. 294, (Eds.: H. Grabert,
M. H. Devoret), Plenum Press, New York, 1992.

[208] a) L. N. Lewis, Chem. Rev. 1993, 93, 2693 – 2730; b) V. Kesavan,
P. S. Sivanand, S. Chandrasekaran, Y. Koltypin, A. Gedanken,
Angew. Chem. 1999, 111, 3729 – 3730; Angew. Chem. Int. Ed.
1999, 38, 3521 – 3523; c) R. SchlUgl, S. B. A. Hamid, Angew.
Chem. 2004, 116, 1656 – 1667; Angew. Chem. Int. Ed. 2004, 43,
1628 – 1637.

[209] L. He, M. D. Musick, S. R. Nicewarner, F. G. Salinas, S. J.
Benkovic, M. J. Natan, C. D. Keating, J. Am. Chem. Soc. 2000,
122, 9071 – 9077.

[210] a) S. Kubitschko, J. Spinke, T. BrVckner, S. Pohl, N. Oranth,
Anal. Biochem. 1997, 253, 112 – 122; b) L. A. Lyon, M. D.
Musick, M. J. Natan, Anal. Chem. 1998, 70, 5177 – 5183; c) P.
Englebienne, A. V. Hoonacker, M. Verhas, Analyst 2001, 126,
1645 – 1651.

[211] M. Ozsoz, A. Erdem, K. Kerman, D. Ozkan, B. Tugrul, N.
Topcuoglu, H. Ekren, M. Taylan, Anal. Chem. 2003, 75, 2181 –
2187.

[212] J. Wang, Stripping Analysis, VCH, Weinheim, 1985.
[213] N. Zhu, H. Cai, P. He, Y. Fang,Anal. Chim. Acta 2003, 481, 181 –

189.
[214] J. Wang, J. Li, A. J. Baca, J. Hu, F. Zhou, W. Yan, D.-W. Pang,

Anal. Chem. 2003, 75, 3941 – 3945.
[215] J. Wang, D. Xu, A.-N. Kawde, R. Polsky, Anal. Chem. 2001, 73,

5576 – 5581.
[216] L. Authier, C. Grossiord, P. Brossier, B. Limoges, Anal. Chem.

2001, 73, 4450 – 4456.
[217] H. Cai, Y. Xu, N. Zhu, P. He, Y. Fang, Analyst 2002, 127, 803 –

808.
[218] H. Cai, N. Zhu, Y. Jiang, P. He, Y. Fang, Biosens. Bioelectron.

2003, 18, 1311 – 1319.
[219] J. Wang, G. Liu, Q. Zhu, Anal. Chem. 2003, 75, 6218 – 6222.
[220] T. G. Drummond, M. G. Hill, J. K. Barton, Nat. Biotechnol.

2003, 21, 1192 – 1199.
[221] T. M.-H. Lee, L.-L. Li, I.-M. Hsing, Langmuir 2003, 19, 4338 –

4343.
[222] J. Wang, R. Polsky, D. Xu, Langmuir 2001, 17, 5739 – 5741.
[223] J. Wang, O. Rinc[n, R. Polsky, E. Dominguez, Electrochem.

Commun. 2003, 5, 83 – 86.
[224] J. Richter, Physica E 2003, 16, 157 – 173.
[225] E. Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 1998,

391, 775 – 778.
[226] Y. Eichen, E. Braun, U. Sivan, G. Ben-Yoseph, Acta Polym.

1998, 49, 663 – 670.
[227] M. Mertig, L. C. Ciacchi, R. Seidel, W. Pompe, A. De Vita,

Nano Lett. 2002, 2, 841 – 844.
[228] O. D. Velev, E. W. Kaler, Langmuir 1999, 15, 3693 – 3698.
[229] a) S.-J. Park, T. A. Taton, C. A. Mirkin, Science 2002, 295,

1503 – 1506; b) L. Moreno-Hagelsieb, P. E. Lobert, R. Pampin,
D. Bourgeois, J. Remacle, D. Flandre, Sens. Actuators B 2004,
98, 269 – 274.

[230] M. Urban, R. MUller, W. Fritzsche, Rev. Sci. Instrum. 2003, 74,
1077 – 1081.

[231] A. Doron, E. Katz, I. Willner, Langmuir 1995, 11, 1313 – 1317.
[232] H. Cai, C. Xu, P. He, Y. Fang, J. Electroanal. Chem. 2001, 510,

78 – 85.
[233] H. Lin, H. Zhao, J. Li, J. Tang, M. Duan, L. Jiang, Biochem.

Biophys. Res. Commun. 2000, 274, 817 – 820.
[234] a) M. Wang, L. Wang, G. Wang, X. Ji, Y. Bai, T. Li, S. Gongb, J.

Li, Biosens. Bioelectron. 2004, 19, 575 – 582; b) C.-X. Lei, F.-C.
Gonga, G.-L. Shen, R.-Q. Yu, Sens. Actuators B 2003, 96, 582 –
588; c) S.-Q. Hua, J.-W. Xie, Q.-H. Xu, K.-T. Rong, G.-L. Shen,
R.-Q. Yu, Talanta 2003, 61, 769 – 777; d) H.Wang, J. Li, Y. Ding,
C. Lei, G. Shen, R. Yu, Anal. Chim. Acta 2004, 501, 37 – 43;

e) C.-X. Lei, F.-C. Gonga, G.-L. Shen, R.-Q. Yu, Sens. Actuators
B 2003, 96, 582 – 588; f) M.Wang, C. Sun, L.Wang, X. Ji, Y. Bai,
T. Li, J. Li, J. Pharm. Biomed. Anal. 2003, 33, 1117 – 1125.

[235] E. Katz, A. N. Shipway, I. Willner inNanoscale Materials, (Eds.:
L. M. Liz-Marzan, P. Kamat), Kluwer, 2003, pp. 5 – 78.

[236] J. Wang, G. Liu, R. Polsky, A. Merko\i, Electrochem. Commun.
2002, 4, 722 – 726.

[237] J. Wang, G. Liu, A. Merko\i, J. Am. Chem. Soc. 2003, 125,
3214 – 3215.

[238] a) A. Kawde, J. Wang, Electroanalysis 2004, 16, 101 – 107; b) J.
Wang, G. Liu, M. R. Jan, Q. Zhu, Electrochem. Commun. 2003,
5, 1000 – 1004.

[239] a) J. Wang, R. Polsky, A. Merko\i, K. Turner, Langmuir 2003,
19, 989 – 991; b) J.Wang, G. Liu, G. Rivas,Anal. Chem. 2003, 75,
4667 – 4671.

[240] D. Trau, W. J. Yang, M. Seydack, F. Carusu, N.-T. Yu, R.
Renneberg, Anal. Chem. 2002, 74, 5480 – 5486.

[241] L. Alfonta, A. Singh, I. Willner, Anal. Chem. 2001, 73, 91 – 102.
[242] D. A. Buttry, M. D. Ward, Chem. Rev. 1992, 92, 1355 – 1379.
[243] a) X. C. Zhou, S. J. O’Shea, S. F. Y. Li, Chem. Commun. 2000,

953 – 954; b) F. Patolsky, K. T. Ranjit, A. Lichtenstein, I.
Willner, Chem. Commun. 2000, 1025 – 1026; c) T. Liu, J. Tang,
L. Jiang, Biochem. Biophys. Res. Commun. 2004, 313, 3 – 7.

[244] S. Han, J. Lin, M. Satjapipat, A. J. Baca, F. Zhou, Chem.
Commun. 2001, 609 – 610.

[245] T. Liu, J. Tang, H. Zhao, Y. Deng, L. Jiang, Langmuir 2002, 18,
5624 – 5626.

[246] I. Willner, F. Patolsky, Y. Weizmann, B. Willner, Talanta 2002,
56, 847 – 856.

[247] Y. Weizmann, F. Patolsky, I. Willner, Analyst 2001, 126, 1502 –
1504.

[248] a) T. A. Taton, C. A. Mirkin, R. L. Letsinger, Science 2000, 289,
1757 – 1760; b) J. Reichert, A. CsXki, J. M. KUhler, W. Fritzsche,
Anal. Chem. 2000, 72, 6025 – 6029; c) T. A. Taton, G. L. Lu,
C. A. Mirkin, J. Am. Chem. Soc. 2001, 123, 5164 – 5165; d) J. J.
Storhoff, S. S. Marla, P. Bao, S. Hagenow, H. Mehta, A. Lucas,
V. Garimella, T. Patno, W. Buckingham, W. Cork, U. R. MVller,
Biosens. Bioelectron. 2004, 19, 875 – 883.

[249] a) S. Y. Park, D. Stroud, Physica B 2003, 338, 353 – 356; b) R.
Jin, G. Wu, Z. Li, C. A. Mirkin, G. C. Schatz, J. Am. Chem. Soc.
2003, 125, 1643 – 1654.

[250] S. Schultz, D. R. Smith, J. J. Mock, D. A. Schultz, Proc. Natl.
Acad. Sci. USA 2000, 97, 996 – 1001.

[251] A. P. Han, M. Dufva, E. Belleville, C. B. V. Christensen, Lab on
a Chip 2003, 3, 329 – 332.

[252] R. C. Bailey, J.-M. Nam, C. A. Mirkin, J. T. Hupp, J. Am. Chem.
Soc. 2003, 125, 13541 – 13547.

[253] a) G. Bauer, F. Pittner, T. Schalkhammer, Microchim. Acta
1999, 131, 107 – 114; b) F. Frederix, J.-M. Friedt, K.-H. Choi, W.
Laureyn, A. Campitelli, D. Mondelaers, G. Maes, G. Borghs,
Anal. Chem. 2003, 75, 6894 – 6900; c) L. Olofsson, T. Rindze-
vicius, I. Pfeiffer, M. KWll, F. HUUk, Langmuir 2003, 19, 10414 –
10419.

[254] K. Glynou, P. C. Ioannou, T. K. Christopoulos, V. Syriopoulou,
Anal. Chem. 2003, 75, 4155 – 4160.

[255] Z. Ma, S.-F. Sui, Angew. Chem. 2002, 114, 2280 – 2283; Angew.
Chem. Int. Ed. 2002, 41, 2176 – 2179.

[256] B. Dragnea, C. Chen, E.-S. Kwak, B. Stein, C. C. Kao, J. Am.
Chem. Soc. 2003, 125, 6374 – 6375.

[257] C. Bohren, D. Huffmann, Absorption and Scattering of Light by
Small Particles, Wiley, New York, 1983.

[258] G. Raschke, S. Kowarik, T. Franzl, C. SUnnichsen, T. A. Klar, J.
Feldmann, Nano Lett. 2003, 3, 935 – 938.

[259] a) S. R. Nicewarner-PeZa, A. J. Carado, K. E. Shale, C. D.
Keating, J. Phys. Chem. B 2003, 107, 7360 – 7367; b) S. R.
Nicewarner-Pena, R. G. Freeman, B. D. Reiss, L. He, D. J.
Pena, I. D. Walton, R. Cromer, C. D. Keating, M. J. Natan,

I. Willner and E. KatzReviews

6104 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108

http://www.angewandte.org


Science 2001, 294, 137 – 141; c) N. S. Birenbaum, B. T. Lai, C. S.
Chen, D. H. Reich, G. J. Meyer,Langmuir 2003, 19, 9580 – 9582.

[260] J.-M. Nam, C. S. Thaxton, C. A. Mirkin, Science 2003, 301,
1884 – 1886.

[261] D. A. Schultz, Curr. Opin. Biotechnol. 2003, 14, 13 – 22.
[262] M. G. Ryadnov, B. Ceyhan, C. M. Niemeyer, D. N. Woolfson, J.

Am. Chem. Soc. 2003, 125, 9388 – 9394.
[263] S.-F. Cheng, L.-K. Chau, Anal. Chem. 2003, 75, 16 – 21.
[264] E. Hutter, M.-P. Pileni, J. Phys. Chem. B 2003, 107, 6497 – 6499.
[265] a) A. J. Haes, R. P. Van Duyne, J. Am. Chem. Soc. 2002, 124,

10596 – 10604; b) J. C. Riboh, A. J. Haes, A. D. McFarland,
C. R. Yonzon, R. P. Van Duyne, J. Phys. Chem. B 2003, 107,
1772 – 1780; c) A. J. Haes, S. Zou, G. C. Schatz, R. P. Van
Duyne, J. Phys. Chem. B 2004, 108, 109 – 116.

[266] M. Zayats, S. P. Pogorelova, A. B. Kharitonov, O. Lioubashev-
ski, E. Katz, I. Willner, Chem. Eur. J. 2003, 9, 6108 – 6114.

[267] a) O. Lioubashevski, V. Chegel, F. Patolsky, E. Katz, I. Willner,
J. Am. Chem. Soc. 2004, 126, 7133 – 7143; b) M. Zayats, A. B.
Kharitonov, S. P. Pogorelova, O. Lioubashevski, E. Katz, I.
Willner, J. Am. Chem. Soc. 2003, 125, 16006 – 16014.

[268] a) H. Kneipp, I. Itzkan, R. R. Dasari, M. S. Feld, Chem. Rev.
1999, 99, 2957 – 2975; b) A. Campion, P. Kambhampati, Chem.
Soc. Rev. 1998, 27, 241 – 250.

[269] a) C. D. Keating, K. M. Kovaleski, M. J. Natan, J. Phys. Chem.
B 1998, 102, 9404 – 9413. b) C. D. Keating, K. M. Kovaleski,
M. J. Natan, J. Phys. Chem. B 1998, 102, 9414 – 9425;

[270] a) F. T. Docherty, M. Clark, G. McNay, D. Graham, W. E.
Smith, Faraday Discuss. 2004, 126, 281 – 288; b) Y. C. Cao, R.
Jin, J.-M. Nam, C. S. Thaxton, C. A. Mirkin, J. Am. Chem. Soc.
2003, 125, 14676 – 14677; c) K. Faulds, W. E. Smith, D. Graham,
Anal. Chem. 2004, 76, 412 – 417.

[271] a) D. S. Grubisha, R. J. Lipert, H.-Y. Park, J. Driskell, M. D.
Porter, Anal. Chem. 2003, 75, 5936 – 5943; b) S. Xu, X. Ji, W.
Xu, X. Li, L. Wang, Y. Bai, B. Zhao, Y. Ozaki, Analyst 2004,
129, 63 – 68.

[272] a) B. M. Lingerfelt, H. Mattoussi, E. R. Goldman, M. Mauro,
G. P. Anderson, Anal. Chem. 2003, 75, 4043 – 4049; b) L.-Y.
Wang, L. Wang, F. Gao, Z.-Y. Yu, Z.-M. Wu, Analyst 2002, 127,
977 – 980; c) L.-Y. Wang, X.-W. Kan, M.-C. Zhang, C.-Q. Zhu,
L, Wang,Analyst 2002, 127, 1531 – 1534; d) L.Wang, L.Wang. ,
C. Zhu, X. W. Wei, X. Kan, Anal. Chim. Acta 2002, 468, 35 – 41;
e) L.-Y. Wang, Y.-Y. Zhou, L. Wang, C.-Q. Zhu, Y.-X. Li, F.
Gao, Anal. Chim. Acta 2002, 466, 87 – 92; f) E. R. Goldman,
E. D. Balighian, H. Mattoussi, M.K. Kuno, J. M. Mauro, P. T.
Tran, G. P. Anderson, J. Am. Chem. Soc. 2002, 124, 6378 – 6382;
g) D. Gerion, W. J. Parak, S. C. Williams, D. Zanchet, C. M.
Micheel, A. P. Alivisatos, J. Am. Chem. Soc. 2002, 124, 7070 –
7074; h) S. Kim, M. G. Bawendi, J. Am. Chem. Soc. 2003, 125,
14652 – 14653; i) W. C. W. Chan, S. Nie, Science 1998, 281,
2016 – 2018.

[273] J. Malicka, I. Gryczynski, J. R. Lakowicz, Biochem. Biophys.
Res. Commun. 2003, 306, 213 – 218.

[274] N. Lochner, C. Lobmaier, M. Wirth, A. Leitner, F. Pittner, F.
Gabor, Eur. J. Pharm. Biopharm. 2003, 56, 469 – 477.

[275] F. Patolsky, R. Gill, Y. Weizmann, T. Mokari, U. Banin, I.
Willner, J. Am. Chem. Soc. 2003, 125, 13918 – 13919.

[276] A. R. Clapp, I. L. Medintz, J. M. Mauro, B. R. Fisher, M. G.
Bawendi, H. Mattoussi, J. Am. Chem. Soc. 2004, 126, 301 – 310.

[277] I. L. Medintz, S. A. Trammell, H. Mattoussi, J. M. Mauro, J.
Am. Chem. Soc. 2004, 126, 30 – 31.

[278] a) X. Zhao, R. Tapec-Dytioco, W. Tan, J. Am. Chem. Soc. 2003,
125, 11474 – 11475; b) W. Yang, C. G. Zhang, H. Y. Qu, H. H.
Yang, J. G. Xua, Anal. Chim. Acta 2004, 503, 163 – 169.

[279] a) Scientific and Clinical Applications of Magnetic Carriers,
(Eds.: U. HWfeli, W. SchVtt, J. Teller, M. Zborowski), Plenum
Press, New York, 1997; b) K. Nishimura, M. Hasegawa, Y.
Ogura, T. Nishi, K. Kataoka, H. Handa, M. Abe, J. Appl. Phys.

2002, 91, 8555 – 8556; c) C. GrVttner, J. Teller, J. Magn. Magn.
Mater. 1999, 194, 8 – 15; d) R. V. Mehta, R. V. Upadhyay, S. W.
Charles, C. N. Ramchand, Biotechnol. Tech. 1997, 11, 493 – 496;
e) D. C. F. Chan, D. B. Kirpotin, P. A. Bunn Jr., J. Magn. Magn.
Mater. 1993, 122, 374 – 378; f) R. F. Borch, M. D. Bernstein,
H. D. Durst, J. Am. Chem. Soc. 1971, 93, 2897 – 2898; g) P. M.
Dey, Eur. J. Biochem. 1984, 140, 385 – 390; h) B. A. Schwartz,
G. R. Gray, Arch. Biochem. Biophys. 1977, 181, 542 – 548;
i) Q. A. Pankhurst, J. Connolly, S. K. Jones, J. Dobson, J. Phys.
D 2003, 36, R167-R181; j) C. C. Berry, A. S. G. Curtis, J. Phys.
D 2003, 36, R198-R206; k) J. Ugelstad, P. Stenstad, L. Kilaas,
W. S. Prestvik, R. Herje, A. Berge, E. Hornes, Blood Purif.
1993, 11, 349 – 369; l) M. UhlYn, Nature 1989, 340, 733 – 744;
m) Advances in Biomagnetic Separation, (Eds.: M. UhlYn, E.
Hornes, O. Olsvik), Eaton, Natick, 1994 ; n) M. Shinkai, J.
Biosci. Bioeng. 2002, 94, 606 – 613; o) A. S. Arbab, L. A.
Bashaw, B. R. Miller, E. K. Jordan, B. K. Lewis, H. Kalish,
J. A. Frank, Radiology 2003, 229, 838 – 846; p) Y. H. Zhu, X. L.
Yang, P. L. Li, H. Ying, Progr. Chem. 2003, 15, 512 – 517;
q) A. M. Koch, F. Reynolds, M. F. Kircher, H. P. Merkle, R.
Weissleder, L. Josephson, Bioconjugate Chem. 2003, 14, 1115 –
1121; r) A. K. Gupta, A. S. G. Curtis, Biomaterials 2004, 25,
3029 – 3040; s) D. Wang, J. He, N. Rosenzweig, Z. Rosenzweig,
Nano Lett. 2004, 4, 409 – 413; t) A. K. Gupta, C. Berry, M.
Gupta, A. Curtis, IEEE Trans. Nanobioscience 2003, 2, 255 –
261.

[280] a) F.-H. Wang, T. Yoshitake, D.-K. Kim, M. Muhammed, B.
Bjelke, Jan Kehr, J. Nanopart. Res. 2003, 5, 137 – 146; b) S.
Bucak, D. A. Jones, P. E. Laibinis, T. A. Hatton, Biotechnol.
Prog. 2003, 19, 477 – 484.

[281] a) S. V. Sonti, A. Bose, J. Colloid Interface Sci. 1995, 170, 575 –
585; b) J. Roger, J. N. Pons, R. Massart, A. Halbreich, J. C.
Bacri, Eur. Phys. J. Appl. Phys. 1999, 5, 321 – 325.

[282] a) H. Gu, P.-L. Ho, K. W. T. Tsang, C.-W. Yu . B. Xu, Chem.
Commun. 2003, 1966 – 1967; b) H. Gu, P.-L. Ho, K. W. T. Tsang,
L. Wang, B. Xu, J. Am. Chem. Soc. 2003, 125, 15702 – 15703.

[283] X. Zhao, R. Tapec-Dytioco, K. Wang, W. Tan, Anal. Chem.
2003, 75, 3476 – 3483.

[284] D. L. Graham, H. A. Ferreira, P. P. Freitas, J. M. S. Cabral,
Biosens. Bioelectron. 2003, 18, 483 – 488.

[285] M. Fang, P. S. Grant, M. J. McShane, G. B. Sukhorukov, V. O.
Golub, Y. M. Lvov, Langmuir 2002, 18, 6338 – 6344.

[286] J. Hoinville, A. Bewick, D. Gleeson, R. Jones, O. Kasyutich, E.
Mayes, A. Nartowski, B. Warne, J. Wiggins, K. Wong, J. Appl.
Phys. 2003, 93, 7187- 7189.

[287] L. Shen, P. E. Laibinis, T. A. Hatton, Langmuir 1999, 15, 447 –
453.

[288] T. Hyeon, Chem. Commun. 2003, 927 – 934.
[289] S. Sun, H. Zeng, J. Am. Chem. Soc. 2002, 124, 8204 – 8205.
[290] M. Chen, S. Yamamuro, D. Farrell, S. A. Majetich, J. Appl.

Phys. 2003, 93, 7551 – 7553.
[291] a) X. Gao, K. M.K. Yu, K. Y. Tam, S. C. Tsang, Chem.

Commun. 2003, 2998 – 2999; b) H.-H. Yang, S.-Q. Zhang, X.-
L. Chen, Z.-X. Zhuang, J.-G. Xu, X.-R. Wang, Anal. Chem.
2004, 76, 1316 – 1321.

[292] a) T. Tanaka, T. Matsunaga, Anal. Chem. 2000, 72, 3518 – 3522;
b) C. R. Martin, D. T. Mitchell, Anal. Chem. 1998, 70, 322A-
327A.

[293] a) A. Dyal, K. Loos, M. Noto, S. W. Chang, C. Spagnoli,
K.V. P. M. Shafi, A. Ulman, M. Cowman, R. A. Gross, J. Am.
Chem. Soc. 2003, 125, 1684 – 1685; b) M. Ma, Y. Zhang, W. Yu,
H. Shen, H. Zhang, N. Gu,Colloids Surf. A 2003, 212, 219 – 226;
c) S.-H. Huang, M.-H. Liao, D.-H. Chen, Biotechnol. Prog.
2003, 19, 1095 – 1100; d) D. Cao, P. He, N. Hu, Analyst 2003,
128, 1268 – 1274.

Nanoparticle–Biomolecule Hybrids
Angewandte

Chemie

6105Angew. Chem. Int. Ed. 2004, 43, 6042 – 6108 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[294] a) M. Shinkai, H. Honda, T. Kobayashi, Biocatalysis 1991, 5,
61 – 69; b) M.-H. Liao, D.-H. Chen, Biotechnol. Lett. 2001, 23,
1723 – 1727.

[295] M.-H. Liao, D.-H. Chen, Biotechnol. Lett. 2002, 24, 1913 – 1917.
[296] S. Mornet, A. Vekris, J. Bonnet, E. Duguet, F. Grasset, J.-H.

Choy, J. Portier, Mater. Lett. 2000, 42, 183 – 188.
[297] L. E. Euliss, S. G. Grancharov, S. O2Brien, T. J. Deming, G. D.

Stucky, C. B. Murray, G. A. Held, Nano Lett. 2003, 3, 1489 –
1493.

[298] a) Biomimetic Materials Chemistry (Ed.: S. Mann), VCH
Publishers, New York, 1996 ; b) Focus article, Chem.
Commun. 2004, 1 – 4.

[299] a) F. C. Meldrum, V. J. Wade, D. L. Nimmo, B. R. Heywood, S.
Mann, Nature 1991, 349, 684 – 687; b) F. C. Meldrum, B. R.
Heywood, S. Mann, Science 1992, 257, 522 – 523; c) T. Douglas,
V. T. Stark, Inorg. Chem. 2000, 39, 1828 – 1830; d) T. Douglas,
M. Young, Nature 1998, 393, 152 – 155; e) T. Douglas, M.
Young, Adv. Mater. 1999, 11, 679 – 681; f) C. E. Flynn, S.-W.
Lee, B. R. Peelle, A. M. Belcher, Acta Mater. 2003, 51, 5867 –
5880; g) M. L. Flenniken, D. A. Willits, S. Brumfield, M. J.
Young, T. Douglas, Nano Lett. 2003, 3, 1573 – 1576.

[300] S. Mann, F. C. Meldrum, Adv. Mater. 1991, 3, 316 – 318.
[301] D. P. E. Dickson, S. A. Walton, S. Mann, K. Wong, Nanostruct.

Mater. 1997, 9, 595 – 598.
[302] K.K. W. Wong, T. Douglas, S. Gider, D. D. Awschalom, S.

Mann, Chem. Mater. 1998, 10, 279 – 285.
[303] a) K. C. Martin, S. M. Villano, P. R. McCurdy, D. C. Zapien,

Langmuir 2003, 19, 5808 – 5812; b) M. Tominaga, I. Taniguchiy,
Chem. Lett. 2003, 954 – 955; c) F. Marken, D. Patel, C. E.
Madden, R. C. Millward, S. Fletcher, New J. Chem. 2002, 26,
259 – 263.

[304] M. Allen, D. Willits, J. Mosolf, M. Young, T. Douglas, Adv.
Mater. 2002, 14, 1562 – 1565.

[305] a) M. Bozzi, G. Mignogna, S. Stefanini, D. Barra, C. Longhi, P.
Valenti, E. Chiancone, J. Biol. Chem. 1997, 272, 3259 – 3265;
b) A. Ilari, S. Stefanini, E. Chiancone, D. Tsernoglou, Nat.
Struct. Biochem. J. 2000, 7, 38 – 43.

[306] a) S. Stefanini, S. Cavallo, B. Montagnini, E. Chiancone,
Biochem. J. 1999, 338, 71 – 75; b) X. Yang, E. Chiancone, S.
Stefanini, A. Ilari, N. D. Chasteen, Biochem. J. 2000, 349, 783 –
786.

[307] T. Douglas, E. Strable, D. Willits, A. Aitouchen, M. Libera, M.
Young, Adv. Mater. 2002, 14, 415 – 418.

[308] E. BWuerlein, Angew. Chem. 2003, 115, 636 – 664; Angew.
Chem. Int. Ed. 2003, 42, 614 – 641.

[309] R. P. Blakemore, D. Maratea, R. S. Wolfe, J. Bacteriol. 1979,
140, 720 – 729.

[310] T. Matsunaga, F. Tadokoro, N. Nakamura, IEEE Trans. Magn.
1990, 26, 1557 – 1559.

[311] T. Matsunaga, T. Sakaguchi, F. Tadokoro, Appl. Microbiol.
Biotechnol. 1991, 35, 651 – 655.

[312] K. H. Scheifer, D. Schuler, S. Spring, M. Weizenegger, R.
Amann, W. Ludwig, M. Kohler, Syst. Appl. Microbiol. 1991, 14,
379 – 385.

[313] a) Y. A. Gorby, T. J. Beveridge, R. P. Blakemore, J. Bacteriol.
1988, 170, 834 – 841; b) T. Matsunaga, Trends Biotechnol. 1991,
9, 91 – 95.

[314] T. Matsunaga, H. Takeyama, Supramol. Sci. 1998, 5, 391 – 394.
[315] a) N. Nakamura, K. Hashimoto, T. Matsunaga, Anal. Chem.

1991, 63, 268 – 272; b) N. Nakamura, J. G. Burgess, K. Yagiuda,
S. Kudo, T. Sakaguchi, T. Matsunaga, Anal. Chem. 1993, 65,
2036 – 2039; c) N. Nakamura, T. Matsunaga, Anal. Chim. Acta
1993, 281, 585 – 589.

[316] T. Matsunaga, M. Kawasaki, X. Yu, N. Tsujimura, N. Naka-
mura, Anal. Chem. 1996, 68, 3551 – 3554.

[317] K. Sode, S. Kudo, T. Sakaguchi, N. Nakamura, T. Matsunaga,
Biotechnol. Tech. 1993, 7, 688 – 694.

[318] H. Takeyama, A. Yamazawa, N. Nakamura, T. Matsunaga,
Biotechnol. Tech. 1995, 9, 355 – 360.

[319] a) J. Li, X. He, Z. Wu, K. Wang, G. Shen, R. Yu, Anal. Chim.
Acta 2003, 481, 191 – 198; b) V. Kourilov, M. Steinitz, Anal.
Biochem. 2002, 311, 166 – 170; c) Tadashi Matsunaga, F. Ueki,
K. Obata, H. Tajima, T. Tanaka, H. Takeyama, Y. Goda, S.
Fujimoto, Anal. Chim. Acta 2003, 475, 75 – 83; d) H. Furukawa,
R. Shimojyo, N. Ohnishi, H. Fukuda, A. Kondo, Appl. Micro-
biol. Biotechnol. 2003, 62, 478 – 483.

[320] R. Wilson, Chem. Commun. 2003, 108 – 109.
[321] Z.-L. Zhi, Y. Murakami, Y. Morita, Q. Hasan, E. Tamiya, Anal.

Biochem. 2003, 318, 236 – 243.
[322] J. M. Perez, F. J. Simeone, Y. Saeki, L. Josephson, R. Weis-

sleder, J. Am. Chem. Soc. 2003, 125, 10192 – 10193.
[323] J. Wang, A.-N. Kawde, A. Erdem, M. Salazar, Analyst 2001,

126, 2020 – 2024.
[324] J. Wang, A.-N. Kawde, Electrochem. Commun. 2002, 4, 349 –

352.
[325] J. Wang, D. Xu, R. Polsky, J. Am. Chem. Soc. 2002, 124, 4208 –

4209.
[326] H. Cai, Y. Wang, P. He, Y. Fang, Anal. Chim. Acta 2002, 469,

165 – 172.
[327] J. Wang, G. Liu, A. Merko\i, Anal. Chim. Acta 2003, 482, 149 –

155..
[328] T. Yoshino, T. Tanaka, H. Takeyama, T. Matsunaga, Biosens.

Bioelectron. 2003, 18, 661 – 666.
[329] a) R. Hirsch, E. Katz, I. Willner, J. Am. Chem. Soc. 2000, 122,

12053 – 12054; b) E. Katz, L. Sheeney-Haj-Ichia, I. Willner,
Chem. Eur. J. 2002, 8, 4138 – 4148.

[330] I. Willner, E. Katz, Angew. Chem. 2003, 115, 4724 – 4737;
Angew. Chem. Int. Ed. 2003, 42, 4576 – 4588.

[331] a) E. Katz, T. LUtzbeyer, D. D. Schlereth, W. Schuhmann, H.-L.
Schmidt, J. Electroanal. Chem. 1994, 373, 189 – 200; b) I.
Willner, A. Riklin, Anal. Chem. 1994, 66, 1535 – 1539.

[332] a) A. Bardea, E. Katz, A. F. BVckmann, I. Willner, J. Am.
Chem. Soc. 1997, 119, 9114 – 9119; b) M. Zayats, E. Katz, I.
Willner, J. Am. Chem. Soc. 2002, 124, 14724 – 14735.

[333] A. F. BVckmann, V. Wray, Biotechnol. Appl. Biochem. 1992, 15,
303 – 310.

[334] E. Katz, L. Sheeney-Haj Ichia, A. F. BVckmann, I. Willner,
Angew. Chem. 2002, 114, 1399 – 1402; Angew. Chem. Int. Ed.
2002, 41, 1343 – 1346.

[335] E. Katz, I. Willner, J. Am. Chem. Soc. 2002, 124, 10290 – 10291.
[336] A. J. Bard, L. R. Faulkner, Electrochemical Methods: Funda-

mentals and Applications, Wiley, New York, 1980.
[337] Y.Weizmann, F. Patolsky, E. Katz, I. Willner, J. Am. Chem. Soc.

2003, 125, 3452 – 3454.
[338] F. Patolsky, Y. Weizmann, E. Katz, I. Willner, Angew. Chem.

2003, 115, 2474 – 2478; Angew. Chem. Int. Ed. 2003, 42, 2372 –
2376.

[339] F. Patolsky, Y. Weizmann, E. Katz, I. Willner, ChemBioChem
2004, 5, 943 – 948.

[340] a) R. Raiteri, M. Grattarola, H. J. Butt, P. SklXdal, Sens.
Actuators B 2001, 79, 115 – 126; b) M. Sepaniak, P. Datskos,
N. Lavrik, C. Tipple, Anal. Chem. 2002, 74, 568A– 575A.

[341] M. Lahav, C. Durkan, R. Gabai, E. Katz, I. Willner, M. E.
Welland, Angew. Chem. 2001, 113, 4219 – 4221; Angew. Chem.
Int. Ed. 2001, 40, 4095 – 4098.

[342] J. Fritz, M. K. Baller, H. P. Lang, H. Rothuizen, P. Vettinger, E.
Meyer, H.-J. GVntherodt, C. Gerber, J. K. Gimzewski, Science
2000, 288, 316 – 318.

[343] R. P. Cowburn, A. M. Moulin, M. E. Welland, Appl. Phys. Lett.
1997, 71, 2202 – 2204.
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Carbohydrate-functionalized polymers designed to mimic the struc-
tures of mucin glycoproteins assembled on carbon nanotubes are
water soluble and can be functionalized with ligands for specific
receptor binding. For more information see the Communication by A.
Zettl, C. R. Bertozzi et al. on the following pages.
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Biomimetic Synthesis

Biomimetic Engineering of Carbon Nanotubes by
Using Cell Surface Mucin Mimics**

Xing Chen, Goo Soo Lee, A. Zettl,* and
Carolyn R. Bertozzi*

One of the most exciting applications of nanoscale science
and technology is in the exploration of biological systems.[1]

Carbon nanotubes (CNTs) have unique structural, mechan-
ical, and electrical properties, and consequently numerous
potential applications in biology, including sensing,[2] imag-
ing,[3] and scaffolding for cell growth.[4] Few of these
applications have yet been realized, however, because of the
incompatibility of the CNT surface, which is hydrophobic and
prone to nonspecific bioadsorption, with biological compo-
nents such as cells and proteins. In addition, the aqueous
environment required for biological materials are not suitable
for unfunctionalized CNTs.[5] In nature, cells are faced with a
similar challenge of resisting nonspecific biomolecule inter-
actions while engaging in specific molecular recognition.
These functions can be simultaneously fulfilled by mucin
glycoproteins, defined by their dense clusters of O-linked
glycans. Here we describe a biomimetic surface modification
of CNTs using glycosylated polymers designed to mimic
natural cell-surface mucins. CNTs modified with mucin
mimics were soluble in water, resisted nonspecific protein
binding, and bound specifically to biomolecules through
receptor–ligand interactions. This strategy for biomimetic
surface engineering provides a means to bridge nanomaterials
and biological systems.

Mucins coat the surfaces of numerous cell types[6] and
present epitopes for receptor-mediated cell–cell recogni-

tion.[7] Their dense glycosylation confers rigidity to the
polypeptide backbone and thereby extends the mucin poly-
mer well above the cell surface.[8] In addition, the glycans
provide for strong hydration and passivation against biofoul-
ing. We have recently developed glycosylated polymers that
share many properties with natural mucins (Figure 1a).[9] In
native mucins, the clustered a-N-acetylgalactosamine (a-
GalNAc) residues proximal to the peptide are the major
contributors to the rigidification of peptide backbones.
Although the core a-GalNAc residue is usually elaborated
with additional sugars, removal of those sugars does not affect
the mucin architecture.[10] The importance of the a-GalNAc
residue for mucin structure has also been suggested by NMR
analysis of synthetic glycopeptides.[11] Accordingly, we
designed a synthetically tractable mucin mimic in which a-
GalNAc residues were linked through an oxime bond to a
poly(methyl vinyl ketone) [poly(MVK)] backbone (Fig-
ure 1a). The synthesis involved chemoselective ligation of
poly(MVK) with an aminooxy-functionalized GalNAc ana-
logue.[12] Light-scattering analysis indicated that the a-
GalNAc-conjugated polymers adopt a rigid extended struc-
ture in water, similar to native mucin, whereas the uncon-
jugated polymers adopt a more conventional globular struc-
ture.[9]

We introduced a C18 lipid at one end of a mucin mimic
polymer with a molecular weight of about 75000 gmol�1 to
enable surface modification of CNTs (Figure 1b; see Sup-
porting Information for synthetic details). The hydrated
diameter of the lipid-terminated mucin mimic was deter-
mined by light-scattering analysis to be about 54 nm. Lipids
are known to self-assemble on the surface of CNTs through
hydrophobic interactions in the presence of water[13] and lipid-
functionalized glycopolymers have been shown to form
ordered arrays on graphite surfaces.[14] We envisioned that
lipid-functionalized mucin mimics could assemble on CNTs in
a similar manner as the organization of native mucins in the
cell membrane, with the glycosylated polymers projecting
into the aqueous medium (Figure 1c).

We first subjected single-walled carbon nanotubes
(SWNTs) to ultrasonication in the presence of an aqueous
solution of the C18-functionalized mucin mimic bearing a-
GalNAc residues (C18-a-MM, Figure 1b). The SWNTs were
fully solubilized during the procedure (Figure 2a), which
suggests the formation of a hydrophilic surface coating. A
similar procedure was applied to multiwalled carbon nano-
tubes (MWNTs) with the same outcome (Figure 2c). The
suspensions of C18-a-MM-functionalized CNTs were stable
for more than three months, while unfunctionalized CNTs
precipitated very quickly (within hours) in aqueous solutions
(Figure 2b and d). The C18 lipid on the mucin mimic polymer
was essential to solubilize the CNTs: they rapidly precipitated
from solutions of polymers identical to the above mucin
mimics but lacking the lipid tail (not shown). These observa-
tions are consistent with a model in which C18-a-MMs coat the
CNTs as shown in Figure 1c.

The CNTs coated with mucin mimics (C18-a-MM-SWNTs,
for example) were directly characterized by atomic force
microscopy (AFM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). As produced,
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SWNTs usually exist as bundles that are heavily entangled
with one another to form three-dimensional (3D) networks.

After functionalization with C18-a-MM, the entangled SWNT
bundles dissociate to form much finer bundles and even

Figure 1. a) The structural features of native mucin (left) as well as the designed and synthesized mucin mimic (right). Natural mucins are charac-
terized by dense clusters of O-linked glycans bound to Ser/Thr residues of the polypeptide. The a-GalNAc residues attached to the Ser/Thr resi-
dues are elaborated with additional sugars but only the initial GalNAc residues are required for the mucin structure. b) Synthesis of C18-a-MM.
The C18 lipid was conjugated to 4,4’-azobis(4-cyanopentanoic acid) (ACPA) and the amide-linked product was used to initiate radical polymeriza-
tion of MVK to produce C18-poly(MVK). C18-a-MM was obtained by chemoselective ligation of C18-poly(MVK) with aminooxy-GalNAc. c) A model
for the self-assembly of C18-MMs on the surface of carbon nanotubes (right), which is similar to the proposed arrangement of cell-surface mucins
(left).
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individual nanotubes, as observed by all three imaging
techniques. AFM permitted analysis of the modified tubes
at ambient pressure and in an hydrated form, which is
important for maintaining the structure of the mucin coating.
As shown in Figure 3a, tapping mode AFM images on a
silicon substrate revealed C18-a-MM-SWNTs with fairly uni-
form diameters of 65–70 nm. The idealized model shown in
Figure 1c would predict a diameter on the order of 100 nm,

roughly twice that of the polymer mimiking the mucin (the
SWNT itself is only ca. 2 nm in diameter). However, dis-
tortions to the soft mucin coating imposed by the AFM tip or
substrate, or a nonperpendicular angle of projection of the
mucin polymer from the SWNT surface could account for the
discrepancy.

SEM analysis of C18-a-MM-SWNTs also provided evi-
dence of the mucin coating. Exposure of the sample to the 5-
keV electron beam led to visible sites of damage along the
SWNT surface, as indicated by the arrows in Figure 3b. This
result was expected based on the sensitivity of organic species
to decomposition induced by an electron beam. The damage
induced by the electron beam increased with longer exposure
times, and culminated in near-complete destruction of the
coating after 15 minutes (see the Supporting Information). By
contrast, unmodified CNTs are fairly stable under the
electron beam, and showed no visible change in surface
morphology after prolonged exposure.

TEM analysis of C18-a-MM-SWNTs provided a direct
visualization of the mucin coating (Figure 3c and d). The
thickness of the coating varied from 10 to 25 nm under these
conditions, in which the sample is dehydrated under high
vacuum. The coating was associated with the CNT surface
(Figure 3c), and was not observed in regions of the image
lacking CNTs. A single tube (or small bundle) coated with
C18-a-MM is shown in Figure 3d. The coating was not entirely
uniform along the length of this SWNT, perhaps the result of
damage induced by the electron beam (100 keV) or collapse
of the mucin polymers under high vacuum. In this regard,
AFM imaging is a superior technique for visualizing mucin-
coated SWNTs as they would exist in a functionally relevant
aqueous environment.

On cells, mucins serve the dual role of molecular
recognition and resistance to biofouling. We sought to
determine if these same functions could be realized in the
context of the nanotube surface. The C18-a-MM coating
introduces a-GalNAc residues onto the CNT surface, which
could be recognized by an a-GalNAc-specific receptor such
as the lectin Helix pomatia agglutinin (HPA).[15] To test this
we incubated C18-a-MM-SWNTs with a solution of HPA
conjugated with fluorescein isothiocyanate (HPA-FITC;
shown schematically in Figure 4aI). The C18-a-MM-SWNTs
were dialyzed to remove excess HPA-FITC and then analyzed
for bound lectin by fluorescence spectroscopy. The C18-a-
MM-SWNTs showed significant fluorescence, which was
attributed to bound fluorescein (trace I of Figure 4b). HPA-
FITC labeling of the C18-a-MM-SWNTs was inhibited when
0.2m free GalNAc was present in solution (Figure 4aIII and
trace III of Figure 4b), thus confirming that fluorescent
labeling was dependent on the receptor–ligand interaction.

In addition, we prepared a similar mucin mimic in which
the GalNAc residues were conjugated to the polymer back-
bone through a b-anomeric linkage (C18-b-MM; see Support-
ing Information for synthetic details). This mucin mimic was
physically identical to its a-linked counterpart but should not
be capable of binding HPA.[16] We coated SWNTs with C18-b-
MM and incubated them with HPA-FITC (shown schemati-
cally in Figure 4aII). No significant fluorescence labeling was
observed (trace II in Figure 4b), thus indicating that the lectin

Figure 2. Photographs of vials containing a) a stable suspension of
C18-a-MM-SWNTs in H2O after more than three months, b) as-pro-
duced SWNTs in H2O, which precipitate in several hours, c) stable sus-
pension of C18-a-MM-MWNTs in H2O after more than three months,
d) as-produced MWNTs in H2O, which precipitate over several hours.

Figure 3. a) Tapping mode AFM image of C18-a-MM-SWNTs on a sili-
con substrate. b) SEM image of C18-a-MM-SWNTs. The arrows indicate
damaged regions of the mucin mimic coating caused by the electron
beam. c), d) TEM images of C18-a-MM-SWNTs stained with 0.5%
methylamine vanadate.
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does not interact with the tubes coated with the mucin mimic
in the absence of its preferred ligand. These results demon-
strate that CNTs coated with a mucin mimic can engage in
specific molecular recognition with protein receptors and
resist nonspecific protein binding.

In summary, we have developed a practical and general
approach to engineering biomimetic surfaces on CNTs. The
mucin mimics used in this study endowed the CNT surfaces
with properties shared by cell surfaces, including the display
of carbohydrates capable of molecular recognition. The
synthetic process leading to the mucin mimic allows for the
introduction of myriad functional epitopes, in addition to
sugars, that could encode interactions with numerous receptor

types. This work should facilitate the integration of CNTs into
aqueous biological systems that include proteins and cells.
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Figure 4. Specific binding of HPA to C18-a-MM-coated nanotubes. a) Scheme for: I) specific binding of HPA to the surface of C18-a-MM-SWNTs,
II) lack of binding of HPA to C18-b-MM-SWNTs, III) inhibition of HPA binding by soluble GalNAc. b) Fluorescence spectra (510–550 nm) showing
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Single-Molecule Studies

Probing the Influence of O2 on Photoinduced
Reversible Electron Transfer in Perylenediimide–
Triphenylamine-Based Dendrimers by Single-
Molecule Spectroscopy**

Mircea Cotlet, SadahiroMasuo,Marc Lor, Eduard Fron,
Mark Van der Auweraer, Klaus M�llen,
Johan Hofkens,* and Frans De Schryver*

Room temperature single-molecule fluorescence detection
has evolved as a powerful tool to monitor dynamic processes
in individual molecules.[1] Probing single molecules through
their spectroscopic properties removes the inherent averaging
factor that is present in ensemble experiments to render
single-molecule detection as the method of choice to yield
information at the most detailed level. Phenomena which are
not necessarily predictable by ensemble experiments, such as
fluctuations in the fluorescence intensity, lifetimes, or emis-
sion maxima, can be obtained by single-molecule detection.
Here we use single-molecule detection to probe the influence
of molecular oxygen (O2) on the dynamics of photoinduced
electron transfer (PET) in a dendrimer. PET is usually an
efficient mechanism for fluorescence quenching, which ren-
ders single-molecule detection difficult, if not impossible.
Therefore reports on PET in single molecules are rather
limited.[2, 3a,b]

A particular aspect of the electron-transfer (ET) process
occurs in the case where the locally excited singlet (LES) state
and the charge-separated state (CSS) lie close in energetic
terms to each other (Figure 1a, with the CSS at level 2).
Normally, upon excitation, the LES is deactivated mainly
through forward electron transfer (FET) to the CSS. If the
radiationless deactivation of the CSS to the ground state (GS)
is slow and inefficient, the CSS decays mainly through the
LES by a reverse electron-transfer (RET) process. If so,
fluorescence is delayed but it is still characterized by a high
quantum yield. This allows the electron-transfer process to be
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probed at the single-molecule level if the excited chromo-
phore shows both a high quantum yield of fluorescence and
long-term photostability. We have shown previously that
single molecules of a perylenediimide–triphenylamine (PDI–
TPA)-based dendrimer, which are embedded in polystyrene,
undergo photoinduced reversible electron transfer upon
excitation at l = 543 nm.[3a,b] Herein we focus on a first
generation rigid polyphenylene dendrimer, PN8, which con-
tains a PDI core as an electron acceptor and eight TPA
electron donor moities at the rim (Figure 1c)—a system we
have shown previously to be capable of undergoing photo-
induced reversible electron transfer.[3b]

In an apolar solvent (methylcyclohexane), PN8 shows a
quantum yield of fluorescence that approaches unity, and the
fluorescence (lexc = 543 nm, lem = 600 nm) decays monoexpo-
nentially with a lifetime of 6.5 ns (see Supporting Informa-
tion): a value that is characteristic for unquenched PDI. In
this case, the CSS lies at a higher energy than the LES and no
ET occurs (Figure 1a, with the CSS at level 1). In aerated
toluene, the fluorescence quantum yield of PN8 drops to 0.14
and the fluorescence decay becomes multiexponential with

decay times of 0.07 (70%
amplitude), 1.2 (12%), 6.5
(11%), and 14 ns (7%).
Upon deaeration of the so-
lution of PN8 in toluene, the
fluorescence quantum yield
increases to 0.38. The fluores-
cence decay of the deaerated
solution of PN8 is also multi-
exponential, with decay times
of 0.07 (62% amplitude), 1.2
(10%), 6.5 (9%), and 22.2 ns
(19%) (see Supporting Infor-
mation). For PN8 as well as for
similar electron-donor–
acceptor compounds, short
decay times—that is, relative
to the lifetime of unquenched
PDI (6.5 ns)—reflect FET
from the LES to the CSS,
whereas longer decay times
are associated with RET
from the CSS to the LES.[3a–c]

For such compounds, delayed
fluorescence (long decay
times) is a characteristic of
RET (Figure 1a, with the
CSS at level 2). Upon deaera-
tion of the solution of PN8 in
toluene, the long decay time
related to delayed fluores-
cence increases both in value
and in contribution (see Sup-
porting Information) as does
the fluorescence quantum
yield. This suggests that O2

influences the deactivation of
the CSS and therefore plays a

role in the dynamics of RET in PN8. Nanosecond-transient
absorption data of the deaerated and aerated solutions of PN8
in toluene strongly support the previous assumption (see
Supporting Information).

For PN8, because of a rather large edge-to-edge donor–
acceptor distance,[3b] the singlet (1CSS) and the triplet (3CSS)
charge-separated states lie close in energy, which allows
intersystem crossing (ISC) to occur through hyperfine cou-
pling interactions.[4,5] Moving from the unsubstituted PDI to
PN8, the quantum yield of fluorescence in toluene drops from
1 to 0.38, which suggests that charge recombination in PN8
does not take place only through the LES state. From 1CSS,
charge recombination can also occur through ISC to the
locally excited triplet (LET) state, either directly or, more
likely, via 3CSS (Figure 1a).[3c,4] Nanosecond-transient
absorption data (see Supporting Information) strongly sug-
gest that the triplet and the charge separation states are
interconnected in PN8. O2 enhances ISC from the 1CSS to the
3CSS and LET states (Figure 1b, pathways indicated by thick
arrows) which leads to enhanced charge recombination and a
decrease in the fluorescence quantum yield of PN8.[4,5]

Figure 1. Scheme accounting for photoinduced reversible electron transfer in PN8 under a) deaerated (N2;
t�40 ms) and b) aerated (O2;t<1 ms) atmospheric conditions; thick arrows indicate the pathways
enhanced by the presence of O2; t represents the decay time; LES= locally excited singlet state; LET= lo-
cally excited triplet state; GS=ground state; 1CSS= singlet charge-separation states; 3CSS= triplet charge-
separation states; kA, kF, kFET, kRET are the rate constants for absorption, fluorescence, forward-, and reverse-
ET, respectively. 1CSS is drawn at different levels within a Gauss-type density of states induced by polymer
chain motion (see text); for simplicity, the 3CSS in both schemes is shown together with 1CSS at level 2.
c) Structures of PN8 and PN0.
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According to time-correlated single-photon counting
(TCSPC) data from the entire ensemble of PN8 molecules
in solution in deaerated toluene, 9% of the molecules do not
undergo ET processes—they have a fluorescence lifetime that
is characteristic of that of unquenched PDI. By single-
molecule detection, we can selectively identify molecules
that do undergo RET because this phenomenon relates to the
observation of delayed fluorescence.

Observation of single molecules on a longer timescale
requires their immobilization. Here we immobilized single
molecules of PN8 in polystyrene (PS) as this polymer is
comparable to toluene in terms of polarity and polarizabili-
ty.[3a,b] Figure 2 shows a fluorescence lifetime image of single
PN8 molecules in PS (lexc = 543 nm, 20 B 20 mm2, see Support-
ing Information). In the image, single PN8 molecules that
undergo RET can be easily identified by their decay times,
which are longer than the lifetime of unquenched PDI (t�
6 ns). This allows the dynamics of RET in PN8 as well as the
role of O2 on the radiationless deactivation of the CSS to be
probed at the single-molecule level.

Figure 3, A and B, show the fluorescence intensity and
decay time trajectories, respectively, of a single molecule of
PN8 (immobilized in PS) undergoing reversible photoinduced
electron transfer. The data were recorded by alternating a
stream of either nitrogen (N2) or air over the sample of the
single molecule. Initially, under N2 atmosphere (Figure 3A
and B, a), an average photon count rate of 30 counts per 10 ms
and a decay time of 22 ns were detected. After switching to an
air atmosphere (Figure 3A and B, b), decreases in both the
count rate, to 10 counts per 10 ms, and the decay time, to
10 ns, were observed Switching back to a N2 atmosphere
(Figure 3A and B, c) resulted in a partial increase in both the
count rate, to 20 counts per 10 ms, and the decay time, to
16 ns.[6] Typical single-molecule fluorescence decay profiles
(1000 photons) that correspond to the regions a, b, and c are
shown in Figure 3C–E, parts b, respectively. Data for a single
PN8 molecule that undergoes RET in an alternating atmos-
phere prove that O2 influences the decay of the CSS by
enhancing ISC, which leads to radiationless deactivation of

the CSS to the ground state. Indeed, both the fluorescence
intensity (Figure 3A) and the decay times of RET decrease
(or increase) when the concentration of O2 is increased (or
decreased).

For the single molecule of PN8 under an alternating
atmosphere, on/off dynamics can be seen in the fluorescence
intensity trajectory, especially under a N2 atmosphere (Fig-
ure 4a). To capture the timescale of such dynamics, we
computed the autocorrelation (AC) of the fluorescence
intensity AC = hI(t)I(t+ Dt)i/hIi2 with the intensities I(t) and
I(t+ Dt) at times t and t+ Dt, respectively (see Supporting
Information). Figure 3C–E, parts a, show the autocorrelation
of the fluorescence intensity (AC) for the regions a, b, and c,
respectively. For region a, the AC decays biexponentially with
offtimes of 0.4 ms (90% weight) and 700 ms (10%). When O2

is present (b), the AC shows only a slow and low contributing
component of 900 ms. Restoring the N2 atmosphere (c), we
again detect fast on/off dynamics with an offtime of 0.35 ms
(90% weight), together with slow on/off dynamics with an
offtime of 1000 ms (10%).

Figure 2. Fluorescence lifetime image (lexc =543 nm; 20G20 mm2,
100G100 pixels2, 10 mspixel�1) of a polystyrene (PS) film that contains
single molecules of PN8.

Figure 3. A) Fluorescence intensity (I represents the number of counts
per 10ms) and B) decay time (t) trajectories recorded from a single
molecule of PN8 in PS by alternating the atmosphere from (a) N2 to
(b) air and (c) back to N2. C), D), and E) show the autocorrelations
(AC) of the fluorescence intensity (parts (a), *) and the fluorescence
decays (IF (a.u.), parts (b), *, 1000 photons) that correspond to
part A) (a), (b), and (c), respectively. Exponential fits (c) are also
shown.
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The fast on/off dynamics that were detected in the
fluorescence intensity of single PN8 molecules that undergo
RET, which is only observed under a N2 atmosphere, relates
to the population of the LET state (Figure 1a). Similar fast
on/off dynamics were detected in the fluorescence intensity of
single molecules of a model compound, which did not have
rim-substituted amine groups (PN0) and which was embed-
ded in PS, again only under N2 atmosphere (Figure 4a–c).
Under N2 atmosphere, a single molecule of PN0 emits
fluorescence with one stable intensity level (Figure 4a,
average count rate: 280 counts per 10 ms) and a lifetime of
� 6.5 ns (Figure 4b), and the AC from such a single molecule
of PN0 decays monoexponentially with an offtime of 0.3 ms,
which relates to the population of the triplet state (Figure 4c).
In the presence of O2, a small decrease in both the
fluorescence intensity and lifetime of a single PN0 molecule
was detected (Figure 4, d and e) as well as the disappearance
of the fast on/off dynamics in the related AC (Figure 4 f). The
decay of the triplet was faster than the time resolution of the
experiment (ms). However, the contribution of the off-events
was significantly smaller in single molecules of PN0 (Fig-
ure 4c) relative to single molecules of PN8 (Figure 3C, a),
which suggests that triplet formation in PN8 (in PS) is strongly
enhanced through the formation of a radical-ion-pair that can
recombine through ISC to the LET state (Figure 1a). In an
aerated atmosphere, because O2 is an efficient triplet
quencher, the off-events become shorter than the experimen-
tal bin time (ms) and do not contribute to the decay of the AC
(Figure 3D, a) for PN8; Figure 4 f for PN0). On/off dynamics
on the timescale of 0.1–1 ms with offtimes that are sensitive to

the concentration of O2 were reported previously for single
dye molecules, which were embedded in polymers, and these
were related to the population of the triplet.[7] The data
reported here demonstrate, on a single-molecule level, that
1) O2 influences the dichotomy between the return from the
CSS to the LES or to the GS and 2) owing to the formation of
a radical anion, the population of the triplet state and hence
the quantum yield for ISC are strongly enhanced. From the
data for single molecules under a N2 atmosphere, we estimate
quantum yields for the ISC process of 10�4 and 10�2 for PN0
and PN8, respectively.[8]

Single molecules of PN0 in PS do not show slow on/off
dynamics (Figure 4, c and f). Therefore, the slow on/off
process present in the fluorescence emission of single
molecules of PN8 that undergo reversible photoinduced
electron transfer must be related to the interaction between
the PDI acceptor and the rim-substituted TPA donors—that
is, to the presence of the radical anion. REToccurs in a single
molecule of PN8 only if the local environment—that is, the
polymer—has a polarity such that the CSS and the LES lie
close in energy (Figure 1a, with the CSS at level 2). We have
shown previously in a single-molecule study on RET that
motion of the polystyrene chain can induce fluctuations on
the second timescale in the RET-related decay times of single
molecules of PN8.[3b] The polymer can therefore modulate the
local polarity of the rim-substituted donors through its chain
motion to influence the feasibility of charge separation. This
can be regarded as a density of states in which the energy of
the CSS of the single molecule fluctuates with the motion of
the polymer (Figure 1a, with the density of states for the CSS
drawn as a Gauss envelope). If the CSS becomes more
stabilized than the LES owing to polymer chain motion
(Figure 1a, with the CSS at level 3), charge recombination
from the CSS will take place only to the ground state (GS)
either directly or via the LET state; that is, only through a
nonradiative pathway. If so, the fluorescence of a single
molecule of PN8 will be interrupted as long as the CSS lies at
lower energy than the LES, with a time interval in which the
molecule can undergo many optical excitation cycles. If the
polymer chain reorients such that the CSS and the LES state
become close again in energy, the pathway for charge
recombination through the LES state becomes available
again and fluorescence is restored. Polymer chain motion will
impose, with its own timescale,[9] the length of the dark
periods in the fluorescence emission of a single molecule of
PN8 that undergoes reversible photoinduced electron trans-
fer. Indeed, the timescale of the slow dynamics is independent
of the presence/absence of O2, within experimental error
(Figure 3C–E, a), as it is dictated by the polymer motion.
Only the frequency of such off-events will be influenced by O2

whose presence enhances ISC from the 1CSS to the 3CSS and
LET states. Slow on/off dynamics were observed in the
fluorescence intensity of single perylenediimide dimers, and
this observation was suggested to be connected to the
population of a nonfluorescent ion-pair state.[2g]

In summary, we have shown that the deactivation of the
CSS either to the LES state or to the GS for a single molecule
can be influenced in a reversible fashion[6] by the modification
of the local O2 concentration. Furthermore, we have shown

Figure 4. a) Fluorescence intensity (I =counts per 10 ms) and b) life-
time (1000 photons per decay) trajectories from a single molecule of
PN0 in polystyrene under a N2 atmosphere; c) the autocorrelation
(AC) of the single molecule which corresponds to parts a–b); d) fluo-
rescence intensity and e) lifetime (1000 photons per decay) trajectories
from a single molecule of unsubstituted PDI in polystyrene under an
O2 atmosphere; f) the AC of the single molecule that corresponds to
panels d–e.
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that polymer chain motion can induce “off” periods in the
emission of a single molecule that undergoes ET; the length of
such periods reflects the timescale of the polymer motion.
This suggests that electron donor–acceptor systems such as
PN8 can be used as single-molecule probes for polymer
dynamics. To our knowledge, this is the first report, which
involves single molecules, that demonstrates the influence of
molecular oxygen on the radiationless deactivation of the CSS
to the GS for an electron donor–acceptor system as well as of
the role of polymer motion on the dynamics of fluorescence of
a single molecule that undergoes electron transfer.

Experimental Section
PN8 and PN0 were prepared according to reported methods.[10]

Ensemble experiments were performed on aerated and degassed
(freeze–pump–thaw cycles) of solutions (10�5

m) in toluene. Details
on bulk-phase stationary and time-resolved experiments are provided
in the Supporting Information. For single-molecule detection, a
solution of either PN8 or PN0 (10�10

m) in chloroform was mixed with
the polymer (PS), and the mixture was spin-coated onto a cover glass.
Single-molecule experiments were performed upon 543-nm pulsed
(laser) excitation on a scanning stage confocal microscope.[11]

Experimental details and data analysis are provided in the Supporting
Information.
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coordinated P,O-phosphanyl enolates in a moiety such as 1
also display a very rich reactivity based on their intrinsic
ambident behavior.[1–3] Harder electrophiles, such as chlor-
ophosphanes, generally react at the oxygen atom,[4] whereas
softer electrophiles, for example, activated alkynes,[5] CO2, or
RNCO,[6] bind to the prochiral carbon center.

The latter selectivity also applies to late-transition metals
and opens an interesting route to (hetero)dimetallic com-
plexes in which the PC carbon atom has become sp3 hybri-
dized.[7] Although control of the stereochemistry at the PC
carbon atom is possible,[8] the generation of both the R and S-
configured stereogenic P-C centers is generally expected.

We thus considered that replacing the PCH functionality
with the isoelectronic PN group of phosphanyl iminolates (2)
might simplify this issue, since the nitrogen atom could retain
a planar coordination geometry. Furthermore, the simple
exchange of a CH group by an N atom can bring about
interesting electronic and geometric differences in molecular
complexes, as shown with the phosphanes Ph2PNHC(O)R
and Ph2PCH2C(O)R,[9] or induce unexpectedly large effects in
supramolecular chemistry.[10]

We have now found that metal coordination at the
nitrogen atom of the P,O chelate in a complex of type 2 :
1) readily leads to (m-P,N)-bridged heterodimetallic
complexes, 2) occurs with retention of the planar coor-
dination geometry at the nitrogen atom, and rather
unexpectedly 3) opens an unprecedented route to
ordered structures containing alternating metals in
heterodimetallic units to form oriented, 1D coordina-
tion/organometallic polymers.

The new, air-stable complex 3[11] was treated with one
equivalent of [Au(PPh3)]BF4 in THF to afford 4·BF4

[Eq. (1)] and the structure of the analogous complex
4·SO3CF3 was determined by X-ray diffraction analysis
(Figure 1 and see the Supporting Information).[11]

N-metalation leads to an Au···N distance of 2.085(6) ?,
similar to those found in complexes with a covalent Au�N
bond in an Au-NPPh2 moiety.[12] The coordination geometry
around the nitrogen atom is planar, with the sum of the three
bond angles around N(2) being 360.0(3)8 (max deviation out
of the mean plane containing the atoms Pd, P1, N2, C10, O1,

and Au: 0.01 ?).[13] Accordingly, the NCH2 protons only show
a doublet in the 1H NMR spectrum as a result of coupling to
the P atom. The O1�C10 and N2�C10 bond lengths of
1.273(9) and 1.353(9) ?, respectively, are consistent with
CPO and NPC bond orders intermediate between single and
double bonds.[7,9, 14]

A solution of 3 in THF was then treated with pure, acid-
free AgSO3CF3 in a 1:1 stoichiometry, and slow crystallization
afforded high yields of a beige product 5·SO3CF3 [Eq. (2)],
which was shown by X-ray diffraction studies to be an
unprecedented Ag-Pd coordination polymer (Figure 2 and
see the Supporting Information).[11]

The Ag+ ion is, as anticipated, linked to the iminolate
nitrogen atom, which retains its planar coordination geometry
(sum of the three bond angles around N2= 359.5(3)8 ;
Ag···N= 2.133(3) ?; see the Supporting Information). If
only a covalent Ag�N interaction was present, the silver
center would remain, with 12 electrons, coordinatively unsa-
turated. It was therefore expected to interact with the triflate
oxygen atom(s),[15] as observed in other cases,[16] but it prefers
to find the required additional electron density in the Pd�C1
s bond involving the cyclometalated ligand of another com-
plex molecule (Figure 2). This situation is best described as a
multicentered interaction resulting in the donation of s- and
p-electron density from the Pd�C1 (pz orbital) and Pd-bound
aryl regions to the coordinatively unsaturated silver center.

Figure 1. ORTEP view of the structure of complex 4 in
4·SO3CF3·0.5CH2Cl2. Only the ipso aryl carbon atoms on P1 and P2 are
shown for clarity. Thermal ellipsoids enclose 50% of the electron den-
sity.
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The electronic transfer occurs from the d8 PdII center to the
d10 AgI center and results in a relatively short Ag�C1 bonding
distance of 2.263(4) ?,[17] and in one of the shortest Pd�Ag
bonds (2.884(1) ?) reported in the literature.[17a,18] Since two
consecutive square-planar PdII units are almost orthogonal to
each other (see the Supporting Information), the structural
repeating unit in the extended structure is Ag2Pd2 (Figure 2),
which results in a novel, oriented, 1D coordination/organo-
metallic wire structure in which the metal centers are situated
in the ab plane (Figure 3). A view along the a axis (see the
Supporting Information) shows the adjacent rows of silver
atoms flanked by two rows of palladium atoms and illustrates
another remarkable feature resulting from the arrangement
of these infinite zigzag chains in the solid state: the lipophilic
aromatic rings are all on one side of the metal planes and this
results in an unusual layered structure (see Figure 4).
Attempts to obtain an analogous Ag-Pd extended structure
from the isovalent phosphanyl enolate/PdII complex have
remained unsuccessful, which emphasizes the differences that
may result from the replacement of the CH group in 1 by an
N atom in 2.

The mass spectrum (MALDI-TOF) of 5·SO3CF3 contains
two main peaks at m/z 483 for [3+H]+ and 1073, whose
characteristic isotopic pattern indicates the composition
[Ag(3)2]

+. The structure of [Ag(3)2]
+ cannot be predicted

with certainty to reproduce the alternate bonding pattern
observed for 5 and is referred as the type II structure in
Scheme 1.

Indeed, two bonding modes in which an Ag+ ion is
coordinated to the same site of two molecules of 3 should
also be considered. In a type I structure, the donation pattern
can be viewed as intermediate between two limiting forms in
which one nitrogen atom acts as a two-electron donor and the
other as a two-electron or one-electron donor ligand,
respectively. In such a model, part of the electron density
from the nitrogen lone pair of electrons is transferred to the
p system, thus increasing the covalent character of the Ag�N
bond and affecting in return the geometry of the phosphanyl
iminolate ligands. A further possibility to be considered is the

Figure 2. ORTEP view of the structure of the “repeat unit” Ag2Pd2 of
the polymeric complex 5 in 5·SO3CF3·2CH2Cl2. Only the ipso aryl
carbon atoms on P are shown for clarity. Thermal ellipsoids enclose
50% of the electron density.

Figure 3. View in the ab plane of the zigzag wire structure of the poly-
meric complex structure of 5 in 5·SO3CF3·2CH2Cl2.

Scheme 1. Hypothetical discrete structures formed from 3 and Ag+ ions in a 2:1 ratio. Type (I) corresponds to the actual structures of complex 6.
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formation of a complex of type (III), in which each neutral
molecule of 3 behaves as an electron donor through its Pd�C
s bond and its extended Pd�aryl p system (only the transoid
structure is depicted in Scheme 1).

Extended HDckel (EHT) and density functional theory
(DFT) calculations have been carried out on a series of
discrete structures featuring the various types of attachment
that can be expected between the Ag+ ion and one or two
molecules of 3’, a model of 3 in which the methyl and phenyl
substituents have been replaced with hydrogen atoms. A
model (4’) of the gold complex was also investigated.
Technical details of the calculations, Cartesian coordinates
of the optimized structures with selected interatomic dis-
tances, and an extensive discussion of the results are available
in the Supporting Information. The most important conclu-
sions of the theoretical study are as follows:
a) The amount of electron transfer to the Ag+ ion is

equivalent in the two bonding modes symbolized as
Ag+�N and Ag+�(Pd�C). However, the nature of the two
donation processes is quite different: concentrated, direc-
tional, and originating from a single source (the in-plane
p orbital of N) for N!Ag+; soft, diffuse, multicentered,
and long-range for (Pd�C)!Ag+. In the latter case, a
variety of donor centers could interact with the Ag+ ion,
with the most important being the Pd�C1 s bond (20%);
the d shell of Pd (17%) and the p orbitals of C1 (20%),
C2 and C6 (27%), and C4 (10%). Both types of
calculations predict that the Ag+�N and the Ag+�(Pd�
C) bonding modes are competitive in terms of electron-
transfer and bonding energy. This description confirms the
dual bonding ability of 3’ and 3, which was substantiated
by the synthesis of (5·SO3CF3)n, and suggests that the
production of monocationic, trinuclear Pd/Ag/Pd com-
plexes could be achieved by a careful tuning of the

Ag+ supply. Such a discrete complex was indeed obtained
subsequently (see below).

b) The complexation of an Ag+ ion to one molecule of 3’ is
computed to be exothermic by 2.88 eVand 2.79 eV for the
Ag+�N andAg+�(Pd�C) forms, respectively, compared to
1.82 eV calculated for the h1 coordination of an Ag+ ion to
benzene. The complexation energies calculated for the
three forms of [Ag(3’)2]

+ are �5.15 eV for N-Ag+-N
(type I in Scheme 1), �4.71 eV for type II, and �4.36 eV
for type III. The energy associated with the coordination
of a second molecule of 3’ is just slightly reduced with
respect to the first complexation for the type I system, but
somewhat more for type III. At variance with the
polymer, it was clear from these results that a type I
structure should be predicted for [Ag(3)2]

+.

This theoretical prediction was actually verified by the
reaction between AgSO3CF3 and two equivalents of 3
affording the AgPd2 complex 6·SO3CF3 in 92% yield. The
crystal-structure analysis of this complex established indeed
that the coordination of both molecules of 3 to Ag+ occurred
through their nitrogen atoms (type I in Scheme 1; see Figure 5

and the Supporting Information).[11] The N2-Ag-N4 angle of
175.4(2)8 allows a coordination number of two to be formally
assigned to the silver ion, a situation which occurs in less than
25% of the structures of AgI complexes.[19] However, a weak
electrostatic interaction probably exists between the triflate
anion and the Ag+ ion, with the Ag···O3 distance of 2.82(1) ?
being nevertheless in the upper range of those found on the
CSD (version 5.25) which are in most cases between 2.38 and
2.55 ? (for comparison, the nearest triflate oxygen atom is at
3.86(2) ? from Ag+ in 5·SO3CF3·2CH2Cl2). The dihedral
angle between the two best PdII square planes is 75(2)8.

Although the term “coordination polymers” was first
coined 40 years ago,[20] the corresponding research area
continues to gain increasing importance.[21] Furthermore, the
considerable current interest in extended metal atom chains
(EMACs)[22] is partly a consequence of their expected unique
and challenging physical properties.[17c,23–27] While the linking

Figure 4. Projection in the a,c plane of the layered structure of 5 in
5·SO3CF3·2CH2Cl2. The space between the pairs of metal-rich layers
contains the phenyl rings, the triflate anions, and solvent molecules
(Ag green, Pd pink, N blue, P yellow, O orange).

Figure 5. ORTEP view of the structure of 6·SO3CF3. Only the ipso aryl
carbon atoms on P1 and P2 are shown for clarity. Thermal ellipsoids
enclose 50% of the electron density.
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of homodinuclear units through (weak) metal–metal bonding
or suitable ligands allows the formation of exciting coordina-
tion polymers,[24,25,27] we believe that the structure of
5·SO3CF3 is not only an unprecedented example of perfectly
alternating and ordered 1D heterodimetallic polymeric struc-
ture, and the first molecular wire containing Ag�Pd bonds,
but that its synthesis reaches beyond the realm of extended
structures in purely inorganic chemistry[28] and opens up new
perspectives in coordination/organometallic supramolecular
chemistry.
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Amine Synthesis

Asymmetric Synthesis of Diarylmethyl Amines by
Rhodium-Catalyzed Asymmetric Addition of
Aryl Titanium Reagents to Imines**

Tamio Hayashi,* Masahiro Kawai, and
Norihito Tokunaga

Asymmetric synthesis of diarylmethyl amines has attracted
growing attention owing to their importance in biological
activity.[1] Among several methods for performing the asym-
metric synthesis,[2,3] catalytic asymmetric addition of aryl
metal reagents to imine derivatives seems to be most
promising, provided that both high enantioselectivity and
high catalytic activity are realized.[4] After our publication on
the rhodium-catalyzed asymmetric addition of aryl stannanes
to N-sulfonylimines,[5] two reports appeared on catalytic
asymmetric arylation: 1) Br%se, Bolm, and co-workers descri-
bed the addition of a phenylzinc reagent to masked N-
formylimines in the presence of a chiral ketimine catalyst,[6]

and 2) Tomioka illustrated the rhodium-catalyzed addition of
aryl boroxines to N-tosylimines in which high enantioselec-
tivity was observed for sterically tuned aryl imines.[7] Herein
we report another rhodium-catalyzed asymmetric arylation in
which the addition of aryl titanium reagents to sulfonylimines
proceeds with high enantioselectivity under mild conditions
(20 8C, 1 h) to give diarylmethyl amines with up to 96% ee.

During our studies on rhodium-catalyzed asymmetric 1,4-
additions to a,b-unsaturated ketones,[8] we found that the
phenyltitanium reagent PhTi(OiPr)3 is highly reactive toward
transmetalation and forms a phenyl–rhodium bond. In the
presence of a rhodium/(S)-binap catalyst in THF at 20 8C, the
catalytic 1,4-addition gives titanium enolates as 1,4-addition
products with high enantioselectivity.[9] Under similar reac-
tion conditions (Scheme 1), the addition of PhTi(OiPr)3

[10]

(4a) to N-tosylarylimine 1a, which was prepared from 4-
trifluoromethylbenzaldehyde and 4-toluenesulfonamide,[11]

took place rapidly to give the tosylamide of diarylmethyl
amine 5aa after aqueous workup, unfortunately with only
28% ee (Table 1, entry 1). The use of (S)-H8-binap

[12] and (S)-
segphos[13] in place of (S)-binap[14] improved the enantiose-
lectivity up to 43% and 76% ee, respectively (Table 1,
entries 4 and 6). The relatively narrow dihedral angle of the
biaryl bisphosphine ligand segphos[14] is considered to exert a
positive influence on the enantioselectivity in the present
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asymmetric phenylation, although the enantioselectivity is
still not satisfactory.

For the asymmetric 1,4-addition to a,b-unsaturated
ketones,[15] esters,[16] and alkenylphosphonates[17] catalyzed
by a rhodium complex coordinated with (S)-binap, we have
proposed stereorecognition models that successfully ration-
alize the absolute configuration of the products. By applying
this type of model to the present reaction of N-alkylidene
sulfonamides,[18] it is evident that the enantioface of the imine
is recognized by steric repulsions between one of the phenyl
rings on the diphenylphosphino group and the aromatic ring
on the arene sulfonamide (Scheme 2). Steric tuning of the
arene sulfonamide moiety by introduction of sterically bulky
groups onto the aromatic ring actually brought about
enhancement of the enantioselectivity to an acceptable
level. Thus, the asymmetric addition of phenyltitanium 4a
to mesitylenesulfonamide 2a and triisopropylbenzenesulfon-
amide 3a catalyzed by rhodium/(S)-binap gave the corre-

sponding phenylation products 6aa and 7aa with 49 and
71% ee, respectively (Table 1, entries 2 and 3). The higher
enantioselectivity in the asymmetric addition to triisopropyl-
benzenesulfonamide (3a) was also observed in the reaction
catalyzed by the rhodium complexes of (S)-H8-binap and (S)-
segphos (Table 1, entries 5 and 8). The combination of (S)-
segphos and triisopropylbenzenesulfonamide 3a gave the
diarylmethylamine (R)-7aa with 93% ee (Table 1, entry 8).

The present asymmetric phenylation with phenyltitanium
4a catalyzed by rhodium/(S)-segphos was also successful for
triisopropylbenzenesulfonamides of other aromatic imines 3.
The aromatic imines substituted with chloro (3b), fluoro (3c),
and methoxy (3d) at the 4-position of the phenyl and the
imines 3e–g derived from 2-MeC6H4CHO, 3-MeOC6H4CHO,
and 1-naphthaldehyde, respectively, gave the corresponding
sulfonamides of diarylmethyl amines (R)-7 in high yields
(Scheme 3). The enantioselectivity ranged from 86 to 96% ee

Scheme 1. Rhodium-catalyzed asymmetric arylation of imines 1a–3a
with PhTi(OiPr)3 (4a).

Table 1: Rhodium-catalyzed asymmetric arylation of imines 1a–3a with
PhTi(OiPr)3 (4a).[a]

Entry Imine Ligand Yield [%][b] ee [%][c,d]

1 1a (S)-binap 97 (5aa) 28 (R)
2 2a (S)-binap 71 (6aa) 49 (R)
3 3a (S)-binap 58 (7aa) 71 (R)
4 1a (S)-H8-binap 96 (5aa) 43 (R)
5 3a (S)-H8-binap 86 (7aa) 82 (R)
6 1a (S)-segphos 99 (5aa) 76 (R)
7 2a (S)-segphos 97 (6aa) 88 (R)
8 3a (S)-segphos 98 (7aa) 93 (R)

[a] The reaction was carried out in THF at 20 8C for 1 h with 4a (2 equiv)
in the presence of the catalyst generated from [{RhCl(C2H4)2}2] and a
chiral phosphine ligand. [b] Yields of isolated amines (column chroma-
tography: silica gel, hexane/EtOAc (2:1)). [c] Determined by HPLC
analysis with a chiral stationary phase column (Chiralcel OD-H: hexane/
2-propanol=80:20 for 5aa and 6aa ; hexane/2-propanol=98:2 for
7aa.). [d] The configurations of the amines were assigned by consid-
eration of the stereochemical reaction pathway (see text).

Scheme 2. Stereochemical pathway in the catalytic asymmetric
arylation of imines.

Scheme 3. Asymmetric arylation of imines 3 with ArTi(OiPr)3 (4)
catalyzed by rhodium/(S)-segphos.
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(Table 2, entries 2–7). The reaction of aryl titanium reagents
4b–d (with the fluoro or methoxy group at the 3- or 4-position
on the phenyl ring) also proceeded with high enantioselec-
tivity (Table 2, entries 8–11). The reaction of imine 3h with 4-
fluorophenyltitanium 4b, which is a reverse combination of
the reaction of 3c with 4a, gave the S isomer of (4-
fluorophenyl)(phenyl)methylamine 7ca (93% ee) in quanti-
tative yield (Table 2, entry 8). The reaction of 4-methoxyphe-
nyltitanium 4d with imines 3a and 3b proceeded as well to
give diarylmethyl amines in which both aryl groups are
substituted phenyls (Table 2, entries 10 and 11).

The 2,4,6-triisopropylbenzenesulfonyl group[19] was
removed from the diarylmethyl amines by standard methods
for the deprotection of p-toluenesulfonamides (Scheme 4).[20]

Treatment of 7da (Ar1 = 4-MeOC6H4) with lithium in liquid
ammonia at �78 8C gave free amine 8da in quantitative yield
without loss of its enantiomeric purity. For 7ba (Ar1 = 4-
ClC6H4) and 7ga (Ar1 = 1-naphthyl), the deprotection with

lithium in ammonia was accompanied by reduction of the aryl
groups to a considerable extent: 4-ClC6H4 and 1-naphthyl
gave phenyl and tetrahydronaphthyl, respectively. The depro-
tection was more selective with samarium iodide in HMPA/
THF and RedAl in toluene for 7ba and 7ga, respectively.

In summary, the asymmetric synthesis of diarylmethyl
amines was realized by rhodium-catalyzed asymmetric addi-
tion of aryl titanium reagents toN-alkylidene sulfonamides. A
rational tuning of the arene sulfonamide moiety by introduc-
ing isopropyl groups onto the phenyl ring brought about high
enantioselectivity (86–96% ee).
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Heterometallic Clusters

A Gallium-Coated Gold Cluster**

U. Anandhi and Paul R. Sharp*

There is much interest in the properties of gold in heteroge-
neous catalysis,[1–3] supramolecular chemistry,[4] nanochemis-
try,[1] cluster-complex chemistry,[5] luminescent complexes,[6]

and intermetallic compounds and alloys.[7–12] Much of this
interest centers on gold–gold and gold–other metal interac-
tions. For applications in catalysis and intermetallic chemistry,
the combination of gold—the most electronegative metal—
with electropositive metals yields gold in formal negative
oxidation states (aurides) or materials with strongly polarized
gold–electropositive metal bonds.[2, 9–13] In this report, we
describe the first complex that contains a Au–Ga bond which
is also the first gold cluster complex in which the gold atoms
are bonded only to an electropositive main-group metal.[14]

Recent advances in group 13 chemistry have provided
reagents of low-valent electropositive group 13 metals that
can function as ligands and as reducing agents.[15–19] With these
properties in mind, we investigated reactions of gold(i)
complexes with Cp*M (Cp*= pentamethylcyclopentadienyl;

M=Ga, Al) reagents to prepare gold cluster complexes of
gold–electropositive metals.

First, “[Cp*Ga/GaI]”, which was prepared by the addition
of Cp*K·DME (DME= 1,2-dimethoxyethane) to GaI[20] in a
ratio of � 1:2, was added to a solution of [(Ph3P)AuCl] in
dichloromethane. The resulting orange solution contained the
known[21,22] gold cluster [(Ph3P)6Au6]

2+, which indicated that
the gallium reagent had reduced the gold(i) centers but failed
to coordinate the resulting reduced Au species. In contrast,
reversing the order of addition of the components such that
[(Ph3P)AuCl] was added to excess “[Cp*Ga/GaI]” instead
yielded a yellow solution from which air-sensitive orange-
yellow crystals of the phosphine-free gold–gallium cluster
complex [Au3(m-GaI2)3(Cp*Ga)5] (1, see Scheme 1) were
isolated.[23]

A yellow solid 2 was also isolated which spectroscopic
data suggested was [(Ph3P)nAu]+ (n= 2–3)[24–26] The addition
of PCy3 (Cy= cyclohexyl) to solutions of 2 gave rise to peaks
in the 31P NMR spectrum which were associated with free
PPh3 and [(Cy3P)2Au]+; PCy3 does not form tris adducts.[27]

The nature of the anion in 2 in solution was more difficult to
define. The data obtained indicated the presence of several
different Cp*Ga-containing ions at ambient temperatures
that were exchanging rapidly on the 1H and 13C NMR
timescale. At ambient temperature, 1H and 13C NMR spectra
showed a single peak for Cp*, whereas 1H NMR spectra at
low temperature showed several peaks for Cp*, and
71Ga NMR measurements at ambient temperature displayed
several peaks for Ga. To eliminate the possibility of a
contribution from chloride ion to this mixture, [(Ph3P)AuI]
was used instead of [(Ph3P)AuCl] in the preparation of 1. The
yield of 1 was improved, but the properties of the side product
2 were not significantly altered. Finally, the use of
[(Cy3P)AuI] in the preparation yielded a mixture of crystals
of 1 and [(Cy3P)2Au]+[Cp*GaI3]

� (3) from NMR spectro-
scopic and X-ray crystal structural analysis.[23] These results
point to the presence of several different [(Cp*)xGayIz]

�

anions (x, y, z= integers) in solutions of 2. Although anions
that comprise polynuclear Ga complexes with Cp* have not
been reported, anions which consist of polynuclear Ga
complexes with Si(SiMe3)3 have been isolated.[28] Cluster 1
was also prepared in a similar yield from [(Ph3P)AuI] and a
mixture of Cp*Ga and GaI3, but in this case, 2 was not formed
and the co-products were not isolated or identified.[29]

The molecular structure of cluster 1 in the solid-state[23] is
shown in Figure 1. The structure consists of a triangle of gold
atoms which is bridged by GaI2 units on its edges. A two-fold

Scheme 1. Isolation of the gold–gallium cluster complex
[Au3(m-GaI2)3(Cp*Ga)5] (1).
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axis along the Ga2–Au2–Ga5 vector relates the two halves of
the molecule. The two symmetry-related Au atoms (Au1 and
Au1’) are each coordinated by two Cp*Ga units, whereas the
third unique gold atom (Au2), which lies on the two-fold axis,
is coordinated by only one Cp*Ga unit (Ga2). This Cp*Ga
unit also lies on the two-fold axis and results in the disorder of
the Cp* group over two positions. The Cp*Ga units are
arranged around the Au3 triangle in approximately axial and
equatorial positions. The unique Cp*Ga unit (Ga2) and the
Cp*Ga units of Ga1 and Ga1’ occupy axial positions in, or
nearly in, the Au3 plane. The other two Cp*Ga units (Ga3 and
Ga3’) are nearly perpendicular to the plane in opposite axial
positions to Au1 and Au1’. The absence of an axial Cp*Ga
unit on Au2 may result from steric crowding because with
three axial ligands, two must be on the same side of the Au3

plane. The axial Cp*Ga groups lie at a greater distance (Au1�
Ga3= 2.6199(13) E) from the gold atoms than the equatorial
Cp*Ga groups (Au1�Ga1= 2.3840(12) E, Au2�Ga2=

2.3773(17) E) which suggests a weaker interaction with the
former. The axial distance is close to the sum of the single-
bond covalent radii of 2.58 E for Au�Ga.[30] The shorter
equatorial distances are comparable to the Pt�Ga bond
lengths (average= 2.335 E) in [Pt(Cp*Ga)4] after correction
for the slightly larger (0.04 E) covalent radius of Au.[31]

The Cp*(centroid)�Ga distance in Cp*Ga–metal com-
plexes is thought to correlate with the degree of charge
transfer from the Ga center to the metal atom.[32] Greater
charge transfer results in a smaller radius for gallium and a
smaller Cp*(centroid)�Ga distance. The axial
Cp*(centroid)�Ga distance of 2.01(1) E is somewhat smaller
than those of Cp*Ga in the solid state (2.081 E)[33] or in the
gas phase (2.081(5) E)[34] and is similar to [(Cp*Ga)4Ni]
(2.003(4) E)[32]—a complex which is thought to involve
relatively little charge transfer from the Cp*Ga ligand. The

corresponding equatorial distances of 1.89(1) and 1.88(1) E
indicate a greater degree of charge transfer to the gold centers
and are similar to that found in [Cp*GaFe(CO)4]
(1.863(4) E).[35] The two Au�Au distances in 1 (2.7256(6)
and 2.8045(8) E) are shorter than those found in metallic gold
(2.884 E) and are well within the range associated with Au–
Au cluster bonds.[5] DFT (density functional theory) calcu-
lations also support the presence of Au–Au bonds (see
below). The three other known Au3 clusters have, on average,
similar Au–Au distances, although [(dppe)2Au3In3Br7(thf)]

�

and [(dppe)2Au3In3Cl6(thf)6] (dppe= 1,2-bis(diphenylphos-
phino)ethane) show much greater variation with one very
short distance (2.575(1) and 2.562(1) E, respectively) and two
longer distances (2.860(1) and 2.858(1), and 2.939(1) and
2.931(1) E, respectively).[36, 37] The Au–Au distances (2.764(2),
2.780(3), and 2.757(2) E) for the symmetric Au3 cluster
[(Cp’Nb)3Au3(m-H)6] (Cp’=C5H4SiMe3) are very regular
and lie between the two values for 1.[38]

In contrast to the results obtained for 1 in the solid state
that indicate three different types of Cp*Ga groups, 1H and
13C NMR spectra of 1 in CD2Cl2 show only one signal for the
Cp*Ga ligands at 25 8C. Lowering the temperature down to
�90 8C leads to increased broadening of the peak without the
resolution of the 1:2:2 pattern expected for the three different
Cp* groups. This most likely indicates rapid exchange of the
different Cp*Ga groups. No signals were detected in the
71Ga NMR spectrum at 25 8C or at �70 8C; the absence of
signals in the 71Ga NMR spectra for several Cp*Ga–Pt
complexes has also been reported.[39] Addition of free
Cp*Ga to a solution of 1 at 25 8C yielded a single peak in
the 1H NMR spectrum which lies between the values for 1 and
Cp*Ga. This indicates exchange of free and coordinated
Cp*Ga groups. Fluxional behavior and exchange with free
Cp*M units has been observed with the linear Pd3 cluster
[Pd3(Cp*In)4(m-Cp*In)4],

[40] but not with dinuclear
[Pt2(Cp*Ga)2(m-Cp*Ga)3] complexes.[31,41]

The above data show the presence of a Au3 triangular
cluster with neutral electron-donor Cp*Ga ligands. However,
the presence of the bridging GaI2 units allows an alternative
interpretation of the structure as a six-membered Au–Ga ring
without Au�Au bonds.[42] Furthermore, there is ambiguity in
the assignment of the oxidation states of the Au centers. With
neutral Cp*Ga ligands, the GaI2 units may be assigned a
positive, neutral, or negative charge which corresponds to the
oxidation states + 3, + 2, or + 1 of gallium. Corresponding
oxidation states for the Au centers would then be �1, 0, or +

1. To assist in the resolution of these ambiguities, DFT
calculations with the LAN2DZ basis set, which has been
shown to be effective for Au clusters,[43] were performed on an
analogue of 1 with Cp ligands (Cp= cyclopentadienyl).[29] The
optimized structure (no symmetry constraints) corresponded
closely to the structure for 1 showing the same axial–
equatorial distribution of the CpGa ligands. Isodensity
surfaces of the electron-density distribution show the topo-
logical features expected for Au3 and Au2Ga rings (see
Figure 2). Ring critical points in the centers and bond
paths[44a] along the Au�Au and Au�Ga bonds are clearly
visible and support the view of 1 as a Au3 cluster ligated by Ga
centers. Natural population analysis[44b] atom charges are

Figure 1. Drawing of [Au3(m-GaI2)3(Cp*Ga)5] 1. Hydrogen atoms are
omitted for clarity. Only one orientation of the twofold disordered Cp*
of Ga2 is shown. Selected distances [B] and angles [8]: Au1-Au2
2.7256(6), Au1-Au1’ 2.8045(8), Au1-Ga1 2.3840(12), Au1-Ga3
2.6199(13), Au2-Ga2 2.3773(17), Au1-Ga5 2.5325(13), Au1-Ga4
2.5322(12), Au2-Ga4 2.5280(12); Au2-Au1-Au1’ 59.04(1), Au1-Au2-Au1’
61.93(2), Ga1-Au1-Ga3 101.93(5), Au2-Ga4-Au1 65.18(3), Au1-Ga5-
Au1’ 67.24(4).

Angewandte
Chemie

6129Angew. Chem. Int. Ed. 2004, 43, 6128 –6131 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


provided in Table 1. A small positive charge is assigned to the
gold atoms. This charge is nearly equal to those of the
bridging gallium atoms (Ga4 and Ga5) which indicates an
essentially nonpolar covalent bond and suggests the oxidation
assignment of + 2 for the Ga centers of the GaI2 units and 0
for the Au atoms. Large positive charges are assigned to the
Ga atoms of the CpGa ligands (Ga1, Ga2, Ga3) and indicate
substantial bond polarization for these Ga�Au bonds. Neg-
ative charges reside on the Cp groups and the iodine
centers.[29] The polarity of the axial CpGa�Au bond is
somewhat less than those of the equatorial bonds; this

observation is consistent with the Cp*(centroid)�Ga distan-
ces discussed above.

In conclusion, low-valent Ga species are effective reduc-
ing reagents for [LAuX] (L= ligand, X= anion) and, when
present in excess, they effectively trap the reduced gold
centers by ligation. Given the large number of phosphine–
gold cluster complexes reported,[22,45] this bodes well for the
synthesis of a new family of group 13 ligated gold cluster
complexes. DFT calculations on the Cp analogue of 1 show a
Au3 cluster with Au�Au bonds with near-charge-neutral gold
atoms and strongly polarized CpGa�Au bonds. Efforts are
now underway to prepare the aluminum analogue of 1 and
other Au–electropositive metal cluster complexes through a
similar approach.

Experimental Section
All manipulations were performed under N2 atmosphere in a dry box
(Vacuum Atmospheres Co.) with anhydrous, dioxygen-free solvents.

[Cp*Ga/GaI]:[46] A mixture of Ga metal particles (0.50 g,
7.17 mmol) and I2 (0.91 g, 3.58 mmol) in benzene (10 mL) was
sonicated for 12 h at 50 8C. KCp*·DME (0.983 g, 3.71 mmol) was
added to the resulting pale green suspension of GaI,[20] and the
mixture was stirred for 48 h to give a yellow solution and a light gray
precipitate. After filtration, the solid was washed with benzene
(20 mL), and the combined yellow filtrates were concentrated to yield
the title compound as a green-yellow solid, which was used without
any further purification (Cp*Ga was not obtained on attempted
sublimation of the solid). 1H NMR (C6D6, 250 MHz, 25 8C): d = 1.93
(s, Cp*), 3.01 (s, DME), 3.10 ppm (s, DME); integration ratio of
10:3:2, respectively; 71Ga NMR (C6D6, 91.5 MHz, �70 8C): d =
�645.6 ppm (br s, w1/2 = 9800 Hz); no signal was observed at 25 8C.

1: [(Ph3P)AuI] (12.5 mg, 21.3 mmol) in CH2Cl2 (4 mL) was added
dropwise to [Cp*Ga/GaI] (35.2 mg) in CH2Cl2 (2 mL). Small amounts
of gray solid formed and the initial yellow color faded. The reaction
mixture was stirred for 5 h and was then passed through diatomaceous
earth. The volatiles were removed in vacuo. Addition of diethyl ether
to the resulting oily residue gave a pale yellow solid, 2, and a dark
yellow-colored solution, which were separated by filtration. Solid 2
was washed several times with ether until the washings were colorless,
and then dried (20.6 mg). The dark yellow filtrate and the ether
washings were combined; on standing overnight at room temperature,
orange-yellow crystals of 1, which were suitable for X-ray crystal
structure analysis, formed (8.5 mg, 47% based on Au). (The same
procedure repeated with [(Ph3P)AuCl] gave similar results.)

Data for 1: 1H NMR (CD2Cl2, 250 MHz, 25 8C): d = 1.15 (t, 6H,
(CH3CH2)2O), 2.12 (s, 75H, Cp*), 3.45 ppm (q, 4H, (CH3CH2)2O);
13C NMR (CD2Cl2, 75.47 MHz, 25 8C): d = 10.17 (Cp*-CH3), 14.98
((CH3CH2)2O), 65.54 ((CH3CH2)2O), 114.79 ppm (Cp*-ring); at
�70 8C, the peaks broaden slightly; Far-IR (Nujol mull, polyethylene
plates): ñ = 468 cm�1 (br, Au�GaCp*); elemental analysis: calcd for
C50H75Au3Ga8I6·C4H10O: C 24.38, H 3.22; found: C 24.65, H 3.22.

Data for 2 : 1H NMR (CD2Cl2, 250 MHz, 25 8C.): d = 1.79 (s),
7.53–7.22 ppm (m); relative integrations 1.7:1.0; 1H NMR (CD2Cl2,
250 MHz, �70 8C): d = 1.74 & 1.71 (s), 1.63 (s), 7.50–7.06 ppm (m);
relative integrations 0.8:0.9:1.0; 13C NMR (CD2Cl2, 62.9 MHz, 25 8C):
d = 9.16 (Cp*-CH3), 113.93 (Cp*-ring), 128.88 (t, JC-P = 15 Hz), 130.08
(s), 133.17 ppm (d, JC-P = 50 Hz); 31P NMR (CD2Cl2, 101.25 MHz,
�70 8C): d = 19.45 ppm (s); no signal is observed at 25 8C. 71Ga NMR
(CH2Cl2, 91.5 MHz, 25 8C): d =�457.74 (s, w1/2 = 164 Hz), �236.53 (s,
n1/2 = 401 Hz),�40.81 (s, w1/2 = 328 Hz), 123.15 ppm (s, w1/2 = 255 Hz).
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Figure 2. Isodensity surfaces of the electron-density distribution
(0.035 e a.u.3 (top) and 0.039 e a.u.3). Hydrogen atoms are not shown.
Atoms and density from slightly above the Au3 plane have been
removed for clarity.

Table 1: Calculated atom charges in the Cp analogue of 1.

Atom Charge Atom Charge

Au1 0.12 Ga1 0.86
Au2 0.16 Ga2 0.90

Ga3 0.78
Ga4 0.11
Ga5 0.11
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Heterometallic Complexes

Templating Open- and Closed-Chain Structures
around Metal Complexes of Macrocycles**

Sarah L. Heath, Rebecca H. Laye,
Christopher A. Muryn, Nicola Lima, Roberta Sessoli,*
Rachel Shaw, Simon J. Teat, Grigore A. Timco,* and
Richard E. P. Winpenny*

The ability to control the structures of polymetallic complexes
is a key concern if we are ever to exploit their properties. A lot
of beautiful science has emerged with this challenge, as shown
by the grid structures created by Lehn[1] and Thompson,[2] or
the panel structures created by Fujita.[3] A particularly
attractive idea is to template the structure about an otherwise
innocent ion to modify the structure without changing
electronic properties. The work of Saalfrank et al. in which
different sized metallocryptands were templated is particu-
larly relevant here,[4] as is the work of Raymond and co-
workers in which the geometry of the molecule is varied from
a dimetallic helix to a tetrahedron depending on the presence
of a tetrahedral counterion.[5] Our work has concerned new
methods to influence structure, and, in the case of cyclic
chromium fluoride cages, we have shown that the size of
metal rings can be influenced by the choice of secondary
ammonium cations.[6, 7] Here we use metal complexes of
macrocycles as templates to show that further unusual
structures can be formed.

Previously we reported the first heterometallic rings of the
type [NH2R2][Cr7MF8(O2CCMe3)16] (R= alkyl sidechain;
M=Ni2+, Co2+, Fe2+, Mn2+, or Cd2+).[6] The facile synthesis
of these compounds led us to look more widely at a reaction
matrix that contains chromium fluoride, pivalate ion, a second
metal ion, and templates that contain NH groups. When the
second metal is nickel and the template is a simple azacrown
ether, either 1,4,7-triazacyclonane (tacn) or 1,4,7,10-tetraaza-

cyclododecane (cyclen), the macrocycle binds the nickel ion
and the resultant complex then acts as the template.

Initially, chromium fluoride, nickel carbonate, and tacn
were treated in pivalic acid to give [Ni(tacn)2][Cr8Ni2-
F10(O2CCMe3)20] (1),

[8] in which the dicationic mononuclear
nickel complex was found within a dianionic ring (Figure 1).

A better route to 1 involved the prior preparation of
[Ni(tacn)2](O2CCMe3)2 and addition of this complex to the
reaction mixture (CrF3, NiCO3, and pivalic acid). The metal
sites within the dianion are disordered: two Ni2+ ions are
present according to microanalytical measurement and
charge-balance considerations. The structure of the mono-
nuclear dication is very similar to that of [Ni(tacn)2]

2+

crystallized with simpler anions,[10] however, disorder in the
structure renders a meaningful comparison of bond lengths
difficult. Each of the M···M edges of the ten-metal ring, which
is almost planar, is bridged by one fluoride and two pivalate
ions in a similar manner to [Cr7NiF8(O2CCMe3)16]

� . Each of
the NH groups of the two tacn ligands are involved in
hydrogen bonds; these bonds are longer than the hydrogen
bonds found when simpler amines are used (N···F contacts
range from 2.98 to 3.30 = rather than 2.7–2.9 =).[6]

With the Cr–F–pivalate system, octa-,[6] nona-,[7] and
decanuclear metal rings could be synthesized by variation of
the template. If 1,4,7,10-tetrazacyclododecane (cyclen or [12]-
ane-N4) is used as a template in this chemistry, [{Ni(cy-
clen)}2Cr12NiF20(O2CCMe3)22] (2, see Figure 2)[8] results. The
fifteen metal sites define an “S”, in which a Ni2+ ion is located
at the center of the “S” and two Ni2+–[12]-ane-N4 complexes
lie at the termini. The cyclen macrocycles bind in the usual

Figure 1. The crystal structure of 1: the M10 wheel contains two disor-
dered Ni atoms (see text for details). Hydrogen atoms have been omit-
ted for clarity. Selected bond-length ranges: M�F 1.930–1.949, M�O
1.874–2.111, Ni�N 2.115–2.135 - (average estimated standard devia-
tion: 0.009 -). Colors: Cr, purple; Ni, green; F, yellow; O, red; N, blue;
C, grey lines.
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manner to leave cis vacancies on the coordinated Ni2+ ions,
and it is the two atoms that occupy these cis sites which link
the [Ni([12]-ane-N4)]

2+ fragments to the termini of the metal
chain. An analogous molecule with 2,2-dimethylbutyrate as
the carboxylate moiety was also prepared.

The twelve Cr3+ ions form two hexametallic chains, which
are very similar to the anionic Cr6 horseshoes we have
previously reported.[11] However, in the previous structures,
the horseshoes were linked by hydrogen bonds to secondary
ammonium cations, whereas here fluoride ions directly bridge
to a nickel site to create the “S” shape. The Cr···Cr vectors in
the structure are all bridged by two pivalate ions and one
fluoride ion, whereas the two Cr···Ni contacts at the center of
the “S” are each bridged by two fluoride ions and one pivalate
ion. The terminal [Ni(cyclen)]2+ units are each attached by
one m-F bridge and the oxygen atom of a pivalate ion, which
chelates the final Cr3+ ion of the chain and also bridges to the
Ni site. The metal core is almost planar with a mean deviation
from planarity of 0.25 =. There is a single N�H··F hydrogen
bond (N··F contact of 2.94 =) between the cyclen unit and the
bridging fluoride ion.

Preliminary magnetic studies of 1 and 2 were performed.
A cT value of 16.2 emuKmol�1 was obtained for 1 at room
temperature which is slightly smaller than the uncorrelated

value for three S= 1 (gNi� 2.2) and eight S= 3/2 (gCr� 2.0)
centers (18.6 emuKmol�1) and suggests that an antiferro-
magnetic interaction is present as often found in fluoro-
bridged Cr3+ rings.[13] Whereas cT decreases, the c value
reaches a plateau around 30 K and undergoes a steep increase
below 10 K (Figure 3). The cT value levels off at low

temperature and the lowest measured value, 1.27 emuK-
mol�1, is compatible with an uncoupled spin for Ni2+

(1.21 emuKmol�1 for g= 2.2). This behavior can be ration-
alized if we assume that the antiferromagnetic-coupled ring
has a S= 0 ground state, and its contribution is superimposed
on the paramagnetic ground state of the isolated [Ni(tacn)2]

2+

cation. The ring is expected to have a diamagnetic ground
state only if the two Ni2+ ions occupy an even and an odd site
of the ring. In a random distribution, the ions have a
significant probability (4/9 versus 5/9) to occupy sites of the
same parity to give an uncompensated S= 1 ground state,
which is not observed. Impurities, such as rings with Cr:Ni
stoichiometries of 9:1 or 7:3, would also influence the value of
cT at low temperature, but the presence of such impurities is
not compatible with the observed behavior. The most likely
explanation for the S= 0 ground state of the ring is that the
Ni2+ ions, even if they are disordered, are always located next
to each other within the rings as observed in [(VO)2Cr6]

[11] and
[(VO)2Cr7] ring systems.[7]

To our knowledge, 2 is the longest open-chain structure
prepared (except for infinite 1D chains)—the longest finite
acyclic chain previously reported contained seven metal
ions.[14] The magnetic behavior of 2 was measured from 1.8
to 300 K (Figure 4). The cT value at room temperature of
23.0 emuKmol�1, which is smaller than the uncorrelated
value (27.3 emuKmol�1), is consistent with moderate anti-
ferromagnetic exchange between the metal centers within the
chain. The curve for c versus T (Figure 4) is qualitatively
similar to that of 1, with a plateau at � 30 K and a rapid
increase at lower temperature. At low temperature, the curve
tends to a constant value of � 1 emuKmol�1, which is
consistent with a ground state of S= 1.

The odd-member open-chain structure of 2 should
stabilize a ferrimagnetic structure with a resultant spin of
S= 1. To confirm this, the magnetic data were fitted by
employing a classical Monte Carlo simulation together with
the MINUIT[15] minimization routine. A full quantum
mechanical treatment was hampered by the large number of
spins in the cluster. However, a quantum correction was used
on spin values, and a combination of Metropolis[16] and

Figure 2. The crystal structure of 2. Hydrogen atoms have been omit-
ted for clarity. Bond-length ranges: Cr�O 1.824–2.003, Cr�F 1.893–
1.966, Ni�O 1.995–2.073, Ni�F 2.015–2.093, Ni�N 2.063–2.116 (aver-
age estimated standard deviation: 0.005 -). Colors: Cr, purple; Ni,
green; F, yellow; O, red; N, blue; C, gray lines.

Figure 3. Temperature dependence of the magnetic susceptibility, c

(*), and its product, cT (&), for 1.
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overrelaxed algorithms[17] were applied to reduce the corre-
lation time. The Hamiltonian (h) that was used for the
calculation is shown in Equation (1), in which Si = [Si(Si +1)]1/2

(i=Ni2+, Cr3+) is the scaled classical spin and J is the exchange
interaction:

h ¼ �JNi�CrðSNi � SCrÞ�JCr�CrðSCr � SCrÞ ð1Þ

Values of SNi = 1, gNi = 2.2, SCr= 3/2, and gCr= 2.0 were
used. The best-fit values obtained were JNi�Cr=�20.8 and
JCr�Cr=�20.3 cm�1, with an agreement factor of R= 1.03 K
10�3. Despite there being two distinct Cr···Ni interactions,
no significant improvement in the fitting was observed upon
including two Cr···Ni exchanges. The classical Monte Carlo
simulation did not provide information about the energy
spectrum of the spin levels. However, the curves of magnet-
ization (M) versus field strength (H) recorded at different
temperatures (Figure 4, inset) show some features typical of
level crossings, which are induced by the field, that stabilize
states with larger spins.[13, 18] The magnetization at 2 K, relative
to that at 5 K, rapidly reaches 2mB and then begins to level off.
Above 80 kOe, the slope of the curve slightly increases, as
expected for a level crossing occurring in this field range. As
the energy spacing is not expected to follow a regular trend
like the LandeM rule,[18] fitting of the data was not attempted.
Nevertheless, the data from M versus H confirm that the
ground spin state has S= 1, and this state is well separated, by
5–10 cm�1, from the first excited state as expected for the
ferrimagnetic structure of this unusual open-chain cluster.

Experimental Section
All reagents were used as received fromAldrich, except cyclen, which
was obtained from Strem Chemicals. 1,4,7-triazacyclononane[19] and
[Ni2(m-OH2)(O2CCMe3)4(HO2CCMe3)4]

[20] were prepared according
to reported methods. Complexes 1 and 2 were prepared in teflon
flasks supplied by Fisher.

[Ni(tacn)2][(O2CCMe3)2]·2Me3CCO2H·H2O (complex A):
[Ni2(m-OH2)(O2CCMe3)4(HO2CCMe3)4] (0.70 g, 0.74 mmol) in tolu-
ene (5 mL) was added to a solution of tacn (0.35 g, 2.7 mmol) in
toluene (5 mL), and the resultant blue solution was stirred for 5 min.
Pink crystals of A began to form during this time. The solution was
allowed to stand at room temperature for one day, then the crystals
were collected by filtration, washed with toluene, and dried in air

(0.44 g, 40%). Elemental analysis: calcd for C32H70N6NiO9: Ni 7.91, C
51.82, H 9.51, N 11.33; found: Ni 7.81, C 51.96, H 9.73, N 11.33 %.

1: ComplexA (0.25 g, 0.34 mmol), Me3CCO2H (10.0 g, 98 mmol),
CrF3·4H2O (0.8 g, 4.4 mmol), and basic nickel carbonate [2NiCO3·3-
Ni(OH)2·4H2O] (0.07 g, 0.12 mmol) were heated with stirring at
140 8C for 0.5 h, then the temperature was increased to 160 8C and the
mixture was heated for 5 h. The mixture was cooled to room
temperature, acetone (30 mL) was added and the contents were
stirred for 15 min. The product was filtered, washed with a large
quantity of acetone, and dried in air. The solid (0.5 g)was then added
to a solution of Me3CCO2H (0.5 g) in THF (50 mL) and the solution
was heated at reflux for 15–20 min with stirring. The green mixture
was filtered hot, and the filtrate was diluted at room temperature with
CH3CN (1–2 mL) until it became cloudy and then reheated to obtain
a clear solution. Slow cooling and then partial evaporation of the
solvent at ambient temperature produced light green crystals. After 1
week, the crystals were collected by filtration, washed with THF/
CH3CN (10:1), and dried in air (0.18 g, 17.5%). Elemental analysis
calcd (%) for C112H210Cr8F10N6Ni3O40 : Cr 13.58, Ni 5.75, C 43.92, H
6.91, N 2.74, F 6.20; found: Cr 13.61, Ni 5.74, C 43.84, H 7.00, N 2.60, F
6.20.

2 : Basic nickel carbonate (1.0 g, 1.7 mmol) was dissolved in
pivalic acid (15 g, 147 mmol) at 100 8C, and the solution was stirred for
15 min to produce a lime-green solution. The temperature was then
raised to 120 8C and cyclen (0.7 g, 4.0 mmol) was added to produce a
blue solution, which indicates the production of Ni(cyclen)(piv)2. The
temperature was then maintained at 140 8C for 10 min before
CrF3.4H2O (5.0 g, 28 mmol) was added. The temperature was
increased to 160 8C for 5 h and the mixture was then left to cool
overnight. The product was collected by filtration, washed with
acetone, dried, and then recrystallized from hot THF/MeCN (4.2 g,
53%). Elemental analysis calcd (%) for C136H256Cr12F18N8Ni3O48: Cr
15.94, Ni 4.50, C 41.74, H 6.59, N 2.86, F 8.74; found: Cr 15.89, Ni 4.51,
C 41.39, H 6.74, N 2.74, F 8.64.

The byproducts of the syntheses of 1 and 2 have very high
solubility in acetone and have not yet been fully characterized. The
magnetic properties of polycrystalline samples of 1 and 2 were
investigated by using a Cryogenic M600 SQUIDmagnetometer and a
VSM magnetometer based on the Oxford Instruments MAGLAB
platform.
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Photo-Switching

Reversible Photo-Switching of the Magnetization
of Iron Oxide Nanoparticles at Room
Temperature**

RieMikami,Minori Taguchi, Koji Yamada, Koji Suzuki,
Osamu Sato, and Yasuaki Einaga*

Optically switchable magnetic materials are becoming
increasingly important in the field of high-density information
storage media.[1–3] We have been trying to prepare new types
of magnets in which the magnetic properties can be controlled
by photo-illumination. Our previous work has shown that
cobalt–iron cyanide exhibits photoinduced magnetization
effects due to an internal electron transfer.[4] However,
practical examples of such photo-magnetic systems are
limited in number[5] because the strategies that are necessary
to achieve photoinduced switching in the solid state are yet to
be clarified.

The use of organized organic assemblies to direct the
formation of mesoscopic inorganic structures under mild
conditions and the attempts to intercalate inorganic materials
into functional organic molecules are also of topical interest.[6]

We have focused our attention on composite materials as a
novel strategy for realizing such photo-functional magnetic
systems. These include the incorporation of organic photo-
chromes into magnetic systems, for example, photo-control-
lable magnetic vesicles and Langmuir–Blodgett films con-
taining Prussian blue (a ferromagnet at low temperature) and
azobenzene.[7]

Although the examples described above show interesting
photo-responsive phenomena, the results were only achieved
at low temperature. It is evident that the temperature at which
photo-switching occurs needs to be increased to room
temperature in order to realize devices for practical applica-
tions. In the present work we have focused on iron oxide
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nanoparticles as magnetic materials that can function at room
temperature. We recently reported our results for photo-
responsive spiropyran vesicles containing iron oxide parti-
cles.[8] Although we were able to increase the magnetization
values of these materials by carrying out photo-illumination
at room temperature, the reversible photo-switching of their
magnetic properties was far below our expectations. This was
because the photoinduced increase in the magnetization was
due to aggregation of the iron oxide particles, and we guess
that it is difficult for aggregated particles to be separated.

To realize reversible photo-switching of magnetization at
room temperature, we have now focused on a surface
modification of nano-scale iron oxide particles and a combi-
nation of azobenzene-containing amphiphilic compounds and
g-Fe2O3 magnetic nanoparticles. Surface modification of
nanoparticles is a useful technique for functionalizing the
material properties.[9] For example, Rotello et al. reported
that alkylamines in a monolayer could be displaced by harder
Lewis base ligands such as alcohols.[9b]

Our strategy was to synthesize an appropriate azobenzene
derivative for preparing the target photo-responsive nano-
magnetic materials. In addition to encapsulating the surface
of the g-Fe2O3 nanoparticles with the azo moiety, we
incorporated n-octylamine. The amphiphilic azo compound
8-[4-{4-butoxy-phenyl(azo)-phenoxy}octan-1-ol] (Azo) was
synthesized according to literature methods[10] and then
used to prepare the photo-responsive composite magnetic
nanoparticles 1 (see the Experimental Section).

The transmission electron microscope (TEM) image of 1
indicates the global presence of g-Fe2O3 nanoparticles with
almost homogeneous diameters (5 nm, Figure 1). We esti-
mated the diameter of 1, including the encapsulating agent, to
be 9 nm by means of a dynamic light-scattering method.

The photoisomerization of 1 on the quartz substrates was
monitored by UV/Vis absorption spectroscopy at room
temperature (Figure 2a). Before illumination, 1 exhibited
two absorption peaks at about l = 360 nm and a weak band at
about 480 nm, which correlate to the p–p* and the n–p*
transitions, respectively, in the trans form of the azo com-
pound. The spectra demonstrate that the p–p* absorption at
360 nm remains invariant with respect to passivation of the
nanoparticles, which proves that the azo components are
protected during the synthesis of the g-Fe2O3 nanoparticles.
The absence of any shift in the absorption bands also indicates
that there was no p stacking between the azo molecules (black

line). After 5 min of UV illumination, the intensity of the
band at 360 nm decreased and the intensity of the band at
480 nm increased, indicating the trans-to-cis photoisomeriza-
tion (blue line). A photostationary state was obtained after
5 min of illumination, that is, the photoisomerization had
saturated. Following subsequent illumination with visible
light for 5 min, the reverse process, the cis-to-trans isomer-
ization, proceeded to completion (red line). The trans-to-cis
photoisomerization cycles were repeated several times by
alternately illuminating with UVand visible light (Figure 2b).

Because the photoisomerization of azobenzene deriva-
tives (in particular the trans-to-cis isomerization) is normally
accompanied by an increase in molecular volume, the solid-
state reaction is greatly inhibited due to the close packing of

the chromophores. In practical terms,
when the solid-state compound contains
only Azo, it does not exhibit any photo-
isomerization behavior. In the case of 1,
sufficient free volume is guaranteed by the
dilution of the azo moieties with n-octyl-
amine to allow photoisomerization to take
place. Another important point is the
Lewis basicity of the capping ligands. n-
Octylamine, which functions as an encap-
sulating agent for the g-Fe2O3 nanoparti-
cles,[11] contains an amino group, while
Azo contains a harder Lewis basic hy-
droxy group. This means that Azo takes

precedence over n-octylamine, resulting in the successful
preparation of composite nanoparticles 1.

The magnetic properties of 1 on a glass substrate were
studied by SQUID measurements. The temperature depend-
ence of the magnetization of 1 exhibits a cusp around 12 K in
the zero field cooled (ZFC) susceptibility as well as a blocking
temperature TB determined from the branching of the ZFC
and field-cooled (FC) data (Figure 3); thus, 1 exhibits super-
paramagnetic behavior. According to NGelHs superparamag-
netic model[12] at high temperatures, the magnetic moments of
spin clusters are free to respond to an external field but freeze
when the temperature is low enough. This freezing of the spin
clusters over a wide temperature range can be visualized in
terms of the progressive blocking of the cluster moments,
depending on their size and magnetocrystalline anisotropy.
Below the freezing temperature, the clusters freeze in random
orientations dictated by the magnetocrystalline anisotropy.

Figure 1. The TEM image of 1.
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Since the magnetic moments of the spin clusters are frozen in
a direction where magnetization occurs easily at low temper-
atures, this gives rise to a low value of magnetization. In
contrast, the magnetization decreases (as T�1) at high temper-
atures due to thermal fluctuations of the magnetic moments.
Therefore, a peak occurs in ZFC susceptibility between these
two regions.[13] The 57Fe MIssbauer spectra for 1 at room
temperature and at 8 K revealed the presence of g-Fe2O3

nanoparticles (see the Supporting Information).
Based on these data, 1 exhibits typical superparamagnetic

behavior of magnetic particles, with a particle size that is
consistent with that observed by TEM (5 nm).[14] Generally
speaking, iron oxide nanoparticles exhibit superparamagnetic
behavior because of the infinitely small coercivity arising
from the negligible energy barrier in the hysteresis of the
magnetization loop of the particles.[12,15]

The magnetization curve of 1 was measured at 5 K
(Figure 4a) in the field-cooled (FC) state. A small hysteresis

loop with remanence (5.67 emug�1) and coercivity (300 G)
was observed. Below TB the superparamagnetic transition is
blocked, that is, the magnetization cannot relax during the
time frame of the measurement and therefore cannot appear
on the plot of magnetization as a function of the magnetic
field.

We next investigated the influence of photo-illumination
on the magnetic properties of 1 at 5 K (Figure 4b). Com-
pound 1 was cooled from room temperature to 5 K in an
external magnetic field of 10 G. The initial magnetization
value of 1 at 10 G increased from 0.279 to 0.305 emug�1 upon
UV illumination. The sample was exposed to UV light until
saturation, that is, until the change in magnetization was
complete (10 min). Even after the illumination was stopped,
this increased magnetization was maintained for several
hours. Compound 1 was then illuminated with visible light
for a further 10 min. The magnetization value decreased from
0.305 to 0.280 emug�1. This UV light induced increase and
visible light induced decrease in the level of magnetization
was repeated several times. The total change of the magnet-
ization value resulting from photoinduced switching was
about 9.3%, which is larger than that achieved by our first
photo-functional magnetic vesicles system.[7a]

To investigate the feasibility of using 1 for practical
applications, corresponding measurements were performed at

Figure 2. a) Changes in the optical absorption spectra due to photo-
isomerization for 1 cast on quartz substrates at room temperature:
before illumination (black line), after illumination with UV light for
5 min (blue line), after subsequent illumination with visible light for
5 min (red line). The inset shows a magnified region. b) Changes in
the absorbance A at 360 nm by alternating illumination with UV and
visible light (5 min each).

Figure 3. The plot of magnetization M versus temperature T for 1 at
5 G: ~: zero-field cooled (ZFC), *: field cooled (FC).

Figure 4. a) The plot of magnetization M versus applied magnetic field
for 1 at 5 K and a magnified region (1 G = 10�4 T). b) Change in the
magnetization for 1 induced by alternating illumination with UV and
visible light (10 min each) at 5 K with an external magnetic field of
10 G.
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room temperature (300 K). No saturation of the magnet-
ization was found at 300 K with a field of 50000 G. Character-
istics that are typical of superparamagnetic behavior were
observed, such as almost immeasurable coercivity and
remanence (Figure 5a). This was consistent with the notion
that, above TB, the magnetization should be free to align with
the field during the measurement time.

Next, the influence of photo-illumination on the magnetic
properties of 1 at 300 K was examined. The same changes in
magnetization upon photo-illumination were noted, that is,
the magnetization increased upon illumination with UV light
and decreased upon illumination by visible light (Figure 5b).
The changes in the magnetization values do not give rise to a
distinct trace because of the superparamagnetic properties.
These changes in magnetization are consistent with the
changes in the UV/Vis spectra and can be explained in the
same fashion. The reversible control of the magnetic proper-
ties of 1 at room temperature was also confirmed by EPR and
57Fe MIssbauer spectroscopy (see the Supporting Informa-
tion).

To confirm the effect of the azo moiety, g-Fe2O3 nano-
particles that were only encapsulated with n-octylamine were
prepared (2). The TEM image of 2 also showed the presence
of global g-Fe2O3 nanoparticles with almost homogeneous
diameters (5 nm), and 2 exhibited almost the same magnetic
properties as 1 (not shown). However, when 2was illuminated
with UVor visible light, no changes were observed in the total
magnetization. This result suggests that the azo moiety in 1
plays an important role in the photocontrol of the magnet-
ization.

It appears that photoinduced changes in the electrostatic
field around the g-Fe2O3 magnetic nanoparticles affect the
magnetization. Examples from our previous work could also
be explained by similar interactions.[7] Changes in the dipole

moments induced by the photoisomerization of the Azo
moieties resulted in magnetic fields and moments in the
materials. We have previously observed that the change in the
dipole moments of the azo compounds did not affect the
magnetization value in the paramagnetic region.[7] Those
results were consistent with the present results in terms of the
temperature dependence (at 5 K and room temperature): The
stronger the magnetic exchange interactions between spins
are, the greater the effect the dipole moment has on the
magnetization values.

The relationship between the electronic polarization
(including the charge or the dipole moments) and the
magnetization has been discussed by several physicists.[16,17]

The origins of the behavior of magneto-electric materials are
the electric field induced g shift, the spin-orbit interactions,
the exchange energies, and the electric field induced shift in
the single-ion anisotropy energy. The underlying electro-
dynamics are complicated by induced fields interacting with
electric and magnetic moments. That is, the spin orientation is
coupled to the electric multi-pole through the lattice. Morup
et al. also discussed the existence of significant collective
effects in a magnetic nanoparticle system and made several
speculations regarding a spin-glass-like phase at low temper-
atures on dipole–dipole interacting systems.[17b] Moreover, the
surface magnetic phase diagram of the tetragonal manganites
depends on the electrostatic interactions caused by the
surface environment, such as surface termination.[15]

In 1999 Alivisatos et al. described the preparation of
soluble crystalline g-Fe2O3 nanoparticles by high-temperature
organic-phase decomposition of an iron precursor.[18] The
process was then extended to the synthesis of monodisperse
MFe2O4 (M=Fe, Co, Mn) nanoparticles by Sun et al.[19]

through the use of oleic acid and oleylamine. They studied
the stability of the nanoparticles by varying the ratio of the
capping agents and described how g-Fe2O3 nanoparticles can
be stabilized by alkylamine surfactants,[9b,11] suggesting that
NH2 coordinates with FeIII on the surface of the particles.
Furthermore, Zhang et al. studied the effects of surface
coordination chemistry on the magnetic properties of
MnFe2O4 nanoparticles.

[20a,b] They observed that the coerciv-
ity of magnetic nanoparticles decreased upon coordination of
the ligands on the nanoparticle surface, whereas the satura-
tion magnetization increased. They concluded that the
magnetic properties of the nanoparticles change with the
functional group bound onto the nanoparticle surface. The
correlation suggests a decrease in the spin-orbital coupling
and surface anisotropy of magnetic nanoparticles due to
surface coordination.

Gedanken et al. also studied the magnetic properties,
especially the blocking temperature TB, of iron nanoparticles
coated by various surfactants.[20c] They observed large varia-
tions in TB for various functional groups attached to the iron
nanoparticles. For example, the magnetization values for
alcohols and carboxylic acids were different from those for
sulfonic and phosphonic acid. These differences could be
explained by the variation in particle size as well as the effect
of the iron-bound functional group on the d electrons of iron.
The functional groups interact strongly with the d electrons
and cause a large splitting of the doubly and triply degenerate

Figure 5. a) The plot of magnetization M versus applied magnetic field
for 1 at 300 K. b) Change in the magnetization for 1 induced by alter-
nating illumination with UV and visible light (30 min each) at 300 K
with an external magnetic field of 10 G.
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d levels. This affects the spin state and the magnetization
values as a result of exchange interactions between the spins
of the iron center.

The above discussion also suggests that photoinduced
changes in the electrostatic field around the g-Fe2O3 magnetic
nanoparticles affect the magnetization. Photo-switchable
magnetic films—Prussian blue intercalated in Langmuir–
Blodgett films consisting of an amphiphilic azobenzene and a
clay mineral,[7c] which was one of our previous photo-func-
tional systems—supplied data that support these mechanisms.
A band corresponding to intervalence charge transfer (IVCT)
between FeII to FeIII in the Prussian blue layer was changed
reversibly by alternate UV and visible illumination, accom-
panied by photoisomerization of the azo compound. That is,
changes in the electrostatic field driven by the photoisome-
rization of the azobenzene chromophore led to changes in the
Coulomb energy (which is necessary to transfer an electron)
and this might affect the superexchange interaction between
the spins in the Prussian blue magnet.

In conclusion, we have designed novel photoresponsive g-
Fe2O3 nanoparticles that are encapsulated by an azo com-
pound and n-octylamine. To photo-control the magnetization,
the design of the interfaces between the photoresponsive
materials and the magnetic materials is important. The
advantage of the current system is that nano-scale particles,
from which much larger areas of photoresponsive interfaces
might be expected, were used as the magnetic materials.
Another important aspect was the dilution of the azo moieties
with n-octylamine. The free volume gained is responsible for
the ideal photoreaction. Use of azo compounds with appro-
priate end groups and alkyl chain length for direct interaction
with the metal oxide surface was also mportant. Finally, we
have succeeded in switching the magnetization value of
composite magnetic nanoparticles by photo-illumination in
the solid state at room temperature.

Experimental Section
The amphiphilic compound Azo[10] and the g-Fe2O3 nanoparticles

[11]

were synthesized according to literature methods.
1: FeCl3·6H2O (0.47 g), sodium acetate (0.43 g, used as a hydro-

lyzing agent), H2O (0.35 ml), n-octylamine (0.61 mL), and Azo
(0.01 g) in 1,2-propanediol (6 mL) were heated under reflux at
150 8C for 5 h. The materials were then precipitated by the addition of
a large volume of 2-propanol (ca. 20 mL). After being washed with 2-
propanol, the solids were collected by centrifugation, washed with
Et2O, and dried in air. The crude product was re-dissolved in toluene
(5 mL) containing a small amount of the encapsulating agents n-
octylamine and Azo (0.3 mL, 100:1). Most of the crude product went
into solution within 13 h. A solution of 1 in toluene was then cast onto
the substrates for further study.

The UV/Vis spectra were recorded on a V-560 spectrophotom-
eter (JASCO). UV illumination (filtered light, lmax = 360 nm,
1.0 mWcm�2) was applied with an ultra-high pressure mercury lamp
(HYPERCURE 200, Yamashita Denso). Visible light (400–700 nm,
1.0 mWcm�2) was provided by a xenon lamp (XFL-300, Yamashita
Denso). The magnetic properties were investigated with a SQUID
magnetometer (model MPMS-5S Quantum Design). The lamps were
guided into the SQUIDmagnetometer by an optical fiber to study the
photomagnetic effects. The 57Fe MIssbauer spectra were measured at
room temperature and at low temperature with a Topologic Systems
Model 222 constant-acceleration spectrometer with a 57Co/Rh source

in transmission mode. A closed-cycle helium refrigerator (Nagase
Electronic Equipments Service Co., Ltd.) was used for measuring the
spectra at low temperature.
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Carbon Nanotubes

Atomic-Step-Templated Formation of Single Wall
Carbon Nanotube Patterns**

Ariel Ismach, Lior Segev, Ellen Wachtel, and
Ernesto Joselevich*

Following recent advances in the control of the electronic
properties of nanowires,[1–4] nonlithographic organization of
nanowire arrays on surfaces remains a critical prerequisite for
the large-scale fabrication of nanoscale circuitry.[5,6] Current
strategies[7] include the application of physical means, such as
electric fields,[4, 8, 9] gas[10] and liquid[11, 12] flows, and super-
lattices,[13] as well as chemical means including self-assem-
bly[14, 15] and biotemplated assembly.[16] Step decoration[15, 17] is
another attractive chemical approach that exploits the
selective deposition of atoms, ions, or molecules at the
oriented, periodic steps present on high-index crystalline
surfaces. However, the general scheme, in which nanowire
growth propagates transversely from the steps, is not com-
patible with nanowire materials that form by axial growth
mechanisms, such as carbon nanotubes.[18–20] Here we dem-
onstrate and characterize the longitudinally propagating
decoration of atomic steps by a nanowire material. Single-
wall carbon nanotubes that are catalytically produced on
miscut C-plane sapphire wafers, grow along the 2---high
atomic steps of the vicinal a-Al2O3 (0001) surfaces to yield
highly aligned, dense arrays of discrete, nanometer-wide,
conducting or semiconducting wires on a dielectric material.
The nanotubes reproduce the atomic features of the surface,
such as steps, facets, and kinks. These findings open up the
possibility of assembling nanotube architectures by atomic-
scale surface engineering.

The phenomenon of atomic step decoration by single-wall
carbon nanotubes (SWNTs) was first observed while inves-
tigating the effects of electric field and gas flow on the
catalytic growth of SWNTs on different materials. Surpris-
ingly, nanotubes grown on C-plane sapphire wafers, that is, a-
Al2O3(0001) surfaces, showed the highest degree of alignment

(Figures 1 a, 2a, 3 a–c, and 4 a), but not in the directions of the
field or the flow. When the same surface was precoated with a
thin layer (20 nm) of amorphous SiO2, the nanotubes were

aligned with the electric field (Figure 1 b), as previously
observed on SiO2-coated silicon.[8] This result indicated that
the nanotubes grow in contact with the Al2O3 surface, which
dictates their alignment. On the other hand, the nanotubes
were not aligned along a particular crystallographic direction.
Moreover, a-Al2O3 is a trigonal crystal of the R3̄c space group
and an ideal a-Al2O3(0001) surface has C3 symmetry, from
which one would expect alignment in at least three directions,
not one. These facts ruled out the possibility of lattice-
oriented SWNT growth.[21] However, commercial “C-plane”
sapphire wafers are often cut and polished in a plane that
slightly deviates from the actual C plane. The resulting vicinal
a-Al2O3(0001) surfaces are terminated with parallel, regularly
spaced atomic steps.[22] The atomic steps of most materials are
generally more reactive than atomically flat areas.[23] We then
hypothesized that SWNTs could have grown along such
atomic steps. This is proven below for the case where no
electric field was applied. Application of an electric field was
shown to have no effect.

The morphology and dynamics of vicinal a-Al2O3(0001)
surfaces have been investigated by several research
groups.[22,24] The atomic steps, with a height equal to one

Figure 1. Alignment of SWNTs grown under an electric field
(2�106 Vm�1) on sapphire (a) and on SiO2-coated sapphire (b). The
low-voltage field-emission SEM micrographs (scale bar: 5 mm) show
the SWNTs (light) lying on the dielectric surfaces (dark), and the Pt
electrodes (light, top and bottom). Arrows indicate the directions of
the field E and flow. The alignment of the SWNTs on sapphire is unre-
lated to the electric field, whereas on the same sapphire that was pre-
coated with 20 nm of amorphous SiO2, the alignment is parallel to the
electric field. c) Schematic representation of the atomic steps on vici-
nal a-Al2O3(0001), and definition of the step vector s = (c/c) �n,
miscut inclination q, and miscut azimuth f. d) Idealized structure of
atomic steps in different low-index directions, based on the bulk crystal
structure, that is, without relaxation and reconstruction. Oxygen atoms
(red) are colored darker at lower atomic layers.
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sixth of the hexagonal unit cell, that is, h= c/6 = 0.219 nm,
follow a general direction perpendicular to the miscut
direction (Figure 1 c). Their average spacing is d= h/sinq

where q is the miscut inclination. For convenience, we define
a step vector s= (c/c) ;n, where c is the principal lattice
vector and n is a unit vector normal to the surface. Then, s
points along the general step direction so that steps descend
to the right, and its modulus equals the slope of the steps (s=

h/d). We define the miscut azimuth f (�608<f<+ 608) as
the angle of s relative to the [112̄0] direction, which is
perpendicular to the (112̄0) c-glide plane, so that the sign of f
expresses the handedness of chiral miscuts. The atomic step
structure depends on the miscut azimuth f. This is illustrated
by Figure 1d, which represents different unreconstructed
steps based on the bulk structure. The actual structure of the
atomic steps is still unknown,[22] although the high-temper-
ature reconstruction of a-Al2O3(0001) surfaces was recently
characterized.[25]

The characterization of a typical sample of aligned
SWNTs on sapphire is shown in Figure 2. Figure 2a displays
an AFM topographic image of the highly aligned SWNTs. The
apparent diameter distribution of the SWNTs is 1.0� 0.4 nm,
which is 0.2 nm smaller than the value determined from
Raman spectra (1.2� 0.5 nm). An asymmetric double-expo-
sure back-reflection X-ray diffraction (XRD) method was
used to determine the orientations of both the lattice and the
miscut of the a-Al2O3(0001) substrate (Figure 2b), in which a
long and a short exposure were taken before and after 1808
rotation of the sample, respectively. The miscut inclination
and azimuth are q = 2.1� 0.28 and f= 0� 58, respectively,
and the general step direction, expressed by s, matches the
direction of the nanotube alignment. In addition, a destruc-
tive characterization by thermal annealing at 1100 8C in air
(Figure 2c) was performed. Then, the thermodynamically
unstable c/6 atomic steps, which could not be resolved by
AFM, bunch into visible macrosteps with heights of c–3c.[22,24]

The step orientation and miscut inclination are independently
determined from these images, thus yielding results (q = 1.9�
0.28) similar to those obtained from XRD studies. The angular
distribution of the nanotubes and macrosteps with respect to
reference marks are 108� 48 and 109� 28, respectively (see
Supporting Information for histograms). This precise coinci-
dence is a clear indication of step decoration. The apparent
reduction in SWNT height is consistent with the size of
c/6 atomic steps.

Similar experiments were performed on about twenty
samples of SWNTs grown on either side of seven different C-
plane sapphire wafers of random miscut inclinations (up to
q = 48). Some representative results are displayed in Figure 3
(see Supporting Information for comprehensive data). In all
cases, except for q< 0.58, SWNTs grow parallel to the atomic
steps and not to a particular lattice direction. The degree of
alignment correlates with the miscut inclination. However,
SWNTs grown on substrates having similar miscut inclina-
tions show better alignment when the atomic steps run along
low-index directions, such as [112̄0] (Figure 3c) or [101̄0]
(Figure 3b), than along high-index directions (Figure 3d).
This phenomenon may be attributed to the fact that straighter
steps can have a closer interaction with the SWNTs. The

density of the SWNTarrays also correlates with the value of q.
The samples with the lowest miscut inclination (Figure 3 f)
have visible atomic steps decorated by nanoparticles, but no
nanotubes. The steps could play a role in stabilizing the
catalyst nanoparticles, so that a higher density of steps leads
to a higher yield of SWNTs.

Interestingly, certain samples show kinked nanotubes
running in zigzags along two different low-index directions. In
Figure 4a, alternating long and short segments of the same

Figure 2. Comprehensive characterization of a typical sample of
aligned SWNTs on miscut sapphire. a) AFM topographic image of the
SWNTs (scale bar: 1 mm). Note the high degree of alignment and the
straight conformation of most SWNTs, beyond the persistence length
(ca. 1 mm). Polishing scratches (randomly oriented dark lines) of
approximately 1-nm depth do not affect SWNT alignment. b) Asymmet-
ric double-exposure back-reflection XRD indicating relevant low-index
directions and the resulting step vector (s). The green and red trian-
gles indicate the reference reflections arising from the first exposure
(2 h) and second exposure (1 h, after 1808 sample rotation), respec-
tively (see Supporting Information for reference XRD). The s vector is
+908 from the vector connecting the green-to-red pattern centers.
c) AFM topographic image of a piece of sample after annealing at
1100 8C (scale bar: 100 nm). The darker blue indicates lower terraces,
whose edges correspond to the c–3cmacrosteps. The inset shows a
section analysis along the red line. Note that both the s vector from
(b) and the macrosteps from (c) are parallel to the SWNTs in (a) (all
the images are displayed in the same orientation with respect to refer-
ence marks).
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SWNTs run along the [112̄0] and [101̄0] directions, respec-
tively, in accordance with their proximity to the general step
direction (a few segments along the [011̄0] and [21̄1̄0]
directions are occasionally seen too). This result can be
attributed to SWNT growth along faceted atomic steps
(Figure 4b). Since the sharp 308 kinks presumably occur
during growth, they could involve pentagon–heptagon
defects, which are an energetically favored alternative to
bending or buckling. The energy associated with pentagon–
heptagon defects was calculated to be about 7 eV,[26] whereas
the minimum strain energy required to produce a 308 buckle
in a 1-nm-dimater SWNT was estimated to be about 13 eV.[27]

Single-nanotube Raman spectra from these samples exhibit a
high intensity of D-band peaks, which indicates a significant

loss of translational symmetry, that is consistent with this
picture. Pentagon–heptagon defects are known to cause
structural changes along the SWNTs,[28] thus producing
interesting metal–semiconductor heterojunctions.[29] In addi-
tion, the right-handedness of the kinked nanotubes reveals
the chirality of the miscut substrate, which could in principle
distinguish between enantiomorphic SWNTs. A different
intriguing aspect is that faceting of vicinal a-Al2O3(0001)

Figure 3. SWNTs on miscut sapphire. Comparative analysis of repre-
sentative samples with different miscut inclination and azimuth angles
(see Supporting Information for XRD and full data table):
a) q =3.4�0.38, f=42�58 ; b) q=2.3�0.28, f=�33�58 ;
c) q=2.1�0.28, f=0�58 ; d) q =1.7�0.18, f=18�58 ;
e) q =0.4�0.28, f=�5�58 ; and f) q =0.3�0.28, f=�50�58
(image sizes are 2.5 mm, except (e), 5 mm). The vectors indicate the
relevant lattice directions and the step vector s (blue) obtained from
XRD (except in (e) and (f), where s is from AFM). Insets show AFM
topographic images of the respective annealed samples (inset scale
bars 100 nm) with macrosteps. In (f), the atomic steps are spaced
enough to be observed, and are decorated with inactive catalyst nano-
particles.

Figure 4. SWNT growth along atomic steps. a) AFM amplitude image
of kinked SWNTs growing along the [112̄0] direction (blue) with short
segments along the [101̄0] direction (red), and occasionally [21̄1̄0]
(yellow) and [011̄0] (green; image size 5 mm). The short arrows in the
respective color point to a few such segments. b) Illustration of a
(10,0)-(6,6)-(10,0) kinked nanotube along [112̄0]-[101̄0]-[112̄0].
c) Model of a 1-nm-diameter SWNT along a [112̄0] atomic step. The
color gradient represents an estimated SWNT–step electrostatic inter-
action energy per unit of nanotube length as a function of SWNT axis
position, U(x,z). This was calculated from the force exerted on a polar-
izable body by an inhomogeneous field, F = (aE·=)E. Averaging the
potential along the direction of the step and the SWNT (y) gives
U(x,z)=�12axxE

2(x,z), where axx is the transverse polarizability of the
SWNT per length[31] and E(x,z) is the local field. The latter was derived
from the unreconstructed atomic step, by summation of Coulomb
potentials from bulk Mulliken charges, averaged along the y axis and
corrected for slab edge effects by subtracting a similar potential with-
out the step. (The blue-to-red scale is 0–750 eVnm�1.)
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atomic steps has not yet been observed,[22] because of their
relatively low anisotropy energy below q = 18. The anisotropy
is expected to increase at higher miscut inclinations as a result
of step–step interactions, but could not be resolved by AFM.
Here, the decoration by SWNTs reveals a faceting that would
otherwise remain unseen.

We propose a “wake-growth” mechanism to describe the
atomic-step-templated formation of SWNTs, in which the
catalyst nanoparticle slides along the atomic step and leaves
the growing SWNT behind as a wake. This would involve
three main factors: 1) higher nanotube-surface van der Waals
(vdW) interactions near the step that result from increased
contact area; 2) electrostatic interaction between the local
electric fields created by uncompensated dipoles at the atomic
steps and the induced dipoles across the SWNTs; and
3) better wetting of the atomic steps by the Fe metal catalyst
nanoparticles, because of capillarity and higher coordination.
The vdW contribution to the interaction energy per unit of
nanotube length can be theoretically extrapolated from
previous calculations on Si surfaces (2.2 eVnm�1),[30] by
assuming proportionality with the substrate polarizability[31]

and a Clausius–Mossotti relation,[31] which yields 1.4 eVnm�1

on SiO2 and 2.2 eVnm�1 on a-Al2O3 surfaces. This small
difference cannot account for the results in Figures 1a and b.
Moreover, the lack of alignment by the approximately 1-nm-
deep polishing scratches (Figure 2a) suggests that vdW
interactions may not be the only aligning factor. On the
other hand, electrostatic interactions may be especially high
as a result of the ionic character of a-Al2O3. The electrostatic
nanotube–step interaction was modeled, as a first approx-
imation, by applying theoretical SWNT polarizabilities[32] and
a Coulomb potential near an unreconstructed step (Fig-
ure 4c). This electrostatic interaction is about 50 eVnm�1 at a
reasonable vdW distance (0.34 nm) from the step. Although
this remarkable value should be diminished by surface
relaxation and reconstruction, it may still significantly
account, along with vdW forces, for the strong SWNT–
Al2O3 interaction compared to that of SWNT–SiO2 (Figur-
e 1a,b), as well as for the high degree of nanotube alignment
along the atomic steps.

The present study shows that atomic-scale surface fea-
tures can direct the orientation and conformation, and
possibly also the structure, of single-wall carbon nanotubes.
The direction and morphology of the atomic steps can be
macroscopically controlled in the crystal cutting process by
two degrees of freedom, namely the miscut inclination q and
azimuth f. Although the nanotubes are not yet regularly
spaced, the atomic steps are. Therefore, an improved catalyst
should in principle be able to yield periodic arrays of SWNTs
with controllable spacing. Lastly, step-templated assembly
may not be limited to carbon nanotubes and vicinal surfaces,
but could be generally applicable to other axial-growth
nanowires as well as to other controllable surface defects,
such as etch pits, grain boundaries, and screw dislocations.
This will enable new strategies for the large-scale fabrication
of nanoscale devices from the bottom up.
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Pd-Catalyzed Cyclizations

Direct Oxidative Heck
Cyclizations: Intramolecular
Fujiwara–Moritani Arylations for
the Synthesis of Functionalized
Benzofurans and
Dihydrobenzofurans**

Haiming Zhang, Eric M. Ferreira, and
Brian M. Stoltz*

Over the past two and a half decades, the
intramolecular Heck reaction has proven to
be an integral process for the formation of
C�C linkages in the synthesis of complex
molecules.[1] While the reaction provides
desirable products by the coupling of an aryl
or vinyl halide with an olefin by extrusion of
the hydrohalic acid, the overall process
involves two discrete functionalization
events: 1) halogenation of an aryl or vinyl
precursor and 2) palladium(0)-catalyzed
C�C bond formation (Scheme 1a). A
potentially more efficient process would
involve oxidative coupling of an unfunction-
alized arene directly with an olefin, thus
obviating the necessity for prehalogenation
of the substrate (Scheme 1b). Although the
intermolecular version of this reaction was
discovered in 1967 by Fujiwara and Mor-
itani,[2] subsequent studies have largely
focused on couplings of benzene with acti-
vated olefins (e.g., acrylate esters).[3] In fact,
the direct intramolecular oxidative arene/
olefin coupling (i.e., oxidative Heck cycliza-
tion[4]) has not been studied thoroughly.[5]

In the course of our efforts to develop
palladium(ii)-catalyzed dehydrogenation as
a general oxidation method,[6,7] we recently
described the catalytic oxidative cyclization
of unsaturated indoles to give annulated
derivatives (Scheme 1c).[8] Our studies
determined that the indole cyclization

mechanism most likely involves initial arene palladation
with subsequent olefin insertion and b-hydrogen elimina-
tion.[9] Importantly, this mechanism is analogous to that of the
Heck cyclization, since a similar aryl–PdII species is believed
to be the key intermediate in both processes; however, the
new process is oxidative due to the initial C�H bond
functionalization event and net dehydrogenation of the
substrate. Furthermore, since Pd0-mediated oxidative addi-
tion to electron-rich aryl halides is typically slower than that
to electron-poor arenes,[10] this direct oxidative process
(initiated by electrophilic palladation by PdII) is complemen-
tary to the Heck technology. We envisioned that electron-rich
arenes other than indoles could participate in such oxidative
cyclizations with unactivated olefins under similar catalysis.

Scheme 1. a) A generalized Heck cyclization (note that the halide must be installed in a dis-
crete step). b) A generalized Fujiwara–Moritani/oxidative Heck cyclization. c) An example of
an indole annulation by oxidative arene–olefin cyclization.[8]

Table 1: Screening of oxidants for the intramolecular oxidative Heck cyclization.[a]

Entry Oxidant
[1 equiv]

Yield [%][b] Entry Oxidant
[1 equiv]

Yield [%][b]

1 O2 (1 atm) 56 5 Tl(OCOCF3)3 <10
2 benzoquinone 62 6 K2S2O8 30
3 Cu(OAc)2 31 7 H2NC(S)NH2 <10
4 AgOAc 29 8 PhCO3tBu 42

[a] All reactions were carried out with 0.10 mmol 1, 10 mol% Pd(OAc)2 (0.01 mmol), 40 mol%
ethyl nicotinate (0.04 mmol), and 0.10 mmol or 1 atm oxidant in 1.0 mL 4:1 tAmOH:AcOH
(0.1m in substrate). [b] Yield determined by gas chromatography.
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Herein, we report a direct method for the synthesis of
benzofurans and dihydrobenzofurans by palladium-catalyzed
intramolecular Fujiwara–Moritani/oxidative Heck reac-
tions.[11, 12]

In order to test the viability of applying the intramolecular
oxidative Heck cyclization to a nonindolic system, we
prepared allyl phenyl ether 1 by alkylation of the correspond-
ing phenol. Ether 1 was subjected to our optimized conditions
for the aforementioned indole cyclization in the presence of a
variety of stoichiometric oxidants (Table 1). We were grati-
fied to observe that in the presence of a range of oxidants,
ether 1 cyclized to give benzofuran 2 at 80 8C, presumably by
palladium-catalyzed C�C bond formation and b-hydride
elimination, followed by isomerization of the olefinic product
to the thermodynamically more stable benzofuran. As we
observed for indole cyclization, it was found that molecular
oxygen was a competent stoichiometric oxidant for the
cyclization 1!2. However, in the case at hand, benzoquinone
provided the highest yield of 2 (62% yield by GC) and thus
was used for further optimization.
Having found benzoquinone to be the optimal oxidant in

the cyclization 1!2, we examined the other parameters in the
process (Table 2).[13] It was found that a 1:2 ratio of Pd:ethyl
nicotinate was ideal (entries 1–4) and that inclusion of a
substoichiometric amount of NaOAc (20 mol%) provided
increased yields (entries 5 and 6). Finally, increasing the

temperature to 100 8C led to optimal results, providing
benzofuran 2 in 77% yield after 12 h (entry 7).

Table 2: Optimization studies for the intramolecular oxidative Heck
cyclization.[a]

Entry Ethyl nicotinate
[mol%]

NaOAc
[mol%]

T [8C] t [h] Yield [%][b]

1 40 – 80 24 62
2 20 – 80 24 66
3 10 – 80 24 59
4 0 – 80 24 55
5 20 100 80 24 70
6 20 20 80 24 74
7 20 20 100 12 80 (77)[c]

8 20 20 120 12 67

[a] All reactions were carried out with 0.10 mmol 1, 10 mol% Pd(OAc)2
(0.01 mmol), 0–40 mol% ethyl nicotinate (0–0.04 mmol), 0–0.10 mmol
NaOAc, and 0.10 mmol benzoquinone in 1.0 mL 4:1 tAmOH:AcOH
(0.1m in substrate). [b] Yield determined by gas chromatography.
[c] Yield of isolated product in parentheses.

Table 3: Oxidative benzofuran synthesis.[a]

Entry Substrate Product t [h] Yield [%][b]

1
2
3

R=Me
R=Et
R= n-C5H11

12
12
13

77
74
72

4 12 62

5 14 54

6 12 61

7
8

R=Me
R=Et

14
12

75
79

9 12 61

10 16 56[c]

11 16 52[c]

[a] All reactions were carried out with 0.50 mmol substrate, 10 mol% Pd(OAc)2 (0.05 mmol), 20 mol% ethyl nicotinate (0.10 mmol), 0.10 mmol
NaOAc, and 0.50 mmol benzoquinone in 5.0 mL 4:1 tAmOH:AcOH (0.1m in substrate) at 100 8C. [b] Yield of isolated product. [c] Produced as a
single regioisomer.
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With a viable oxidative cyclization to produce benzofuran
2 in hand, we set out to explore the generality of the
transformation. As shown in Table 3, the scope of the
oxidative benzofuran synthesis is quite broad, leading to
highly substituted products by selective ortho reactivity. The
methodology is currently limited to the use of electron-rich
arenes; however, the aryl subunit tolerates several alkoxy and
alkyl groups and substitution patterns. Likewise, the allylic
portion may be functionalized at both the proximal and distal
positions relative to the ether linkage with a variety of groups
(e.g. alkyl, aryl, functionalized alkyl).
We next investigated the feasibility of synthesizing

quaternary carbon-containing dihydrobenzofurans by
employing tri- and tetrasubstituted olefins in the process to
avoid olefin isomerization after the cyclization step. As shown
in Table 4, an array of highly functionalized dihydrobenzo-
furan derivatives can be synthesized in good yields with as
little as 5 mol% Pd(OAc)2 (Table 4, entry 2).

[14]

In order to probe the mechanism of these carbocycliza-
tions, we prepared substrate 3 and subjected it to the oxidative
cyclization conditions (Scheme 2). Cyclization of this sub-
strate can distinguish between two mechanistically distinct
pathways (Scheme 2, A and B) by formation of diastereo-
meric products (i.e., either 4 or 5). Specifically, a mechanism

proceeding by means of olefin activation, anti nucleophilic
attack of the arene on the Pd p complex, and syn b-hydride
elimination (Scheme 2, pathway A) can be differentiated
from one involving aryl-palladation, syn olefin insertion, and
syn b-hydride elimination (Scheme 2, pathway B). Under our
standard reaction conditions, ether 3 cyclized to produce a
diastereomerically pure product in 60% yield, which was
determined to be dihydrobenzofuran 5 by 1H NMR NOE
experiments.[15] The outcome of this mechanistic study
suggests that pathway B is operative and that C�H bond
functionalization precedes olefin insertion and b-hydride
elimination.[16] Additionally, this reaction demonstrates that
quaternary carbon stereocenters can be generated diastereo-
selectively, by chirality transfer, from a tertiary carbon center.
In summary, we have developed a method for intra-

molecular oxidative C�C bond formation that relies on PdII
catalysis to access electron-rich, highly substituted benzo-
furan and dihydrobenzofuran derivatives. These oxidations
produce important heterocyclic ring systems[11] by direct C�H
bond functionalization of the aromatic ring and cyclization
with unactivated olefins. Based on mechanistic insight (i.e. the
proposed intermediacy of an aryl PdII species), we have
illustrated the analogy of such oxidative carbocyclizations to
the corresponding intramolecular Heck reaction, and we thus

Table 4: Oxidative dihydrobenzofuran synthesis.[a]

Entry Substrate Product t [h] Yield [%][b]

1
2[c]

R=H
R=Me

16
12

74
71

3 30 58[d]

4 28 55

5 15 74[e]

6
7

n=1
n=0

24
18

80
78

8
9

R=H
R=Me

15
15

50
63

10
11

R=H
R=Me

15
15

60
66

[a] All reactions were carried out with 0.50 mmol substrate, 10 mol% Pd(OAc)2 (0.05 mmol), 20 mol% ethyl nicotinate (0.10 mmol), 0.10 mmol
NaOAc, and 0.50 mmol benzoquinone in 5.0 mL 4:1 tAmOH:AcOH (0.1m in substrate) at 100 8C. [b] Yield of isolated product. [c] Performed with
5 mol% Pd(OAc)2 and 10 mol% ethyl nicotinate. [d] An inseparable mixture of roughly 66% product (E/Z=3:1) and 10% starting material was
isolated after 18 h. This mixture was subjected to another reaction with 5 mol% Pd(OAc)2, 10 mol% ethyl nicotinate, 20 mol% NaOAc , and 50 mol%
benzoquinone in 4:1 tAmOH:AcOH (0.1m) for 12 h after which only the E isomer was observed. The yield presented is the overall yield of isolated
product. [e] A 2.3:1 mixture of diastereomers was isolated with the major isomer shown.
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classify these transformations as Fujiwara–Moritani/oxidative
Heck cyclizations. Furthermore, this methodology may be
considered orthogonal to the traditional Heck reaction in that
highly electron-rich arenes may be employed directly. In
certain cases, halogenated derivatives of such arenes may be
difficult to access selectively or may have undesirably low
reactivity toward Pd0 catalysts. While the method is currently
limited to the synthesis of five-membered ring ethers, the
utilization of the oxidative Heck cyclization for the synthesis
of complex molecules and the demonstration of its orthogon-
ality to the Heck reaction should help to further elucidate the
scope; these remain primary goals of our laboratory.[17]
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the reaction of a 1-allyloxynaphthalene derivative, has been
observed under our conditions.

[15] In addition to 5, a small amount of starting ether 3 was isolated.
No other isomeric products were observed in the reaction.

[16] A similar observation was made in our studies directed toward
the oxidative annulation of indoles.[8]

[17] We recently utilized an oxidative C�C bond-forming reaction as
a key step for the total synthesis of the marine alkaloid
dragmacidin F, see: N. K. Garg, D. D. Caspi, B. M. Stoltz, J.
Am. Chem. Soc. 2004, 126, 9552 – 9553.
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Single-Molecule Conductance

Changes in the Conductance of Single Peptide
Molecules upon Metal-Ion Binding**

Xiaoyin Xiao, Bingqian Xu, and Nongjian Tao*

As the field of silicon-based microelectronics attempts, with
difficulty, to head towards the nanoscale, the construction of
electronic devices with individual molecules becomes an
attractive alternative[1] and has stimulated a recent surge of
interest in the study of the electronic properties of single
molecules.[2,3] As well as displaying excellent electronic
properties, single molecules can also recognize other mole-
cules through specific binding interactions, which is some-
thing that current silicon-based technology is unable to offer.
This capability of molecular recognition is used with aston-
ishing accuracy and efficiency in biological systems and serves
as an important design principle for chemical and biological
sensors. Various molecular recognition processes have been
studied and applied to sensor applications, but most methods
to date measure an optical, electrochemical, or mechanical
signal that arises from a large number of molecules.[4–8] Herein
we demonstrate that the binding of a guest species onto a
single host molecule can be studied electrically by wiring the
host molecule to two electrodes. The measurement of
electron-transport processes through a single molecule also
allows the rectification properties of asymmetric host mole-
cules and host–guest complexes to be studied.

Peptides were chosen as the host molecules because of the
unlimited choice of different sequences that can be tuned to
obtain optimal binding strength and specificity for a metal
ion—our chosen guest.[7] Four peptides were studied, cyste-
amine-Cys, cysteamine-Gly-Cys, Cys-Gly-Cys, and cystea-
mine-Gly-Gly-Cys (Cys= cysteine, Gly= glycine), which
each have two thiol termini that can form reproducible
contact to Au electrodes for electrical measurement. These
peptides were expected to bind transition-metal ions, such as
Cu2+ and Ni2+, specifically through deprotonated peptide
bonds.[9] The binding configuration and the binding constant
are sensitive to the pH of the peptide local environment. To
form the most stable metal–peptide complexes and also to
avoid the precipitation of metal hydroxides on the Au
electrodes, the pH of the solution was maintained at 8 and 9
for Cu2+ and Ni2+, respectively. Under the experimental
conditions, the metal ions and the peptides were expected to
form mainly 1:1 metal-to-ligand complexes. For cysteamine-
Cys, cysteamine-Gly-Cys, and Cys-Gly-Cys, the peptide bonds
are completely deprotonated so the number of deprotonated
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peptide bonds is 1, 2, and 3, respectively, whereas for
cysteamine-Gly-Gly-Cys, the number of deprotonated bonds
is 2 or 3.[10]

To reliably measure the conductance of a single mole-
cule,[11–15] we used two complementary approaches. The first
was a statistical approach, which has been described in detail
elsewhere.[16, 17] Briefly, individual molecular junctions were
created by repeatedly moving an Au scanning tunneling
microscope (STM) tip into and out of contact with an Au
substrate in a solution that contained the sample molecules
(1 mm, pH� 8, Figure 1a). The process was controlled by a
feedback loop that started by driving the electrode into
contact with the substrate by using a piezoelectric transducer
(PZT). Once the contact was established, the feedback loop
activated the PZT to pull the electrode out of contact. After
breaking the contact, a series of steps appeared in the
conductance that signaled the formation of the molecular
junctions (Figure 1b for cysteamine-Gly-Cys). The conduc-
tance steps correspond to the breakdown of the contact of
individual molecules to the electrodes.[18] When the last
molecule was broken, we then repeated the above process to

quickly obtain a large number of conductance curves. The
histogram of the conductance curves exhibit well-defined
peaks that are located at integer multiples of a fundamental
conductance value, which is identified as the conductance of a
single molecule (Figure 1c). The first peak for cysteamine-
Gly-Cys is located at 4.2 ? 10�6G0 (G0 = 2e2h�1� 77 mS),
which gives a conductance of � 0.3 nS or a resistance of
� 3 GW. This statistical approach has allowed us to determine
the single-molecule conductivity values for a variety of
systems,[16, 17,19] but important features associated with the
individual molecular junctions may be lost. For example, the
current–voltage (I–V) curve in the statistical approach is
assembled from the positions of the peaks in the conductance
histograms, which are obtained at different bias voltages and
which smears out possible rectification behavior of asymmet-
ric peptides. To overcome this difficulty, we used a second
approach, which is similar to the break-junction method,[11] to
measure the I–V characteristics of the peptides in this work.
First, the Au tip was brought into contact with the substrate
and then the tip was gently pulled out of contact by
controlling the PZT whilst the conductance was measured
continuously. Once the conductance dropped to the last step,
which corresponds to the formation of a single molecule
bridged between the electrodes, the position of the tip was
fixed and I–V curves were measured.

Figure 2, a–c, shows the I–V curves obtained for three of
the peptide sequences. The slopes of the I–V curves near zero
bias voltage give the conductance values of these peptides,
which agree with the conductance values extracted from the
conductance histograms. The most striking feature shared by
all the peptides is asymmetry in the I–V curves. For clarity,
only the I–V curves with the same polarity (i.e. the current at
negative bias is greater than the current at positive bias) are
shown in Figure 2. In reality, the polarity of the asymmetric
I–V curves varies from one junction to another owing to the
random orientation of the molecules in these individual
molecular junctions. Rectification behavior in peptides is
expected because of the asymmetry and the electric dipoles of
the molecules. In a control experiment, I–V curves were
measured for 1,8-octanedithiol, which gave rather symmetric
curves (Figure 2d). Rectification is one of the most actively
pursued goals in molecular electronics because of its potential
application in molecular diodes.[1] Reichert et al. reported
asymmetric I–V curves for asymmetric molecules by using a
break-junction method.[11] Early observation of rectification
behavior in a molecular system was observed on a Langmuir–
Blodgett film of molecules that contained donor and acceptor
groups.[20] More recently, Whitesides and co-workers demon-
strated rectification behavior in a molecular junction, which
involved two molecular layers sandwiched between silver and
mercury electrodes.[21] In general, the observation of rectifi-
cation requires asymmetric molecular junctions.[22–24]

The binding of Cu2+ to each of the peptides, which were
self-assembled on the gold substrate, was studied by the
introduction of Cu2+ (2 mm) into NaClO4 (0.1m) and adjust-
ment of the pH to 8 with NaOH at which value Cu2+ is
expected to bind to the peptides.[10, 25] Figure 3 shows the
conductance curves of cysteamine-Gly-Gly-Cys during the
formation of individual molecular junctions in the absence

Figure 1. a) Schematic illustration of a molecular junction formed by
the separation of two electrodes (PZT=piezoelectric transducer);
b) several typical conductance curves of cysteamine-Gly-Cys during the
stretching of the molecular junctions; c) conductance histogram con-
structed from over 500 individual conductance curves.
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(Figure 3a) and presence (Figure 3b) of Cu2+. The last
conductance steps in these curves correspond to the forma-
tion of single molecule junctions. The conductance steps of
the peptide occur at values
that are two orders of mag-
nitude higher in the pres-
ence of Cu2+ ion than those
in the absence of Cu2+ ion
which shows that the Cu2+

binding event drastically
changes the conductance of
the peptide. From the corre-
sponding conductance histo-
grams (Figure 3, a and b,
insets), conductance values
of the peptide and the pep-
tide–Cu2+ complex are
5x10�7 and 1.6x10�4 G0,
respectively. A typical I–V
curve of the peptide com-
plex is shown in Figure 3d
which is also asymmetric,
but its slope (conductance)
near zero bias voltage is
much greater than that of
the peptide itself (Fig-
ure 3c).

Cyclic voltammetry
measurements were also
made on an Au substrate,
which was coated with mon-
olayers of the peptides,
before and after exposure
of the substrate to Cu2+.
Pronounced redox peaks

after exposure to Cu2+ were observed. As
shown in Figure 4, the quasi-reversible peaks
around 160 mV (half of the sum of the
potentials of the anodic and cathodic peaks)
correspond to Cu2+/Cu+ redox processes,
which is in agreement with a similar Cu–
peptide complex,[26] and confirms the forma-
tion of the Cu–peptide (deprotonated) com-
plex. Previous cyclic voltammetry studies also
reported such redox process for Cu2+–digly-
cine and Cu2+–triglycine complexes, but at
potentials below �200 mV.[27,28] The positive
shift of the redox potential may arise from
surface adsorption.[26, 29] No other redox fea-
tures were observed which indicates the
absence of Cu2+ ions that are simply coordi-
nated with carboxyl or amine groups.[30,31]

This is reasonable because all of the peptides
studied here are flexible so they can fully use
their binding sites. As a result, the complexes
have high binding constants at pH 8. In a
further control experiment, after conduc-
tance measurements of solutions of the free
peptide and Cu2+–peptide complex, respec-

tively, we acidified the solutions with HClO4 (10 mm) to
pH� 2 and again measured the conductance values of the
substrates. As expected, the conductance of the single

Figure 2. Asymmetric I–V curves of a) cysteamine-Gly-Cys, b) Cys-Gly-Cys, and c) cysteamine-Gly-Gly-
Cys; I–V data which were determined from conductance histograms for cysteamine-Gly-Cys are also
shown (&); d) symmetric I–V curves of symmetric 1,8-octanedithiol.

Figure 3. Individual conductance curves of cysteamine-Gly-Gly-Cys a) before and b) after binding to Cu2+; the
insets show the conductance histograms. I–V curves of cysteamine-Gly-Gly-Cys c) before and d) after binding
to Cu2+.
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molecule complex returned to the value
found for the free peptide, an indication of
the dissociation of Cu2+–peptide complex in
acidic solution.

The binding of different metal ions, such
as Na+, K+, Cu2+, Ni2+, and Zn2+ to the
different peptides in similar ways were also
investigated. For Na+ and K+ ions, no
changes in the conductance of the peptide
were observed, which is expected because
these ions do not bind to peptides. In the
case of Zn2+, a small increase in the con-
ductance of the longest peptide was
observed, which may be due to the weak Zn–peptide binding.
However, the peaks in the conductance histograms for the
Zn2+–peptide complex are not well-defined and prevented
further more-quantitative studies. The changes in the con-
ductance upon the binding of Cu2+ and Ni2+ ions are rather
dramatic, and the results are summarized in Table 1. The
binding of the metal ions to the peptides increases the
conductance, but the magnitude of the increase depends on
the length and the sequence of the peptides as well as on the
nature of the metal ions. For example, the change in the
conductance is only � 10% for the shortest peptide, cyste-
amine-Cys, and � 300 times for cysteamine-Gly-Gly-Cys. The
change in the metal-ion-binding-induced conductance also
depends on the sequence of the peptides. Cysteamine-Gly-
Cys and Cys-Gly-Cys have the same length, but the binding of
Cu2+ changes the conductance of the two peptides by 2 and 4
times, respectively. This dependence on the sequence may be
attributed to the difference in the number of Cu2+ ion binding
sites in the two peptides (2 in cysteamine-Gly-Cys and 3 in
Cys-Gly-Cys). The binding of Ni2+ ions to the peptides also
increases the conductance of the peptide but by a smaller
amount than Cu2+ ions. This difference between the binding
of Cu2+ and Ni2+ ions shows that the measurement of
conductance can be used to distinguish different metal ions
with similar binding configurations to a host molecule.

The binding of a metal ion to a peptide changes the
conductance of a peptide in several ways. First, it affects the
charge distribution of the peptide owing to the presence of the
metal ion and the associated deprotonation of the peptide
bonds. We recently observed that a change in the charge
distribution of peptides can indeed change the conductance
through a change in the tunneling barrier for the electrons,
but the effect alone is usually small.[19] Furthermore, the effect
of charge distribution cannot easily explain the sensitive
dependence of the conductance of the metal-ion–peptide
complex on the length of the peptide. Second, the presence of
metal ions introduces new energy levels along the electron-
transport pathway which may dramatically enhance the
electron transport through a resonant tunneling effect.[32–36]

Cyclic voltammograms indicate that the redox levels of Cu2+–
peptide complexes are closer to the Fermi energy levels of the
electrode than those of corresponding Ni2+–peptide com-
plexes. This seems to explain the different changes induced by
Cu2+ and Ni2+ in the conductance of the peptides. However,

like the charge distribution model, this metal-ion-induced
resonant tunneling mechanism alone cannot easily explain the
sensitive dependence of the conductance of the metal-ion–
peptide complex on the length of the peptide. Finally, the
binding of a metal ion to a peptide can significantly change
the conformation of the peptide. As we discussed in the
previous sections, metal ions, under the experimental con-
ditions, have a tendency to coordinate to all of the peptide
binding sites which thus forces the peptide to adapt a new
conformation (illustrated in Figure 3). This has been observed
by X-ray crystallographic measurements and supported by
other experimental data.[37,38] As the binding process does not
significantly change the bond lengths and angles of the
peptide bonds, one may argue that the conformational change
should not change the conductance if electron transport
through the peptide backbone is considered as the dominant
conduction pathway.[39] However, the electrons may be trans-
ported through the chelate bonds, mediated by the metal ion,
and thus provide a new pathway for electron transport. As the
amount of conformational change increases with the peptide
length, the metal-ion-mediated transport pathway is more
efficient than the peptide backbone pathway for long
peptides. On the basis of these considerations, we believe
that the dominant mechanism for the observed changes in the
conductance arises from conformational change together with

Figure 4. Cyclic voltammogram (vs. Ag/AgCl) of a (Cys-Gly-Cys)-modi-
fied electrode before (c) and after (a and g) exposure to cop-
per(ii) solution recorded in Cu2+-free buffer solution (pH�8). Cu2+

was accumulated at the (Cys-Gly-Cys)-modified electrode at open cir-
cuit for 10 min and then removed. Sweep rates: c and a :
100 mVs�1; g : 500 and 1000 mVs�1.

Table 1: Effects of the binding of metal ions (Cu2+ and Ni2+) on the conductance of peptides of various
lengths and sequences.

Peptide No. of Conductance of Conductance of Conductance
binding sites peptide [G0] peptide–ion complex [G0] ratio

Cysteamine-Cys 2 1.8I10�4 1.9I10�4 (Cu2+) �1
Cysteamine-Gly-Cys 3 4.2I10�6 9.1I10�6 (Cu2+) 2.2

6.5I10�6 (Ni2+) 1.5
Cys-Gly-Cys 4 5.3I10�6 2.3I10�5 (Cu2+) 4.3
Cysteamine-Gly-Gly-Cys 4 5.0I10�7 1.6I10�4 (Cu2+) 320

6.0I10�5 (Ni2+) 120
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metal-ion-mediated tunneling, although effects such as
changes in charge distribution may also play a role.

In conclusion, the conductance and I–V characteristics of
single peptide molecules covalently bound to two Au electro-
des have been measured. The I–V curves are highly asym-
metric, which reflects the asymmetric structures and electric
dipoles of the peptides. Upon binding of metal ions, the
conductance of the peptides increases by an amount that
depends on the sequence and length of the peptides. This
work demonstrates a method to study molecular recognition
on a single-molecule level.
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Magnetic Clusters

Polycationic Mn12 Single-Molecule Magnets as
Electron Reservoirs with S> 10 Ground States**

Eugenio Coronado,* Alicia Forment-Aliaga,
Alejandro Gaita-Ari�o, Carlos Gim�nez-Saiz,
Francisco M. Romero,* and Wolfgang Wernsdorfer

Magnetic clusters with a large-spin ground state and a
significant magnetic anisotropy may develop a potential-
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energy barrier for reversal of the direction of magnetization.
At low temperatures, the spin of a single cluster can be
permanently magnetized in the direction of the applied
field.[1] Switching off the field leads to typical magnetic
relaxation phenomena and hysteresis loops are observed.
Magnetic clusters of this kind are called single-molecule
magnets (SMM). These systems provide a remarkable
example of macroscopic quantum tunneling,[2] but their
interest lies also in their possible application as nanomagnetic
devices.

A well-known type of SMM is the family of dodeca-
nuclear manganese complexes (Mn12) of formula
[Mn12O12(O2CR)16(H2O)4].

[3,4] These mixed-valence com-
pounds contain four MnIV centers and eight MnIII centers
that are exchange-coupled to give a large-spin ground state
(S = 10). The axially distorted MnIII centers provide the
source for magnetic anisotropy and are also involved in the
redox activity of the system. They can easily undergo
reduction to MnII, so that the neutral Mn12 species can be
transformed into the corresponding SMM Mn12

� and Mn12
2�

ions with spin ground states S = 19/2, 21/2 and S = 10,
respectively.[5,6] A modification of the magnetic behavior of
the system is observed when these anions are combined with
appropriate cations (paramagnetic and/or redox-active).[7,8] In
this context, we have recently developed a strategy to
synthesize and characterize polycationic Mn12 SMMs bearing
16 quaternary ammonium substituents in the periphery[9] by a
carboxylate-exchange reaction between the acetate precursor
[Mn12O12(O2CCH3)16(H2O)4] (Mn12Ac) and tributylammo-
nium salt ZHPF6.

The redox behavior of Mn12 derivatives is strongly
correlated to the electron-withdrawing ability of the carbox-
ylate ligands located in the periphery.[5b] A shorter separation
between the cations and the Mn12O12 core should result in
more stable reduced forms, as a result of the strong inductive
effect caused by the cationic shell. We thus turned our
attention to betaine hexafluorophosphate salt (betHPF6) as
the incoming carboxylic acid in the synthesis of [Mn12O12-
(bet)16(EtOH)4](PF6)14·4CH3CN·H2O (1), a two-electron
reduced polycationic single-molecule magnet.

Complex 1 crystallizes in the centrosymmetric P2/c space
group.[10] . The structure of the Mn12O12 core (Figure 1) is
similar to that found in all Mn12 derivatives and comprises a
central Mn4O4 cubane core surrounded by a nonplanarMn8O8

ring held together with m3-oxo bridges. Peripheral bridging is

ensured by sixteen h2-m-carboxylate anions which provide a
positive charge of z =++ 16 per cluster. The high charge is
partially compensated by the presence of 14 hexafluorophos-
phate anions in the crystal lattice. Electroneutrality can thus
be achieved if the Mn12 molecules are considered as two-
electron reduced species. Bond valence sum (BVS) calcula-
tions[11] (see Supporting Information) were performed to
confirm this hypothesis. The structures of the central cubane
units compare well with previous results and are characteristic
of MnIV centers. Half of the manganese ions located in the
Mn8 rings (Mn3 and Mn5) are clearly MnIII centers and
exhibit Jahn–Teller distortion, with the anisotropy axes lying
almost perpendicular to the mean plane of the cluster.[12] The
four remaining coordination sites (Mn4, Mn6, and their
symmetry equivalents) do not show axial distortion and
exhibit longer Mn�O bonds, which indicates partial reduction
to MnII. These four Mn atoms are in a + 2.5 oxidation state
according to BVS analysis. Interestingly, one of these
Mn atoms (Mn6) is coordinated to two ethanol molecules
located in axial positions. This arrangement yields four
ethanol molecules per Mn12 species distributed in a “trans”
(0:2:0:2) arrangement as a result of the local C2 symmetry of
the cluster. The polycations exhibit a propeller-like arrange-
ment of the equatorial betaine ligands around the Mn8 ring.
All the magnetic clusters have the same orientation in the
crystal lattice, with their symmetry axis situated parallel to the
crystallographic y axis. Hexafluorophosphate anions and
solvent molecules fill the intercluster space.

AC magnetic susceptibility measurements of 1 were
performed at different frequencies on crystals dried under
vacuum and dispersed in oil. Figure 2a shows the temperature
dependence of c’T, where c’ is the real part of the AC molar
magnetic susceptibility. The plateau observed in the 5–8 K
range (68–69 emuKmol�1) lies considerably above the typical
values (45–50 emuKmol�1) found for other Mn12 compounds
and is close to the expected value for an S = 11 ground state
(66 emuKmol�1). Frequency-dependent out-of-phase signals

Figure 1. View along the b axis (ORTEP, ellipsoids are set at the 50%
probability level) of the Mn12 polycation of 1 showing the propeller-like
arrangement of the equatorial ligands (axial betaines and disordered
EtOH molecules are omitted for clarity).
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with very broad maxima in the 2–4 K range were observed
(see Supporting Information), which indicates partial desol-
vation of the sample. Measurements on wet samples (Fig-
ure 2b) afforded better results, and the presence of well-
defined maxima in the 2–3 K range was confirmed. An
effective energy barrier Ueff = 34 K for reversal of the
magnetization was determined from the frequency depend-
ence of these maxima. The out-of-phase AC results are similar
to those obtained for (PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4]
(2), the only two-electron reduced Mn12 species reported to
date,[6b] and clearly support a reduced state for 1. Upon
reduction, some of the anisotropic MnIII ions become MnII,
and the intrinsic energy barrier for reversal of the spins is
lowered compared to neutral Mn12 molecules. The c’’(T)
maxima are then shifted to lower temperatures. A novel
aspect of this work is that, whereas 2 seems to have the same
S = 10 ground state as its neutral analogue, two-electron
reduction results in a higher-spin ground state S = 11. This
result is consistent with the usual spin topology of the cluster
(spins of the Mn4O4 cubane core oriented antiparallel to the

spins of the Mn8 ring) determined by the strong MnIV–MnIII

antiferromagnetic coupling mediated by the double m-oxo
bridge.

To verify this hypothesis, DC magnetization data were
collected at H = 0.1–5 T at different temperatures between 2
and 5 K (Figure 3). A spin Hamiltonian including a Zeeman

term and axial and quartic zero-field splitting was used to fit
the isofield data.[13] The value of the zero-field splitting
parameter (D =�0.22 cm�1), obtained by assuming an S = 11
ground state, compares well with the existing data for doubly
reduced species.[6b] This value gives an activation energy E =

M2
SD = 38 K, which is higher than the effective energy barrier

obtained from the AC data (Ueff = 34 K). This difference
points to the presence of quantum tunneling through the
barrier.

Low-temperature magnetization measurements were per-
formed on single crystals of 1 down to 0.04 K. The applied
field was set parallel to the experimentally observed easy axis
of magnetization. The SMM character of the sample was
confirmed by the observation of hysteresis loops in the 1.6–
0.25 K range that are strongly temperature dependent
(Figure 4) and field sweep rate dependent (not shown). In
contrast to the situation found in most Mn12 derivatives,
hysteresis was only observed below 2 K, a fact that correlates
with the decrease of the energy barrier that occurs upon
reduction. The magnetization is saturated down to zero field,
which indicates a well-defined spin ground state. Quantum
tunneling of the magnetization is evidenced by the observa-
tion of temperature-independent loops below 0.25 K that
remain strongly dependent on the field-sweep rate. Quantum
steps are observed with regular spacings of 0.24 T magnetic
field. This yields a jD j parameter of 0.23 cm�1 that matches
the value obtained from magnetization measurements. The
smearing of the quantum steps at high temperatures and/or
low magnetic fields can be interpreted in terms of a
distribution of energy barriers. This has been confirmed by

Figure 2. a) Thermal variation of the product of c’T of 1 with tempera-
ture (in-phase component) at different frequencies. b) Temperature
dependence of the out-of-phase c’’ component. a.u.=arbitray units.

Figure 3. Plots of reduced magnetization M versus H/T for 1 at differ-
ent field strengths H. The isofield lines are least-squares fits to the
data according to ref. [13]. The best-fit values for the different parame-
ters are S=11, g =2.05, D =�0.22 cm�1, B0

4 =0.41J10�4 cm�1.
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relaxation measurements and is another indication of possible
crystal defects subsequent to solvent losses.

The unusual oxidation state of this polycationic Mn12

compound is related to the strong electron-withdrawing
ability of the trimethylammonium groups. Note that betaine
hydrochloride has a very low pKa value of 1.8, compared with
the value for acetic acid (4.76). This electron-accepting
character pushes the first and second reduction potentials of
1 to more positive values relative to most Mn12 compounds, as
has been observed for the dichloroacetic acid derivative 2
with pKa = 1.29. The differential pulse voltammogram (DPV)
of 1 exhibits first and second reduction waves at E = ++ 0.49
and + 0.21 V (versus ferricinium/ferrocene couple), respec-
tively. A third quasi-reversible reduction signal appears at
�0.72 V (see Supporting Information). Thus, the stability
range of the two-electron reduced species is extremely wide
(ca. 1 V!) as compared with previous examples.

An interesting feature is that all of the reported syntheses
of Mn12 reduced species employ iodide as reductant. It is
possible that ethanol plays this role in the present example as
manganese oxides are common reagents for the oxidation of
alcohols.[14] Also, coordination of ethanol to the Mn12 core is
unprecedented, and suggests further studies in which the
nature of the ligands that occupy the four “water sites” is
changed. Finally, preliminary results show that the polyca-
tionic compound 1 with an S = 11 ground state opens the way
to the preparation of a variety of crystalline SMM salts by
simple metathesis reactions, and that it is a useful precursor
for the deposition of these magnetically active entities onto
metal and metal oxide surfaces.

Experimental Section
All chemicals and solvents were used as received.
[Mn12O12(O2CCH3)16(H2O)4] (Mn12Ac16) was prepared as previously
described.[15]

betHPF6: A solution of potassium hexafluorophosphate (5.4 g,
2.93 mmol) in hot water (33 mL) was slowly added to a stirred
solution of betaine hydrochoride (4.5 g, 2.93 mmol) in hot water

(18 mL). As the mixture cooled, betHPF6 precipitated as a white
crystalline powder. The product was filtered, washed with cold water,
and dried under vacuum. Yield: 50%. 1H NMR (300.1 MHz,
CD3CN): d = 3.95 (s, 2H), 3.20 ppm (s, 9H); 13C NMR (75.5 MHz,
CD3CN): d = 166.90 (COOH), 64.84 (CH2), 54.53 ppm (CH3); IR
(KBr): ñ = 1739 (s), 1479 (s), 1420 (m), 1266 (m), 1223 (m), 841 (s),
558 cm�1 (s); elemental analysis calcd (%) for C5H12F6NO2P (263.1):
C 22.82, H 4.60, N 5.32; found: C 22.28, H 4.07, N 5.10.

1: Mn12Ac16 (0.25 g, 0.125 mmol,) was added to a solution of
betHPF6 (0.60 g, 2.3 mmol) in C6H5CN (35 mL) and CH3CN (20 mL).
The mixture was stirred overnight, filtered, and the solvent was
evaporated under reduced pressure to complete precipitation. The
solid was collected by filtration and dissolved in a small amount of
CH3CN. After addition of toluene, the solution was evaporated to
dryness to remove the acetic acid as the toluene azeotrope. This stage
was repeated twice. The product was then dissolved in C6H5CN
(35 mL) and CH3CN (20 mL) and treated again with excess betHPF6.
The entire process was repeated. Finally, the product was dissolved in
CH3CN (35 mL). The resulting solution was then filtered and layered
with EtOH. Black plates suitable for X-ray crystallography formed
after a few days at room temperature. 1H NMR (300.1 MHz,
CD3CN): d = 42–39 (CH2), 39–33 (CH2), 30–25 (CH2), 16.9–15.5
(CH2), 15.5–14.2 (CH2), 6.3–4.6 (CH3), 4.0 (CH3), 3.01 (CH3), 2.12
(CH3), 2.03 (CH3), 0.80 ppm (CH3);

19F NMR (282.4 MHz, CD3CN):
d = 68.52 ppm (d, JF,P = 709 Hz); 31P NMR (121.5 MHz, CD3CN): d =
�142.20 ppm (m, JP,F = 709 Hz); IR (KBr): ñ = 3065 (w), 2967 (w),
1626 (s), 1495 (w), 1436 (m), 1410 (m), 1341 (m), 1240 (w),
967 (w), 910 (w), 837 (s), 725 (w), 619 (w), 558 (m), 461 cm�1 (w);
ESI-MS (CH3CN, 30 V): m/z : 2159 {[Mn12O12(bet)16](PF6)11 + 1e�1}2+;
2086 {[Mn12O12(bet)16](PF6)10 + 2e�1}2+; 2028 {[Mn12O12(bet)15]-
(PF6)10 + 2e�1}2+; 1956 {[Mn12O12(bet)15](PF6)9 + 3e�1}2+; 1007
{[Mn12O12(bet)16](PF6)9 + 1e�1}4+, 777 {[Mn12O12(bet)16](PF6)8 +
1e�1}5+; elemental analysis calcd (%) for [Mn12O12(bet)16](PF6)14
(4755.1): C 20.21, H 3.73, N 4.71; found: C 19.86, H 4.26, N 4.46.

Physical measurements: NMR spectra were recorded on a Bruker
Avance DRX 300-MHz spectrometer. ESI mass spectra were
recorded on a Waters ZQ mass spectrometer using nitrogen as the
drying and nebulizing gas. The equipment was calibrated with
appropriate standard samples. All the magnetic measurements were
carried out on polycrystalline samples with a magnetometer (Quan-
tum Design MPMS-XL-5) equipped with a SQUID sensor. The
samples were dispersed in oil to avoid torquing of the crystals.
Variable-temperature susceptibility measurements were carried out
at 2–300 K in a 0.1 T magnetic field. The susceptibility data were
corrected for the diamagnetic contributions of the salts, as deduced by
using a Pascal constants table. The AC measurements were per-
formed in the temperature range 2–8 K at different frequencies with
an oscillating magnetic field of H = 0.395 mT. The magnetization data
were collected in the H = 0–5 T field range at different temperatures
between 2 and 5 K. The hysteresis studies were performed at T= 2 K
withH between 5 and�5 T, at, with sample cooling at zero field. Low-
temperature magnetization measurements were performed on single
crystals of 1 at 0.04–7 K using a micro-SQUID apparatus at different
sweep rates between 0.1 and 0.001 Ts�1.[16] The applied field was
parallel to the experimentally observed easy axis of magnetization. IR
transmission measurements of pressed KBr pellets were recorded at
room temperature with a Nicolet Avatar 320 FTIR spectrophotom-
eter (ñ = 4000–400 cm�1). C,H,N elemental analysis was carried out
on samples dried under vacuum in a CE instruments EA 1110 CHNS
analyzer.
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Figure 4. Single crystal measurement of magnetization M (normalized
to its saturation value) versus field H applied in the direction of the
easy axis of magnetization. The sweep rate was 0.035 Ts�1.
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Crystal Engineering

Cubic, Hydrogen-Bonded (10,3)-a Networks in
the Family [C(NH2)3][N(CH3)4][XO4] (X = S, Cr,
and Mo)**

Brendan F. Abrahams, Marissa G. Haywood,
Timothy A. Hudson, and Richard Robson*

The guanidinium cation C(NH2)3
+ serves as a powerful

structure-determining component in a number of networks,
both metal/ligand-bonded and hydrogen-bonded. The six
hydrogen atoms of the cation are nicely disposed to form a
pair of hydrogen bonds to each of three oxyanions, as shown
in the generalized representation 1. In an extensive family of

carbonate-bridged coordination polymers reported recently,
the guanidinum cation plays the crucial structural role
represented in 1 (Z = C), thus promoting the formation of
highly symmetrical metal/carbonate networks with cubic
symmetry and sodalite-like topology.[1] The arrangement
seen in 1 (Z = B) is present in some highly symmetrical
cubic guanidinium borate derivatives we discovered recently
which have the boracite topology.[2] A closely related hydro-
gen-bonding mode, again as in 1 (Z = S), is seen in a range of
guanidinium sulfonates in which the sulfonate units, as well as
the guanidinium components, act as 3-connecting nodes, each
being attached to three guanidinium units as in 2. In some of
the nicest examples of true crystal engineering, Ward and co-
workers have elegantly exploited this complementarity
between the guanidinium cation and various sulfonate
anions to generate an extensive family of solids having a
common, predictable, yet pliable, underlying hydrogen-
bonded 3-connected sheet structure with the (6,3) topology
or hexagonal grid topology.[3] We report here a new family of

hydrogen-bonded frameworks related to these guanidinium
sulfonates in which the guanidinium cation again acts as in 1
(Z = S) and a sulfur oxyanion (in this case SO4

2�) again acts as
a second type of 3-connecting node; however, the network
generated is the most symmetrical 3-connected 3D network
possible, namely the (10,3)-a net,[4] rather than the most
symmetrical 3-connected 2D network possible that was seen
by Ward and co-workers.

Solvent-free crystalline products of composition
[C(NH2)3][N(CH3)4][XO4], (X = S, Cr and Mo) suitable for
single-crystal X-ray diffraction studies were obtained directly
from mixtures containing the component ions in the following
solvents or solvent mixtures: X = S, from methanol; X = Cr,
from aqueous DMSO; X = Mo, from methanol/DMF.[5] All
our attempts to generate the analogous tungsten derivative
[C(NH2)3][N(CH3)4][WO4] have failed. In all cases, the
crystals appear almost exclusively as well-formed tetrahedra,
space group P213, a= 10.5828(6) ; (X = S), 10.7589(5) ;
(X = Cr), or 10.8802(4) ; (X = Mo).[6] The three compounds
are isostructural and the following observations pertaining to
the sulfate apply equally well to the chromate and molybdate,
except for minor differences in some distances and angles. All
the guanidinium cations in [C(NH2)3][N(CH3)4][SO4] are
equivalent and act as 3-connecting nodes, each being attached
to three sulfate anions by hydrogen-bond pairs as represented
in 1 (Z = S). Each sulfate unit is attached by hydrogen-bond
pairs to three guanidinium cations (Figure 1), and therefore
acts as a second type of 3-connecting node. Figure 2a shows
the extended 3D network and Figure 2b shows the net
generated by linking together the carbon centers of the

Figure 1. Three guanidinium cations each provide a pair of hydrogen
bonds to a sulfate ion in the structure of [C(NH2)3][N(CH3)4][SO4]. The
three equivalent hydrogen bonds to the oxygen atom at the apex of the
SO4 tetrahedron are slightly longer (N�H···O, 2.899 )) than the other
three (2.792 )); this expands the C-S-C angle to 97.58.
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guanidinium units and the sulfur centers of the sulfate units
that are hydrogen-bonded to them. The net has the intrinsi-
cally chiral (10,3)-a topology.[4] The guanidinium nodes are
slightly pyramidal (S-C-S angle 118.68) but the sulfur nodes
are much more so (C-S-C angle 97.58). We have noted
previously that it is possible to construct strain-free (10,3)-a
nets and still retain the cubic symmetry not only when all the
nodes are trigonal planar but also when all the nodes are
trigonal pyramidal;[7] the present case brought to our
attention the fact, previously unrecognized we believe, that
it is also possible to construct strain-free (10,3)-a nets, again
conserving cubic symmetry, in which half the nodes are
trigonal planar and the other half are pyramidal, provided the
latter retain a threefold axis of symmetry. These variants on
the (10,3)-a net highlight the distinction that should be drawn
(in considerations of networks in general) between geometry
and topology: from the geometrical point of view, the three
variants—1) all nodes trigonal planar, 2) all nodes trigonal
pyramidal, and 3) alternate nodes trigonal planar and trigonal

pyramidal—appear to be very different, but from a topolog-
ical point of view they are of course identical.

The tetramethylammonium cations, all of which are
equivalent, are snugly accommodated in cavities within the
framework (Figure 3). In the imaginary transition from a
(10,3)-a net in which all the nodes are trigonal planar
(Figure 4a) to one in which every other node is made trigonal
pyramidal (Figure 4b), half the cavities centered on the

threefold axes are increased in size (A in Figure 4b) and the
others (B) are contracted: the [N(CH3)4]

+ units are found in
the expanded cavities of type A and the sites on the threefold
axes at the centers of the contracted cavities are empty. One
C�N bond of the tetramethylammonium cation is oriented
along one of the threefold axes with its carbon atom very

Figure 2. a) The extended 3D hydrogen-bonded [C(NH2)3]/[SO4] net-
work in [C(NH2)3][N(CH3)4][SO4]. b) The underlying (10,3)-a connectiv-
ity of the network showing only the sulfur atoms and the carbon
atoms of the guanidinium units.

Figure 3. a) The environment of the tetramethylammonium ion showing
only the guanidinum carbon atoms and the sulfur atoms of the surround-
ing hydrogen-bonded (10,3)-a net. b) View down the threefold axis show-
ing the nine C�H···O interactions in which each [N(CH3)4]

+ ion partici-
pates.

Figure 4. The imaginary transformation of a (10,3)-a net in which all
nodes are trigonal planar (a) to one in which alternate nodes are trigo-
nal planar and trigonal pyramidal (b). In the latter net, which retains
cubic symmetry, half the cavities centered on the threefold axes are
expanded (site A) and the others (site B) are contracted.
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close to the center of an equilateral triangle of sulfur atoms
(Figure 3a). Each of the C�H bonds of this methyl group
located on the threefold axis is directed towards a sulfate
oxygen atom (C···O 3.324 ;; angle at hydrogen atom ca. 1688 ;
Figure 3b), thus indicating significant directional C�H···O
hydrogen-bonding interactions in addition to the electrostatic
attraction. Desiraju has drawn attention to the significance of
C�H···O hydrogen bonding as a supramolecular motif in a
variety of crystalline solids and to its importance in crystal
engineering.[8] As can be seen in Figure 3b, two hydrogen
atoms on each of the other three methyl groups are also
directed towards a sulfate oxygen atom (C···O, 3.447 and
3.455 ;), thus providing additional C�H···O hydrogen-bond-
ing interactions. All but three of the twelve C�H atoms of the
N(CH3)4

+ ion are therefore involved in this hydrogen-bond-
ing arrangement. Every sulfate ion is associated in this way
with three tetramethylammonium ions by three trios of C�
H···O hydrogen bonds and every tetramethylammonium ion
is likewise associated with three sulfate ions. A 3-connected,
3D network of C�H···O interactions can therefore be
envisaged in which the sulfur atoms and the nitrogen centers
of the tetramethylammonium ions provide the nodes. This net
also has the chiral (10,3)-a topology, but it is of the opposite
sense to that of the primary (10,3)-a net composed of
guanidinium and sulfate nodes. The C�H···O interactions
between the tetramethylammonium cation and the sulfate
anion are very likely much weaker than the N�H···O
interactions that support the primary (10,3)-a network. In
discussions of many networks it is convenient for simplicity to
focus on certain selected interactions as constituting “the net”
and to set aside other weaker interactions, whilst recognizing
that these may nevertheless be structurally important. Such is
the case here—the (10,3)-a net involving the stronger
[C(NH2)3]

+/[SO4]
2� interactions is conveniently regarded as

the primary net, but the secondary [N(CH3)4]
+/[SO4]

2� (10,3)-
a net of the opposite chirality is of undoubted, possibly
crucial, structural importance.[9]

In guanidinium sulfate itself,[10] every cation is attached by
pairs of hydrogen bonds, again as in 1 (Z = S), to three sulfate
anions. However, since in this case there are twice as many
guanidinium cations as sulfate anions, each anion is connected
to six guanidinium cations in the manner represented in the
idealized form shown in 3. The environment of the sulfate ion
in guanidinium sulphate, as seen in 3, can be envisaged in
terms of guanidinium cations associated by a pair of hydrogen
bonds at each of the six edges of the sulfate O4 tetrahedron. In
the guanidinium sulfonates, as represented in 2, a cation

provides a pair of hydrogen bonds at each of the three edges
of an O3 triangle, thus disposing the system to form a 2D
network, since the CN3 planes of the three guanidinium
cations surrounding any sulfonate are close to coplanar with
the plane that includes all three guanidinium carbon centers.
In the case of [C(NH2)3][N(CH3)4][SO4] reported here the
[C(NH2)3]

+ and [SO4]
2� ions are present in equal numbers and

only three of the six edges of the O4 tetrahedron are required
to participate in the hydrogen-bonding network and, as can be
seen in Figure 1, the particular edges used are those that share
an apex of the O4 tetrahedron. This arrangement disposes the
system to form a 3D network, rather than the 2D network
seen in the sulfonates because, as can be seen in Figure 1, the
CN3 planes of the three guanidinium units are now close to
perpendicular to the plane containing the three carbon atoms.
If the two N�H···O hydrogen bonds in any particular
[C(NH2)3]

+/[SO4]
2� association had been equal in length the

C-S-C angles would have been 908. The observed C-S-C angle
of 97.58 is achieved by slightly stretching the three equivalent
hydrogen bonds to the apex oxygen atom (to N�H···O =

2.899 ;) relative to the other three hydrogen bonds
(2.792 ;). The C-S-C angle dictates the size of the cavity
where the tetramethylammonium cation is located and
presumably the inequality in the two hydrogen-bond lengths
is such as to optimize the fit of the tetramethylammonium
cation therein. It is significant in our view that guanidinium
sulfate, itself a relatively stable, multiple hydrogen-bonded
crystal lattice and therefore relatively insoluble, can be
converted in the presence of [N(CH3)4]

+ into [C(NH2)3]
[N(CH3)4][SO4]: this presumably reflects the snug fit of the
[N(CH3)4]

+ ion into the expanded cavities within the
[C(NH2)3]

+/[SO4]
2� (10,3)-a framework, with the formation

of nine C�H···O interactions.
Only very minor differences are seen between the sulfate,

chromate, and molybdate structures, consequences presum-
ably of the different bond lengths within the anion (S�O,
1.449(2) and 1.486(4) ;; Cr�O, 1.631(4) and 1.657(7); Mo�O,
1.752(3) and 1.780(4) ;). For each of the structures, the
longer Z�O bond corresponds to the unique bond lying on the
threefold axis. Given the fact that this oxygen atom is
involved in three hydrogen bonds to guanidinium ions this is
not surprising. Differences in hydrogen-bonded N···O sepa-
rations are very minor (sulfate: 2.792(3), 2.899(4) ;; chro-
mate: 2.790(6), 2.887(5) ;; molybdate: 2.790(5), 2.914(4) ;).

The (10,3)-a net, being the most symmetrical of all
possible 3-connected 3D nets, should occupy a position
comparable in importance and significance to that of its
better known 4-connected counterpart, the (6,4) diamond
net; both are cubic in their undistorted forms and Wells long
ago drew attention to their close relationship.[4] No doubt the
(10,3)-a net has been accorded less significance by chemists
than its topology warrants simply because the number of
examples known is not large, but, with the current burgeoning
interest in the generation of new 3D networks, this situation is
likely to change. Although numbers of metal/ligand-bonded
frameworks with the (10,3)-a topology are now increasing,
hydrogen-bonded examples such as the ones reported here
remain rare.[11] The results presented here, together with
others,[1,2] indicate the potential of the guanidinium cation as a

Angewandte
Chemie

6159Angew. Chem. Int. Ed. 2004, 43, 6157 –6160 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


structure-directing ion for the generation of new networks of
high symmetry. These are possibilities we are actively
pursuing.
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Olefin Metathesis

Rapidly Initiating Ruthenium Olefin-Metathesis
Catalysts**

Patricio E. Romero, Warren E. Piers,* and
Robert McDonald

Olefin metathesis is arguably the most powerful carbon–
carbon bond breaking and making reaction in chemical
synthesis.[1] Depending on the nature of the reacting partners,
olefin metathesis can be used for ring-opening polymerization
(ROMP),[2] to create advanced polymeric materials,[3] trans-
formation of acyclic diene substrates into complex cyclic
organic molecules (in ring-closing metathesis (RCM))[4] or
polymers (in acyclic diene metathesis (ADMET))[5] or in
cross metathesis (CM) to generate unsymmetrical olefins.[6,7]

Although olefin metathesis is fully reversible, RCM,
ADMET, and CM rely on the elimination of ethylene, the
simplest olefin, as a thermodynamic driving force. Used by
itself or in tandem with other synthetic transformations,[8,9]

olefin metathesis is a versatile method for the modern
synthetic chemist.

It is generally acknowledged that a metal carbene species,
{LnM=CRR’}, is required and that interaction with an olefin
substrate leads to four-membered metallacyclobutane inter-
mediates or transition states, {LnM(CRR’)3}, by a 2+2 cyclo-
addition; cleavage of this intermediate in the opposite sense
by which it was formed leads to olefin metathesis, creating a
new carbon–carbon double bond and regenerating an active
metal carbene. Metal carbenes are generally classified as
being nucleophilic (electron rich) or electrophilic (electron
poor) in character at the carbene carbon atom, but an
effective olefin-metathesis catalyst exhibits behavior between
these two extremes. Two carefully tuned classes of mediator
have evolved into the catalysts of choice for olefin metathesis.
Schrock catalysts[10,11] are molybdenum- or tungsten-based
alkylidenes with a fairly specific ligand set designed to
modulate the properties of the carbene (Figure 1). These
catalysts display high activities and stabilities, but are
sensitive to ambient air and moisture and are relatively
intolerant of polar functionalities. The Grubbs-catalyst port-
folio[12] consists of a variety of ruthenium-based systems of

general formula [Cl2(L)(L’)Ru=C(H)R] (compounds 1)
which are significantly more functional-group tolerant, but
do not exhibit the same levels of activity or longevity as the
Schrock catalysts.

The root of the lower activities of the Grubbs systems lies
in their mode of initiation and the accessibility of the reactive
species, which has been shown experimentally[13, 14] and
computationally[15,16] to be the 14-electron alkylidene
[Cl2(L)Ru=C(H)R] formed upon reversible dissociation of
L’. The reaction temperatures required to overcome this
initiation step can lead to decreased catalyst lifetimes.
Successful improvements to the “Grubbs first-generation”
catalyst [Cl2(PCy3)2Ru=C(H)Ph] (1b) are modifications that
either encourage loss of L’ [17] or reduce the tendency of
[Cl2(L)Ru = C(H)R] to re-capture the liberated L’,[18] which
competes with the olefin substrate for the unsaturated metal
center in [Cl2(L)Ru=C(H)R]. Alternatively, Hoveyda and co-
workers have developed catalysts 1d, in which L’ is incorpo-
rated into a loosely chelating group associated with the
carbene ligand that is removed upon the first metathesis
event.[19,20] Fast-initiating improvements on this motif have
been devised by Blechert and Wakamatsu.[21]

Herein we report a surprising twist on the Grubbs-catalyst
motif that improves the kinetics of initiation dramatically by
circumventing the initiation step in commercially available
Grubbs catalysts completely, thus providing direct access to
the reactive 14-electron catalyst species with no free L’
present to interfere with the operation of the catalyst. This
new generation catalyst precursor is easily prepared from
existing Grubbs catalysts and brings their activity into the
realm of the Schrock family, while retaining the favorable
functional-group tolerance associated with the ruthenium
systems.

Recently, Heppert and co-workers reported a stoichio-
metric metathesis reaction between catalyst precursors 1b
and 1c and a methylene cyclopropane olefin known as FeistCs
ester.[22] Metathesis and elimination of diethyl fumarate
provides the unusual ruthenium carbides 2a–c (Scheme 1).

Figure 1. Commercially available olefin-metathesis catalysts. Cy= cyclo-
hexyl, Mes=2,4,6-trimethylphenyl.
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Heppert and co-workers reported the preparation of carbides
2b and 2c in low yields; we have found this to be fairly a
general reaction and a variety of carbides containing other
combinations of L and L’ can be prepared in improved yields
(90–96%) from 2b and 2c. We became interested in the
reactivity of these carbides with electrophiles and discovered
that protonation with [H(OEt2)2]

+[B(C6F5)4]
� , JutziCs acid,[23]

leads to the cationic four-coordinate, 14-electron phosphoni-
um alkylidenes 3a–c by transfer of a trialkylphosphine ligand
(that is, L’, Scheme 1) to the protonated carbide carbon atom
in high yields (87–95%).[24]

Evidently, protonation of the carbide carbon atom
switches it from being electron rich to electron poor; the
electrophilicity of the protonated carbide carbon atom is
quenched by transfer of the phosphine (L’) from the metal
center, generating the observed phosphonium alkylidenes.
For 3a and 3b (L = PR3, R = iPr or Cy), the signal for the
alkylidene proton appears as a distinctive doublet of doublets
in the proton NMR spectrum at d = 17.35 ppm for 3a and
17.46 ppm for 3b (2JH,P = 36 Hz; 3JH,P = 1.5� 3 Hz). In 3c,
where L = H2IMes, the three-bond hydrogen–phosphorus
coupling is lost and the alkylidene hydrogen resonance
signal appears as a doublet at d = 17.70 (2JH,P = 36 Hz). In
the 31P{1H} NMR spectra, the signals for the phosphonium
phosphorus atoms appear in the region around d = 54–
58 ppm, while those of the phosphorus nuclei bonded to
ruthenium appear at d = 97.6 (3a) and 88.7 ppm (3b). These
latter resonance signals, while shifted about 60 ppm downfield
relative to those found for 1b and 1c, are similar to that
observed for the four coordinate complex [(tBuO)2(P-
Cy3)Ru=C(H)Ph] prepared by Grubbs and co-workers.[25] In
3c, rotation of the IH2Mes ligand about the Ru-C2 bond (see

Figure 2) is fast on the NMR timescale, with a free energy
barrier of 11.5(5) kcalmol�1 at 236 K calculated from the
coalescence behavior of the NMR signals arising from the
inequivalent mesityl groups at low temperature. This con-
trasts with the behavior for the parent compound 1c, which
exhibits slow rotation with a barrier of 21.8 kcalmol�1.[26]

Remarkably, when solutions of 3c are exposed to the
atmosphere, the NMR spectra remain unchanged for several
hours, which indicates that the compound is stable to oxygen
and ambient moisture. Indeed, introduction of water into
these samples results only in minor perturbations to the
spectra, owing to reversible coordination of H2O to the
ruthenium center. The compounds are thermally stable
indefinitely in the solid state at room temperature and can
be heated under refluxing CD2Cl2 (45 8C, sealed tube) for
several hours with no evidence of decomposition. Heating at
75 8C in C6D5Br results in clean decomposition to an
unidentified species (31P{1H} NMR d = 37 ppm) with a half-
life of approximately 5 h; the nature of this process is under
investigation.[27] Preliminary studies show that the carbides
can be converted into more economically viable BF4 salts of
cations 3a–c by protonation with [H(Et2O)x]

+[BF4]
� with

little change in the behavior of the compounds.
The precise structure of 3c was determined by X-ray

crystallography (Figure 2).[28] Compounds 3 represent the
closest structural models for the proposed four-coordinate,

14-electron active species in the Grubbs-catalyst family; the
only other structurally characterized example, the bis-tert-
butoxide derivative [(tBuO)2(PCy3)Ru=C(H)Ph],[25] relies on
the replacement of the chloride ligands with sterically bulky
groups for kinetic stabilization, but is essentially inactive as an
olefin metathesis catalyst. As in the bis-tert-butoxide com-
plex, the geometry about the ruthenium center in 3c is a
distorted trigonal pyramid with the H2IMes ligand occupying
the apex; however, the Cl1-Ru-Cl2 angle is at 150.51(2)8
substantially larger than the O1-Ru-O2 angle of 133.19(6)8 in

Scheme 1. Synthesis of rapidly initiating metathesis catalysts 3 ;
H2IMes=N-heterocyclic carbene ligand.

Figure 2. ORTEP diagram of 3c (thermal ellipsoids set at 50% proba-
bility; counteranion and hydrogen atoms omitted for clarity). Selected
bond lengths [A] and angles [8]: Ru-C1 1.817(2), Ru-C2 1.988(2), Ru-Cl1
2.2951(5), Ru-Cl2 2.2809(5), P-C1, 1.805(2); C1-Ru-C2 100.07(7), Cl1-
Ru-Cl2 150.51(2), Cl1-Ru-C1 103.15(6), Cl2-Ru-C1 102.79(6), Cl1-Ru-C2
96.14(5), Cl2-Ru-C2 92.90(5). Selected torsion angle [8]: C2-Ru-C1-P,
�175.06(11).
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[(tBuO)2(PCy3)Ru=C(H)Ph]. The Ru-C1 and Ru-C2 bonds
of 1.817(2) and 1.988(2) I, are slightly shorter than those in
1c,[17] a difference accounted for by the reduced coordination
number in 3c. The phosphonium alkylidene unit is oriented
such that the PCy3 group is pointing away from the IH2Mes
ligand. Angles and separations are normal within this part of
the molecule and although C32 is positioned near a vacant
ruthenium coordination site, any stabilization of the ruthe-
nium center from the C�H sigma bonds of C32 is weak
(Ru···C32 3.001 I). No evidence for a C�H agostic inter-
action is observed in the proton NMR spectra, nor are low-
frequency C�H vibrations apparent in the IR spectra of
compounds 3, which would be expected if any of the C�H
bonds were donating electron density to the unsaturated
ruthenium center.[29] Four-coordinate ruthenium complexes
not stabilized by C�H agostic interactions are rare;[30] thus,
apart from being models for the 14-electron active species in
olefin metathesis, compounds 3 are unusual coordination
compounds.

Metal carbenes are classified according to the donor
qualities of the atoms directly bonded to the carbene carbon
atom. Fischer carbenes incorporate p-donating groups (OR,
NR2), while the nucleophilic Schrock carbenes have p-neutral
groups, such as H or alkyl substituents.[1] The phosphonium
substituted carbenes of compounds 3 are a less common third
class since the [PR3]

+ group is a p acceptor.[31] Formally, this
CHPR3 ligand can be viewed as a deprotonated phosphorus
ylid species (ylene resonance structure A, inset Scheme 1),
but according to experimental[32] and computational[33] studies
and the parameters for 3c discussed above, a more realistic
depiction is the dicarbanionic ylid resonance structure B. The
ruthenium centers in compounds 3 may thus be viewed as
formally RuIV with the carbene ligand functioning as a four-
electron donor.

The electron-withdrawing nature of the phosphonium
substituent in the carbene ligands of compounds 3 does not
impede their ability to conduct olefin metathesis; they are
exceptionally active RCM catalysts in comparison to catalyst
precursors 1. Using the RCM of diallyldiethylmalonate as a
benchmark reaction, catalysts 1c (Grubbs 2nd Generation),
SchrockCs molybdenum-based catalyst (Figure 1), the fast-
initiating Grubbs catalyst [(IH2Mes)Cl2(3-Br-py)2Ru=

CHPh],[34] and compounds 3b and 3c were compared at
0 8C by monitoring reaction progress to the cyclized product
(Figure 3). At 0 8C 1c is a poor initiator[18] and only reaches
approximately 25% conversion after 4 h. Compound 3b fares
somewhat better, providing about 90% conversion after 4 h,
while SchrockCs catalyst mediates the reaction to a similar
point in this time. The sigmoidal shape of the curve for 3b is
reflective of the different activities of initiating versus
propagating species at 0 8C for this catalyst.[13] The trans-
formation is very rapid for compound 3c, however, which
brings the reaction to > 90% conversion after only 2 h at
0 8C, twice as fast as the Schrock catalyst under these
conditions and, significantly, it out-performs the fast-initiating
Grubbs catalyst incorporating more labile 3-bromopyridine
ligands. Furthermore, the rate of RCM for 3c is qualitatively
similar to the best Blechert catalyst,[21b] a less conveniently
available metathesis catalyst.

We have also explored additional substrates for the RCM
process with catalyst 3c and initial results are summarized in
Table 1. The reactions are completed within 2–60 min at room
temperature (1% mol catalyst loading, except entry 2 and 6).
Diethyldiallylmalonate (entry 1) is ring-closed in under
2 min, this is determined as an upper limit since the reaction
time is too fast to be accurately measured at room temper-
ature. Using 0.1% mol catalyst loading, a 100% conversion is
reached within 30 min (entry 2). Similar results are found in
the formation of a six-membered ring (entry 4 and 5), while
higher catalyst loadings are required to push the closing of a
seven-membered ring to acceptable conversions (entry 6).
Notably, the closing of trisubstituted olefins proceeds to high
conversion, under very mild conditions (entries 3 and 5). In
particular, formation of the trisubstituted cyclopentene is
complete in less than 10 min (entry 3); this particular
substrate allows a more direct comparison with BlechertCs
catalyst, which accomplished this conversion in 40 min, under
otherwise identical conditions.[21]

The reason 3c is so active is that the need to dissociate a
ligand for the ruthenium complex to enter the catalytic
cycle[13,18] has been completely obviated and initiation is now
the much more energetically favorable binding of the
substrate C=C bond to the ruthenium center. Rate constants
for this process have been measured by monitoring the
reaction of 3c with varying excesses of ortho-isopropoxy
styrene (10–40 equiv) at �30 to 0 8C by proton NMR
spectroscopy. This substrate was chosen since it produces
the Grubbs–Hoveyda catalyst 1d (Figure 1), which is inactive
towards further metathesis reactions at the temperatures
used; the other product is [(CH2=CH)PCy3][B(C6F5)4], which
was identified by separate synthesis and comparison of 1H and
31P NMR spectroscopy data. Use of this less-active substrate
slows the reaction down, but also avoids complications in the
kinetics arising from the presence of multiple active species in
the reaction.[35] These studies indicate that the reaction is
second order, first order in each of [3c] and [styrene]

Figure 3. Relative rates of conversion for RCM of diethyldiallylmalonate
at 273 K by (&) 1c, (^) Schrock’s molybdenum alkylidene, (J) the
Grubbs fast-initiating catalyst [(IH2Mes)Cl2(3-Br-py)2Ru=CHPh],
(~) 3b, and (*) 3c.
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substrate, with a second order rate constant of 5.9� 0.3 L
10�4

m
�1 s�1 at �10 8C.[36] By evaluating this rate constant as

a function of temperature (30 equiv of styrene), the thermo-
dynamic activation parameters of the reaction were measured
as DH� = 8.6(4) kcalmol�1 and DS� =�55(6) eu. The large,
negative activation entropy is consistent with a bimolecular
initiation step, which supports the notion that the measured
barrier corresponds to rate-limiting olefin binding. Never-
theless, even for this very unreactive substrate,[20] the magni-
tude of the second-order rate constant at �10 8C is compa-
rable to the initiation rate of 4.6� 0.4 L 10�4 s�1 measured at
35 8C for the widely used Grubbs second-generation catalyst
1c.[18]

These results are an advance in the evolution of ruthe-
nium-based olefin-metathesis catalysis. Slow initiation has
been a limiting factor for the existing Grubbs-catalyst
portfolio and the phosphonium alkylidene compounds dis-
closed herein circumvent this problem by effectively elimi-
nating the phosphine-dissociation initiation step altogether.
In essence, all of the ruthenium added is actually operating as
a catalyst in these reactions as compared to the traditional
Grubbs catalysts, where the majority of ruthenium is tied up
as the non-active 1c. In compounds 3, initiation consists of the
much lower barrier olefin-binding event; subsequent meta-
thesis to liberate [(CH2=CH)PR3][B(C6F5)4] provides rapid
and direct access to the propagating 14-electron ruthenium
alkylidene complexes without any free phosphine present to
drain the catalyst pool of active ruthenium.

The benefits of fast-initiating catalysts for a variety of
metathesis applications are many. Lower catalyst loadings can
be achieved which improves the economics and the environ-
mental impact associated with use of these catalysts. Reac-
tions can be performed at much lower temperatures, poten-
tially providing greater enantioselectivity in asymmetric
RCM reactions[37] and better chemoselectivity in commer-
cially important CM processes.[38] In ROMP applications,
rapid initiation leads to polymer products with narrower
molecular-weight distributions.[39] Finally, the new compounds

provide an opportunity to probe the
mechanism of the propagating steps
in the olefin metathesis reaction
without the problem of excess phos-
phine in the reaction medium, as
well as catalyst decomposition proc-
esses that do not involve the dis-
sociated phosphine ligand of cata-
lysts 1.[40]

Experimental Section
Complete experimental details, includ-
ing synthesis and characterization of all
the new compounds, can be found in the
Supporting Information.
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Nanoparticles and Catalysis

Nanozymes: Gold-Nanoparticle-Based
Transphosphorylation Catalysts**

Flavio Manea, Florence Bodar Houillon,
Lucia Pasquato,* and Paolo Scrimin*

In his review on catalysis by colloid aggregates that appeared
in this journal more than ten years ago, Menger wrote:[1]

“…groups of molecules, properly assembled, can obviously
accomplish much more than an equal number of molecules
functioning separately”. This observation is becoming more
and more important as evidence is mounting that many
biological systems interact and function through multiple
simultaneous interactions.[2] On these bases a number of
multivalent synthetic systems have been designed and studied
for the recognition of simple molecules or more challenging
biological targets. However, multivalent catalysts in which
real cooperativity between the components is observed
remain elusive, particularly in the case of self-assembling
systems. For instance, most of the relevant rate accelerations
often observed with aggregation colloids (such as, micelles
and vesicles) appear to be related to concentration effects in
the reaction loci (which include effects on the local pH value
as well as on reactants and catalytic units) rather than to
cooperativity.[3] Nevertheless, cooperativity is a rule in
biological systems, such as enzymes. The reason for this lack
of cooperativity in colloidal systems is largely entropic, and is
related to the mobility of the constituent units (lipids/
surfactants) that does not allow a catalytic site to last the
time required for the catalyzed process to occur. Synthetic,
functional polymers (synzymes)[4] allowed this problem to be
solved, at least in part. Indeed cooperative catalysts based on
these systems have been described.[5] However, a polymer
presents other problems related to the difficulty in controlling
its composition and conformation in solution.[6] Note that, as
in the natural systems, not only the sequence of the building
blocks (amino acids or any other) but also the conformation
of the polymer are key requisites for catalysis. Alternatively,
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dendrimers functionalized on the periphery may constitute a
suitable alternative for which. contrasting results have been
reported.[7]

It occurred to us that by exploiting the well known ability
of thiols to bind to gold nanoparticles we could have facile
access to multivalent, functional systems[8,9] anchored on a
support, and yet fully soluble, with limited mobility and
conformationally constrained and, hence, suitable to act
cooperatively in a catalytic process. To test this hypothesis
we have chosen one of the most challenging reactions: the
cleavage of the phosphate bond of phosphodiesters as a
model of a RNase. Most of these enzymes require for their
activity at least two metal ions that act cooperatively.[10]

Gold nanoparticles (MPC) protected by a monolayer of 1-
sulfanyloctane (MPC-C8) were prepared by the procedure
reported by Brust and co-workers[11] and optimized by
Murray and co-workers.[12] They were subsequently subjected
to site exchange[13] with the azacrown-functionalized thiol 1 to
yield functional nanoparticles 2 (Scheme 1).[14] Proton NMR
spectroscopic analysis of the monolayer composition of 2
revealed a 1:1.2 ratio of 1-sulfanyloctane and 1, respectively.
The core size of these ligand-functionalized MPC was 2.5�
0.7 nm as determined by transmission electron microscopy
(TEM), see Supporting Information. Because of the presence
of the triazacyclononane units, gold MPC 2 are expected to be

able to bind transition-metal ions (such as, CuII, ZnII) with
high binding constants.[15] In the case of CuII the binding
process can be followed spectrophotometrically at 648 nm,
the maximum of the absorption band of the triazacyclonane–
CuII complex. This property was used to determine the
concentration of the ligand units (1) in stock solutions of 2.

Transphosphorylation activity of 2 was tested with ZnII

ions because of the relevance of these ions in biological
phosphate-cleavage catalysis.[10] A thor-
ough analysis of the system was carried
out by using 2-hydroxypropyl p-nitro-
phenyl phosphate (HPNP) as the sub-
strate, an activated phosphate diester fre-
quently used as a model of RNA.

With HPNP the release of p-nitrophe-
nol (or p-nitrophenolate, depending on
pH) is accompanied by the formation of a
cyclic phosphate[16] and can be easily
followed spectrophotometrically. Figure 1
shows the reactivity profile obtained by
progressively adding ZnII ions to a solution
of 2 up to the saturation of the metal-ion binding subunits.
This kinetic analysis reveals that a) the most active system is
the one fully loaded with ZnII ions, b) the sigmoidal profile of
the curve supports cooperativity[18] between the metal centers

because the catalytic efficiency becomes
much higher after the first 30% of ZnII ions
is added. The plot also indicates that possible
cooperativity between a metal ion and an
ammonium ion[19] (owing to the presence of
the uncomplexed and hence protonated aza-
crown) is less important than the coopera-
tivity between ZnII ions. The presence of such
a contribution to the catalysis would have
resulted in a bell-shaped profile, the max-
imum corresponding to a nanoparticle where
ZnII complexes and ammonium ions coexist
in close proximity.

The real catalytic nature of the process
was assessed by carrying out experiments
with excess substrate. No formation of an
intermediate was detected and first-order
kinetics were observed up to the complete
cleavage of all the substrate present. By
varying the initial substrate concentration a
kinetic profile of the reaction towards satu-
ration was observed. These kinetics allowed
the determination of the apparent Michaelis–
Menten parameters KM = 0.93 mm and kcat =

4.2 D 10�3 s�1. Zinc(ii)-nanoclusters 2 (ZnII-
2)[20] are, however, not selective in the bind-
ing of anions and, in fact, they also bind
zwitterionic HEPES used as buffer for the
experiments, which acts as an inhibitor of the
catalytic process (see Supporting Informa-
tion).[21]

The formal second-order rate constant
for HPNP cleavage (kcat/KM) by ZnII-2 is
4.4 s�1m�1 which is more than 600-times

Scheme 1. Reaction scheme for the synthesis of ligand thiol 1, and ligand-functionalized
gold nanoparticles 2 ; BOP= (1H-benzotriazol-1-olato-O)tris(N-methylmethanaminato)-
phosphorus hexaflurophosphate, DIEA=N,N-diisopropylethylamine.
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higher (see Table 1) than that determined under identical
conditions for the mononuclear catalyst ZnII-3, which corre-
sponds to the “active unit” on the surface of MPC 2.

Micellar ZnII-4 scores slightly better than ZnII-3 but still
the second-order rate constant determined for this catalytic
system is approximately 160-fold lower than that of the
nanoparticle-based catalyst. To study the origin of this
impressive rate acceleration we have run kinetics at different
pH values to assess the pKa of the active nucleophile in the
process (Figure 2). Available data from our[22] as well as from
other[23] laboratories indicate that the close proximity of
several metal centers induces the decrease of the pKa of
metal-ion-bound protic species with respect to monomeric
complexes. The apparent pKa value for the active nucleophilic

species is 7.4 which is 0.4 units lower than that reported[24] for
the ZnII complex of triazacyclononane.

Thus part of the reactivity gain is due to a decrease of the
pKa value of the nucleophile. Allowing for this difference in
pKa value, catalyst Zn

II-2 is still 380 times more effective than
ZnII-3. Indeed the kcat of Zn

II-2 is comparable to that of the
best multinuclear ZnII catalysts for HPNP cleavage reported
so far (see Table 1).[25] These systems are based on calyx[4]-
arene functionalized with two or three 2,6-diaminomethyl-
pyridine units and are thus able to bind up to three ZnII ions.
They show a rate versus pH-value profile that goes through a
maximum at approximately pH 7. This behavior indicates that
cooperativity between the metal centers may be due to the
occurrence of general-acid/general-base catalysis or nucleo-
philic catalysis and substrate binding.[26] In our case, on the
contrary, the plot indicates that the role of the metal ions is in
stabilizing the complexed substrate towards the transition
state where a further negative charge develops and in
facilitating deprotonation of the nucleophilic species.[22]

Note that the efficiency of catalyst 2 was estimated on the
basis of the total concentration of the active monomers, 1, and
not on that of the nanoparticles, in analogy to what is
conventionally carried out with aggregation colloids. We do
not know the number of ZnII ions that actually take part in the
catalytic process and that would define the catalytic site of the
system (we estimate, on the basis of elemental analysis and
particle size, the presence of about 45 thiol units 1 per
nanoparticle). Accordingly, the reactivity reported is per
single ZnII complex and clearly underestimates the intrinsic
reactivity of the active catalytic cluster. For comparison it is as
if the reactivity of the calyx[4]arene systems were divided by
two or three, that is, the number of metal centers present in
the systems. In contrast with the nanoparticles, these latter
systems are more efficient in the binding of the substrate
because of the presence of the calyx[4]arene cavity.

With such an outstanding catalyst in hands we turned to
more appealing substrates such as RNA dinucleotides (3’,5’-
NpN), namely ApA, CpC, and UpU. Their uncatalyzed
cleavage is extremely slow with rate constants (at pH 7)
ranging from 9.8 D 10�9 s�1 (UpU)[27] to 1.7 D 10�9 s�1

(ApA),[28] that is, about two orders of magnitude less reactive

Table 1: Rate constants for the cleavage of HPNP by different ZnII-based
catalysts.

Catalyst kcat [10
�4 s�1] k2 [M

�1 s�1] Relative rate[a]

Zn-3[b] – 0.007 1
Zn-2[b,c] 42 4.4 629
Zn-4[b] – 0.028 4
Calix[4]arene-2Zn[d,e] 7.7 43 3071
Calix[4]arene-3Zn[d,f ] 24 2.9 138

[a] Relative second-order rate constant normalized for the number of
metal centers present in the catalyst; [b] At pH 7.4 and 40 8C; [c] The
activity of MPC-C8 (if any) could not be tested because of the insolubility
of these nanoparticles in the aqueous environment; [d] At pH 7.0, 25 8C,
and 50% aqueous CH3CN; [e] Dinuclear ZnII complex of 2,6-diamino-
methylpyridine-functionalized calix[4]arene reported in ref. [25]; [f ] Tri-
nuclear ZnII complex of 2,6-diaminomethylpyridine-functionalized cal-
ix[4]arene reported in ref. [25].

Figure 2. Dependence of the rate of cleavage of HPNP by 2-ZnII

as a function of pH value. Conditions: 40 8C, [buffer]=5 mm,
[1-ZnII]=0.1 mm.

Figure 1. Dependence of the rate constant for the cleavage of HPNP
by 2 on the amount of ZnII ions. Conditions: 40 8C, pH 7.5 (5 mm N-
(2-hydroxyethyl)-N’-(2-ethanesulphonyl)piperazine (HEPES) buffer),
[1]=0.1 mm.[17]
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than HPNP. The cleavage process was followed by HPLC
monitoring the disappearance of the substrates and the
formation of cyclic ribonucleoside monophosphate (2’,3’-
cNMP) and the corresponding nucleoside. As in the case of
HPNP, the process is an intramolecular transesterification, in
this case by the hydroxy group at the 2’-position of the ribose.
At pH 7.5 (5 mm HEPES buffer) and 40 8C, ZnII-2 cleaves
ApA, CpC, and UpU with second-order rate constants of
3.0 D 10�4 s�1m�1 (ApA), 3.6 D 10�4 s�1m�1 (CpC), 1.2 D
10�2 s�1m�1 (UpU).[29] Thus catalyst ZnII-2 is fairly active in
the cleavage of RNA dinucleotides. The activity of ZnII-2 is, in
this case too, subjected to inhibition by anions. We also
observed relevant inhibition by the internal standard used for
the HPLC analysis (sodium 3-nitrophenylsulphonate, see
Supporting Information). The much higher activity observed
with UpUmay be related to a tighter binding of this substrate
to the catalyst as suggested in the case of the above mentioned
calyx[4]arene-based catalysts.[30] However, for UpU, ZnII-2 is
less active the best calyx[4]arene-based catalyst.[31] Since UpU
binding probably occurs by coordination to a ZnII ion of the
unprotonated amide of the base[32] it is possible that the
geometry of binding of the substrate to the nanocluster is less
appropriate than that obtained with the calyx[4]arene-based
systems. These are just speculations and a more detailed
analysis of the system is necessary.

In conclusion, we have shown that the self-assembly of
ligand-functionalized thiols on gold nanoclusters provides a
straightforward entry to a ZnII-based catalyst that is
extremely effective in the cleavage of phosphate diesters,
such as HPNP and 3’,5’-NpN. In the case of HPNP, gold
nanoclusters ZnII-2, constitute one of the best ZnII-based
catalyst described to date. The facile synthesis of these
systems and their outstanding catalytic properties induce us to
call them “nanozymes” in analogy to the nomenclature of
catalytic polymers (synzymes). Changing the nature of the
functional units present on the gold-protecting monolayer
may afford easy access to a variety of powerful, self-
assembled catalysts (nanozymes) of which ZnII-2 is just a
prototype.[33]

Experimental Section
1: 1,1-Dimethylethoxycarbonyl (Boc) diprotected ATANP methyl-
amide[34] (152 mg, 0.35 mmol; ATAMP= (S)-2-amino-3-[1-(1,4,7-tri-

azacyclononane]propionic acid) was treated with 8-acetylsulfanyloc-
tanoic acid (91 mg, 0.36 mmol) under coupling conditions (BOP) in
CH2CH2 to yield 97 mg of a oily product (43%) after column
chromatography (SiO2, ethyl acetate:light petroleum 7:3). This
material was treated with 33% HBr in acetic acid (6 h, amine
deprotection) and the precipitate obtained by addition of ethyl ether
was treated with a solution of acetylchloride in methanol (24 h, thiol
deprotection). The solid obtained was passed through an IRA-410
Amberlite resin (acetate) to give the diacetate salt of 1 in quantitative
yield. 1H NMR (250 MHz, D2O): d = 1.30 (bm), 1.55 (bm), 2.17–2.31
(m), 2.76–2.98 (m), 4.65 ppm (m). ESI-MS, m/z : [M+H]+, 387 [M+].

2 : In a thermostated reactor kept at 28 8C MPC-C8 (26 mg),
prepared according to MurrayIs procedure,[12] was dissolved in
CH2CH2 (15 mL). Compound 1 (13 mg) dissolved in methanol
(15 mL) was added to the solution which was then stirred for five
days. Removal of the solvent and triturating the waxy solid with water
gave a dark solution that was passed through a Sephadex G-50 resin
eluting with water. Liophilization of the appropriate fractions gave
19 mg of MPC 2 whose authenticity was ascertained by 1H NMR
(300 MHz, D2O) and IR (KBr) spectroscopy (see Supporting
Information).

Kinetics: For the cleavage of HPNP, kinetic experiments were
recorded by monitoring the absorbance of released p-nitrophenol
(317 nm) or p-nitrophenate (400 nm) against the pH value of the
solution with a Perkin-Elmer Lambda 16 instrument equipped with a
thermostated cell holder. Rate constants were determined by
interpolation of the absorbance versus time data using MicroMath
Scientist version 2.01 software whenever the kinetics were followed to
completion. For kinetics in the presence of excess substrate the initial-
rate method was used monitoring at least 20% product formation.
Reproducibility within � 15%was observed in repeated runs. For the
cleavage of ApA, CpC, and UpU the reaction was followed by HPLC
by withdrawing 10 mL of the reaction solution which was mixed with
40 mL of a 10 mm solution of ethylenediaminetetraacetic acid
(EDTA). Reaction vessels were carefully sterilized before use at
130 8C for 1 h. Separation conditions: column Alltech LiChrospher
RP-18 (150 mmD4.6 mm); eluent gradient (0–20% of B in A; A=
H2O 0.075% trifluoroacetic acid (TFA); B= 1:1 CH3CN/H2O
0.075% TFA). For a typical chromatogram see the Supporting
Information.
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structures, such as nanomesh and superlattices, have been
studied intensively not only because of their interesting
intrinsic properties, which arise from low dimensionality and
quantum effects, but also their capability for direct nano-
system integration. To date, nanoscale building-block assem-
blies for applications such as nanocomputing and nanopho-
tonics have been developed by using microfluidic,[1] Lang-
muir–Blodgett,[2] and other techniques.[3] These 2D structures
that are assembled through weak noncovalent interactions[4,5]

or external fields (e.g. shearing[6] and electric fields[3]) are
unsuitable for devices that require intensive interwire com-
munications (e.g. efficient charge transport), high surface
areas, excellent accessibility, and mechanical robustness.
Fabrication of 3D nanowire networks with controlled diam-
eters and arrangements of the wire, tailored pore structures,
and effective interwire connectivity is therefore paramount
for new device applications. Current inverse opal networks[7]

are limited by the large diameters of the wire that may
preclude quantum effects, and recent biomimetic approaches
have also resulted in networks of large, randomly connected
wires.[8]

We report here a general synthetic route to stable, 3D
continuous, hierarchically organized networks of metals or
semiconductors that are composed of nanowire-like elements
which uses a templated electrodeposition technique.
Although reverse surfactant liquid-crystalline[9] and 2D
hexagonal mesoporous silica templates[10] have been used to
electrochemically deposit 2D nanowires, removal of the
templates has resulted in aggregated nanowires with poor
structural control. Here we have electrochemically replicated
the bicontinuous surfactant liquid-crystalline (LC) phases to
obtain a robust nanowire network. Figure 1 outlines the
approach: first, a film of mesoporous silica is coated onto a
conductive substrate through the co-assembly of the silicate
and surfactant molecules followed by removal of the surfac-
tant,[11] then, the pore channels are filled with metals or
semiconductors by electrodeposition, and lastly, the silica
template is removed to create a replicated mesoporous
nanowire network. Besides the excellent control over the
composition, this approach enables precise structural tuning
by replication of the complicated but well-studied silicate/
surfactant LC mesophases. For example, the diameter of the
nanowire can be tuned from 2 to 20 nm depending on the pore
sizes of the template, and 3D networks of nanowires can be
controlled by the 3D cubic mesostructure. Pore sizes of the

nanowire networks can be tuned from 1 to 4 nm depending on
the thickness of the pore walls of the templates.[12,13]

Hierarchical pore structures can be readily obtained by the
incorporation of colloidal silica porogens, which range in size
from a few to several hundred nanometers, or by the
incorporation of templates with various shapes, such as
particles, rods, and plates, into the self-assembled surfactant/
silicate mesophases followed by their removal.

The replication of ordered 3D crystalline nanowire net-
works can be analyzed by transmission electron microscopy
(TEM) and X-ray diffraction (XRD) measurements. Fig-
ure 2,a–c show TEM images of cubic mesoporous templates,
which were prepared by using Brij 58 surfactant (unit cell
parameter of 8.4 nm), along the [111], [211], and [100]
orientations. The diameter and wall thickness of the pores of
the templates were estimated from nitrogen sorption, XRD,
and TEM studies to have values of around 4–6 nm and 2–
3 nm, respectively. Small angle XRD shows the presence of a
(211) reflection, which corresponds to a d-spacing of 34.6 ?,
for both the nanowire networks and the template and
indicates good fidelity of the replication process. The broad-
ening of the (211) reflection and the absence of the (210)
reflection from the nanowire networks are due to a partial
destruction of long-range mesostructural order upon removal
of the template (see Supporting Information). Figure 2,d–f
show TEM images of the replicated Pd (parts d and e) and Pt
(part f) 3D nanowire networks. The average diameters of the
nanowire (5 nm) and the pore (2–3 nm) agree well with the
pore sizes (4–6 nm) and pore-wall thickness (2–3 nm), respec-
tively, of the templates. The crystalline lattice of the Pt
nanowire networks is clearly revealed in the high-resolution
TEM (HRTEM) image (Figure 2g). The ring patterns from
selected area electron diffraction (SAED) studies of the Pd
and Pt nanowire networks (insets of Figure 2d and f,
respectively) indicate that these nanowire networks possess
randomly oriented fcc crystalline domains. The crystallite
sizes estimated from XRD and TEM are � 5 nm, which is
similar to the pore size of the template.

Macroscopic connectedness of the networks was con-
firmed by field emission scanning electron microscopy
(FESEM) studies as shown in Figure 3. The Pt nanowire
network shows a continuous, homogeneous surface morphol-
ogy (Figure 3a) with an ordered mesostructure (Figure 3b).
Electronic continuity was demonstrated by cyclic voltamme-
try measurements performed upon an acidic aqueous solution

in which hydrogen adsorption–
desorption occurred at the surface
of the Pt nanowire (Figure 4a). The
charge associated with hydrogen
adsorption and oxidation is propor-
tional to the active surface area of
the Pt nanowire network. By this
approach, an average active surface
area of 27� 2 m2g�1 was deter-
mined, which is comparable to
that of mesoporous Pt.[14] Three
anodic hydrogen oxidation peaks
were present at relative potentials
of 0.03, �0.03, and �0.08 V (vs.

Figure 1. Schematic showing the formation of 3D continuous macroscopic metal or semiconductor nanowire
networks by a templated electrodeposition technique. a) 3D cubic mesoporous template, b) 3D nanowire/silica
nanocomposites, c) 3D nanowire network.
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SCE, saturated calomel electrode), which is consistent with
the isotropic polycrystalline nature of the nanowire network.
The cyclic voltammetry studies demonstrate catalytic activity,
pore accessibility, and electrical continuity of the nanowire
networks.

Device applications often require hierarchical pore struc-
tures that may provide higher surface areas and more-
efficient mass transport. The strategy presented here has
particular advantages in the preparation of such hierarchical
nanowire networks because silica templates with hierarchical
structures can easily be made through the surfactant–assem-
bly process.[15] For example, hierarchical templates used in this
research were prepared by the introduction of colloidal silica
spheres (20–100-nm diameters) into the surfactant/silicate
thin-film assemblies, followed by calcination. Electrodeposi-
tion and template removal resulted in the hierarchical

nanowire networks shown in
Figure 3, c–e. FESEM and TEM
images (Figure 3,d and e,
respectively) of the hierarchical
Pt nanowire networks clearly
indicate the formation of secon-
dary pores (20–100 nm). Highly
porous nanowire networks with
spongelike (Figure 3c) and
grasslike (Figure 3e) morpholo-
gies are clearly revealed. As the
silica particles which are added
may significantly affect the
nucleation and growth of the
silicate/surfactant assemblies,
more-complicated structures
were created by varying the
size and shape of the silica
additives.

Besides the precise struc-
tural control over relatively
large distances, this method can
be extended to synthesize nano-
wire networks with various
chemical compositions such as
other metals (e.g. Co), alloys
(e.g. PtNi), and semiconductors
(CdSe, CdS, and Bi2Te3). An
example of CdSe nanowire net-
works is shown in Figure 2,h and
i. The images suggest an ordered
(Figure 2h) and crystalline (Fig-
ure 2 i) replicated mesostructure
in the semiconductor nanowire
networks. The SAED pattern
(Figure 2 h, inset) indicates a
randomly oriented zinc blende
crystalline structure. Crystalline
CdSe networks composed of
� 11-, 5-, and 3-nm diameter
nanowires were synthesized by
using cubic templates which
offered the corresponding pore

diameters. The ability to control the nanowire diameter in
turn allows continuously tuned optical absorption owing to
quantum confinement. The first excitonic peaks in the
absorption spectra of the CdSe nanowire network shift from
l = 640 to 470 nm upon decreasing the diameters of the
nanowire from 11 to 3 nm (Figure 4b). As the nanowires are
arranged in a stable network through strong metallic or
covalent bonds, as-synthesized networks are stable in organic
solvents and remain unaffected after thermal treatments.
Crystallized semiconductor nanowire networks with 3D
interconnected hierarchical structures and tunable optical
properties are great candidates for optical hosts, photo-
voltaics, and other applications.

Figure 4c shows magnetization hysteresis loops measured
at room temperature of a Co 3D nanowire network by using a
field applied either parallel or perpendicular to the substrate.

Figure 2. TEM images of the 3D cubic mesoporous silica templates prepared using Brij 58 surfactant,
and the replicated metal or semiconductor nanowire networks. a), b), and c) TEM images of the cubic
structured template along the [111], [211], and [100] directions, respectively. The pore-to-pore distances
measured from the TEM images are �4.8, 3.4, and 8.2 nm, respectively, and agree well with the results
of XRD studies (a =8.4 nm). d) and e) TEM images of the Pd nanowire network replicas along the [111]
and [211] directions, respectively, which indicate the formation of a highly ordered Pd nanowire network;
the inset in (d) shows a SAED pattern of the Pd nanowire network with a typical Pd fcc crystal structure.
f) TEM image of a Pt nanowire network replica along the [100] direction; the inset in (f) shows the SAED
pattern of the Pt nanowire network with a typical Pt fcc crystal structure. g) HRTEM image of a Pt nano-
wire network. h) TEM image of a [111]-oriented CdSe nanowire network; the inset of (h) shows the SAED
pattern of a polycrystalline CdSe network with a randomly oriented crystalline structure. i) HRTEM image
of a CdSe nanowire network showing crystalline lattice fringes.
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The presence of the hysteresis loop in both directions
indicates that the Co nanowire network is ferromagnetic at
room temperature. A higher coercivity (255 Oe) than that of
Co thin films (� 10 Oe)[16] is observed. Furthermore, the 3D
nanowire network, different from Co thin films or 2D wire
arrays with uniaxial anisotropic magnetization,[16,17] gives
isotropic magnetism as indicated by its similar coercivity
and remanent magnetization behaviors shown in the inset of
Figure 4c. In comparison, diluted Co nanoparticles of 2–11-
nm diameter and 2D Co nanoparticle superlattices show
superparamagnetic behavior at room temperature.[18, 19] Such

superparamagnetic behavior is
due to the randomized particle
magnetic polarizations at a tem-
perature higher than the blocking
temperature.[18] The unique con-
tinuous 3D nanowire network
structure may enhance the dipolar
interactions between magnetic
domains or the intercoupling
along nanowire chains, which
may result in increased blocking
temperatures and room temper-
ature ferromagnetic behav-
ior.[20, 21] A 3D Co nanowire net-
work with a smaller diameter of
the nanowire (3–4 nm) also shows
ferromagnetic behavior at room
temperature.[22] Detailed studies
are underway to understand fun-
damentally the magnetic behav-
iors. Nevertheless, such room tem-
perature ferromagnetic nanowire
networks with small nanowire
dimensions and enhanced coer-
civities show potential for high-
density information storage appli-
cations.

In conclusion, we have devel-
oped a rapid and effective

approach to fabricate stable macroscopic nanowire networks
with controllable composition, tunable hierarchical structure,
and unique properties. The dimensions of the nanowire and
the network structure are tunable by the precise replication of
the self-assembled silica/surfactant liquid-crystalline struc-
ture. Hierarchical pore morphology can be obtained by using
secondary silica porogens that have desired shapes and sizes.
This versatile approach is applicable to a variety of materials
such as polymers, metals, and semiconductors. Robust 3D
nanowire networks fabricated with this low-cost templated
electrodeposition technique are of great interest for photo-

Figure 3. Top-view FESEM and TEM images of Pt nanowire networks of controlled macroscopic mor-
phologies. a) and b) Low- and high-magnification FESEM images of 3D Pt nanowire networks, prepared
by using the Brij 58-directed mesoporous silica template, which show homogeneous surface morphol-
ogy and the ordered mesostructure, respectively. c) and d) FESEM and TEM images of a hierarchically
porous Pt nanowire network cotemplated by Brij 58-directed mesoporous silica and dense colloidal
silica particles with an average diameter of 20–70 nm. e) FESEM image of a Pt nanowire sponge cotem-
plated by P123-directed mesoporous silica and dense colloidal silica (70–100 nm). This sponge struc-
ture consists of intertwined 3D nanowires that form an interconnected hierarchical pore network.

Figure 4. a) Cyclic voltammogram of 3D Pt nanowire networks in sulfuric acid (0.5m). Ha: hydrogen adsorption, Hd: hydrogen desorption, Oa:
adsorption of oxygen, Od: reduction of oxygen layer. b) UV/Vis spectra of CdSe nanowire networks with various nanowire diameters, which were
controlled by the pore diameters of the mesoporous silica templates. Surfactants F127, Brij 58, and CTAB were used to prepare cubic mesoporous
templates with pore diameters of 10–11, 5–6, and 3–4 nm, respectively. c) Room temperature magnetization hysteresis loops of 3D Co nanowire
networks with a wire diameter of 5–6 nm in an applied field which is either parallel (~) or perpendicular (*) to the substrate. Each curve was nor-
malized to full saturation. The inset shows a hysteresis loop curve indicating near-equal coercivity and remanent magnetization of the Co nano-
wire network.
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voltaic and thermoelectric devices, fuel cells, hydrogen
separation membranes, sensors, high-density information
storage media, and other device applications.

Experimental Section
Mesoporous silica films were spin- or dip-coated onto conductive
glass substrates (ITO (indium tin oxide) or F-doped SnO2) by using
surfactant/silicate sols that were prepared by mixing tetraethoxysi-
lane (TEOS), H2O, surfactant, HCl, and ethanol in a molar ratio of
1:5:0.02–0.05:0.028:22 at room temperature for 2 h. As-deposited
films were calcined in air at 400 8C for 1 h to remove the surfactants
and to create mesoporous networks. The nonionic surfactant, Brij 58
(C16H33(OCH2CH2)20OH), was used as the pore-structure directing
agent to synthesize 3D mesoporous templates with pore diameters of
5 nm. Triblock copolymer Pluronic F127 (EO106PO70EO106; EO =
ethylene oxide, PO = propylene oxide), P123 (EO20PO70EO20), and
cationic surfactant cetyltrimethylammonium bromide (CTAB) were
used to synthesize 3D mesoporous templates with different pore
diameters. Commercial solutions (adjusted to pH 1) of dense silica
particles with controllable diameters of 20–100 nm were added to the
precursor sols to synthesize templates with hierarchical pore struc-
tures.

Electrodeposition was conducted in aqueous precursor solutions
by using a galvanostatic or potentostatic electroplating circuit in a
conventional three-electrode cell. Electrodeposition of Pd was
carried out with a periodic galvanostatic pulse current (0.5 mAcm�2

for 100 ms and 1 s at 0 mAcm�2) by using an aqueous solution of
PdCl2–HCl (0.5wt.%). Pt deposition was conducted under similar
conditions by using a 2-wt.% H2PtCl6 precursor solution. Deposition
of Co was conducted at �1.2 V vs. SCE by using aqueous solutions
containing methanol (20vol.%), CoSO4 (1.3m), and H3BO3 (0.7m).
Typical CdSe deposition was conducted at 85 8C at �0.65 V vs. SCE
by using a deposition solution (pH 2.5) that contained CdSO4 (0.2m)
and SeO2 (1.0 mm).[23] The electrodeposited films of the metal
nanowire networks were annealed at 400 8C in forming gas (N2 with
10% H2) for 30 min. The silica templates were removed with HF
(1%) or NaOH solution (2m) at 80 8C, and the networks were rinsed
with distilled water. Nanowire networks were characterized by XRD,
TEM, SEM, UV/Vis, cyclic voltammetry, and SQUID techniques (see
Supporting Information).
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Catalysis Methods

A Catalytic Langmuir Film as a Model for
Heterogeneous and Homogeneous Catalytic
Processes**

Andrea Pasc-Banu, Claudia Sugisaki, Thierry Gharsa,
Jean-Daniel Marty, Ignacio Gascon, Gianluca Pozzi,
Silvio Quici, Isabelle Rico-Lattes, and
Christophe Mingotaud*

The design and optimization of new catalytic systems
continue to inspire a tremendous amount of work due to
the importance of catalysis in many scientific fields and
especially in industry. In particular, development of recover-
able catalysts,[1] for example, by immobilization of a homoge-
neous catalyst on a solid surface[2] or by means of surface
organometallic chemistry,[3] offers interesting perspectives.
Pseudohomogeneous systems such as dendritic catalysts have
also been recently developed.[4] They exhibit many of the
advantages of homogeneous catalysts, but also some of the
benefits of heterogeneous catalysts (e.g., easy recovery after
the reaction). Their well-controlled synthesis allows one to
tune their chemical properties by adjusting their core and
peripheral structure. In several cases, the dendrimer gener-
ation also has a strong influence on the reaction catalyzed by
the dendrimer.[5, 6] This is supposedly related to an increased
density of external groups or to lesser accessibility to
reactants.

Regardless of the type of catalytic system, it is difficult to
perfectly control or characterize the density and orientation
of the catalytic centers, as well as the accessibility of these
centers to reactants. Yet the influence of these structural
parameters on the catalytic properties is paramount. There-
fore, there is a clear lack of a chemical system in which the
orientation and density of the catalytic sites can be easily
modified, so that the effect of those parameters on catalysis
efficiency can be measured. We propose using the gas/water
interface as a model for such catalytic processes. Indeed, the

organization and molecular density in a monolayer at this
interface are readily adjustable through compression of the
layer and choice of amphiphilic compound. Chemical reac-
tions (e.g., hydrolysis, polymerization) have indeed been
performed in Langmuir films,[7–10] but in all cases the
surfactants forming the monolayer were themselves the
reactants. Langmuir films have also been used to organize
molecular catalysts on a solid substrate to generate well-
defined supported catalytic systems.[11–13] However, to our
knowledge, no attempt has been made heretofore to form
monolayers at the gas/water interface in which the Langmuir
film is the catalyst.

We chose to study olefin epoxidation as a model reaction
considering the scientific and industrial importance of this
class of reaction. For this purpose, we selected a salen
complex 1 bearing two fluorinated chains (Scheme 1) as a

potential catalyst. Metal salen complexes are chemically
robust, and their catalytic activity in epoxidation reactions is
well documented for various substrates in many solvents.[14]

Furthermore, fluorinated tails are well known for their ability
to facilitate the formation of stable Langmuir films.[15] Finally,
compound 1 is an efficient catalyst for the epoxidation of
alkenes in bulk solution.[16] To assess the catalytic properties
of a Langmuir film of 1 in such a reaction (Scheme 1), we
chose as reactants a vinylic compound which is slightly soluble
in water, namely, cinnamyl alcohol, and the urea/hydrogen
peroxide complex (UHP) as an oxygen source for the
oxidation, because of its stability and ease of handling.[17]

When spread at the gas/water interface, salen complex 1
formed stable monolayers up to its collapse at about
24 mNm�1 (Figure 1 and Table 1). Before the onset of the
surface pressure (at about 183 ;2molecule�1), Brewster-angle
microscopy (BAM) demonstrated that the monolayer is in a
biphasic state (inset of Figure 1) in which gaseous domains are
in equilibrium with liquid domains. After the onset, the
monolayer appeared quite homogeneous. The molecular area
at collapse was around 115 ;2, which is comparable to the
average area of a salen complex with a conformation in which
the average MnN2O2 plane is more or less perpendicular to
the surface.[18] The monolayer of 1 was also transferred onto a
calcium fluoride substrate in order to check its chemical

Scheme 1. Salen complex 1 and the chemical reaction studied in this
work.
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stability at the gas/water interface: the equivalence of the IR
spectra of 1 in a KBr pellet and in the LB film proved the
chemical integrity of the catalyst at the interface.

When cinnamyl alcohol was added to the subphase in a
concentration of 10�5 molL�1 (molar ratio catalyst/alkene
close to 1/50), the isotherm was slightly shifted towards larger
areas per molecule (Table 1). This may be related to some
interaction or adsorption of cinnamyl alcohol molecules at the
interface due to their partial lipophilic character. The effect of
UHP (5A 10�5 molL�1) was clearly stronger: the collapse
pressure decreased to about 16 mNm�1, and the monolayer
was more dense at a given surface pressure. These changes
suggest strong interactions between salen 1 and the oxidant
and could be an indication of the formation of oxidized forms
of 1. Adding cinnamyl alcohol to this UHP solution did not
induce any further important modification of the isotherm
(Table 1).

When a solution of cinnamyl alcohol and UHP (10�5 and
5A 10�5 molL�1, respectively) was kept for 18 h in the
Langmuir trough without any monolayer spread at its inter-
face, no oxidation of the cinnamyl alcohol could be detected
by GC after extraction of the subphase with dichloromethane
(see Experimental Section). To assess the effect of a mono-

layer of 1, a shorter reaction time was used (typically 6 h) to
limit any (undetected) bulk oxidation. After spreading and
compression of the monolayer (if necessary), GC analysis
demonstrated that some epoxide of the cinnamyl alcohol had
formed in the subphase. The area of the epoxide peak (a few
tenths of a per cent to a few per cent of the peak for
unconverted cinnamyl alcohol) varied with compression of
the monolayer (see below) and the reaction time. Preliminary
experiments suggested a linear dependence of this peak area
on time in the range 6–24 h. Thus, this oxidation was not an
artefact due to the extraction/analysis process but was directly
related to the Langmuir film.

Consequently, it can be stated that the monolayer of 1
plays the role of a catalytic surface for the epoxidation of
cinnamyl alcohol dissolved in the subphase. Direct compar-
ison of the kinetics in this system (without stirring) and in bulk
solution is clearly difficult. Therefore, we concentrated on the
relative effect of the compression of the Langmuir film on the
reaction by measuring the area of the epoxide peak relative to
the alkene peak (%A) in the GC chromatogram for different
molecular areas of the catalyst at the interface. When the
monolayer was compressed, the Langmuir film did not cover
the whole surface of the subphase (which was, however,
entirely recovered for the GC analysis). To take this
experimental limitation into account, we assumed that the
quantity of formed epoxide is proportional to the surface area
S of the catalytic monolayer, and therefore we defined an
apparent rate of reaction 1 [Eq. (1)],where t is the reaction
time. Figure 2 shows the experimental variation of the
apparent rate with the molecular area of 1 in the monolayer.

1 ¼ %A ðS tÞ�1 ð1Þ

For low surface pressures and large molecular areas
(greater than ca. 155–160 ;2), the apparent rate increased
slowly with compression of the film. For such low surface
pressures, the monolayer was in a biphasic state. Compression
of the Langmuir film leads only to changes in the proportions

Figure 1. Compression isotherm of 1 at room temperature on pure
water (*) and on a solution of UHP (5F10�5 molL�1) and cinnamyl
alcohol (10�5 molL�1) (*). Inset: Typical morphology of the film
observed by BAM at low surface pressure (dark domains: gaseous
phase; light domains: liquid phase; real size: 430F536 mm2).

Table 1: Analysis of the compression isotherms of 1 on various
subphases at 20 8C.

Subphase
solution

Surface pressure
onset [H2]

Collapse
area [H2]

Collapse surface
pressure [mNm�1]

pure water 183 115 24.4
cinnamyl alco-
hol[a]

189 119 22.5

UHP solution[b] 165 123 15.7
UHP and cin-
namyl
alcohol[c]

163 129 12.3

[a] Concentration: 10�5 molL�1. [b] Concentration: 5F10�5 molL�1.
[c] Concentrations: 5F10�5 molL�1 and 10�5 molL�1, respectively.

Figure 2. Apparent rate 1 of the catalyzed reaction (see text) versus
the molecular area of catalyst 1 spread at the gas/water interface (the
line is a guide to the eye). The inset plots 1 versus the molecular den-
sity for molecular areas larger than 155 H2 (linear fit).
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of the liquid phase and the gaseous phase, but should not
modify the organization within the liquid domains. Thus, the
small increase in reactivity can not be ascribed to a change in
the molecular orientation in the Langmuir film, but should be
simply related to the variation of the average molecular
density. Because the epoxidation of cinnamyl alcohol should
be roughly first order in catalyst concentration, as was
demonstrated in the bulk for indene,[19] we can assume that
the reaction along the monolayer is also first-order in the
average catalyst surface density. Therefore, the apparent rate
of reaction should be proportional to the surface molecular
density of 1. Experimentally, this rate is indeed found to be
reasonably proportional to the surface molecular density (i.e.,
the reciprocal molecular area) of 1 at the interface (inset in
Figure 2).

When the monolayer was in a monophasic state (i.e., for
molecular areas below ca. 160 ;2), the apparent rate deviated
strongly from the previous simple law, and the formation of
epoxide was clearly enhanced. Contrary to the previous case,
such a change can not be only related to the increase in the
molecular density. Even if a definitive explanation of this
higher catalytic activity can not be given at this stage of the
study, one can propose a simple hypothesis. The increase in
molecular density when the monolayer is compressed in its
liquid phase can be achieved only by a reorientation of
various chemical groups of 1. In particular, the manganese
salen complex should be less and less tilted versus the normal
to the interface with increasing compression. Therefore, the
access (ease and main relative orientation) of hydrogen
peroxide or cinnamyl alcohol to the manganese center should
depend on the mean molecular area of 1. This effect alone
may explain the observed change in the catalytic activity.[20]

For molecular areas below about 135 ;2, the apparent
rate 1 of the reaction was strongly decreased. Again, this may
be due to changes in the orientation of the catalytic center.
However, most probably, this is simply related to the slow
collapse of the monolayer. Indeed, the collapse area at
constant compression rate was found to be around
129 ;2molecule�1 (Table 1). Given that this value depends
on the exact compression mode and that the collapse process
is not abrupt (Figure 1), the observed change in reaction rate
was more or less simultaneous with collapse of the monolayer.
Such a process, which should lead to multilayer formation,
decreases the number of catalyst molecules in close contact
with the subphase, and this explains the experimental drop in
catalytic activity.

These results demonstrate that the monolayer of 1
catalyzes the epoxidation of cinnamyl alcohol dissolved in
the subphase with a rate strongly related to the molecular
density and organization within the Langmuir film. For this
particular catalyst/substrate pair, the highest efficiency is
obtained for an average molecular area of about 140–145 ;2.
Further experiments will try to determine the molecular
orientation within the monolayer and relate this to the
molecular structure of the catalyst and the apparent rate of
reaction. Finally, similar experiments will be performed with
chiral salen complexes to check whether the architecture of
the Langmuir film has any effect on the stereoselectivity of
the epoxidation.

More generally, the present study proves that a soft and
controllable interface like a Langmuir film is a powerful
model of reactive surfaces and may help understand the
reactivity in various heterogeneous and homogeneous cata-
lytic systems.

Experimental Section
Amphiphilic complex 1 was prepared by metalation of the corre-
sponding racemic salen ligand derived from trans-1,2-diaminocyclo-
hexane by following a procedure previously described for the chiral
analogue.[16] The crude compound was recrystallized from EtOH to
give a brownish solid in 85% yield. UV/Vis (10�5 molL�1, CH3OH):
lmax (lge)= 235 (4.72), 405 nm (3.71). Elemental analysis (%) calcd
for C44H34ClF34MnN2O2 (1359.1): C 38.88, H 2.52, N 2.06; found: C
39.02, H 2.44, N 2.36.

All other compounds were obtained from Aldrich and used
without further purification. The water of the subphase, purified by a
Purite Select apparatus, had a resistivity higher than 16 MWcm.
Chloroform (HPLC-grade from SDS) was the spreading solvent, and
the solutions of the amphiphilic complex were kept at�18 8C between
experiments to limit solvent evaporation.

Isotherms were obtained with a NIMA trough (type 601BAM)
equipped with a Wilhelmy plate and maintained at 20 8C. The
compression rate of the monolayer was close to 3 ;2molecule�1

min�1. A BAM2plus from NFT was used for the Brewster-angle
microscopy experiments.

The reactions were performed on a laboratory-made Langmuir–
Blodgett trough (maximum available surface area ca. 1100 cm2,
volume of the subphase ca. 340� 40 mL including a ca. 30 mL dipping
well) working at room temperature and under partial nitrogen
atmosphere.[21] For the catalysis experiments, the subphase was an
aqueous solution containing 5A 10�5 molL�1 of UHP and 10�5 molL�1

of cinnamyl alcohol. Shortly after spreading, the monolayer was
compressed (if necessary) at a rate of ca. 35 ;2 molecule�1min�1, and
the area per molecule was kept constant during the experiment. After
6 h, the whole subphase was recovered and extracted with ca. 20 mL
of HPLC-grade dichloromethane. The solvent of the organic solution
was evaporated under reduced pressure, and the residue was kept at
�18 8C until GC analysis.

Built-up films were obtained by the vertical lifting method with a
dipping speed set to 1 cmmin�1. Films (19 layers) were transferred
from the gas/pure water interface onto optically polished calcium
fluoride substrate (Y-type transfer with a transfer ratio of ca. 0.7 for a
transfer pressure of 10 mNm�1).

GC analysis was performed with a Varian Chrompack (CP-3800)
apparatus equipped with an SGE nonpolar capillary column (BPX5
30 mA0.25 mm) (injector temperature: 250 8C; splitless injection
mode; carrier gas: helium at 1 mLmin�1; initial oven temperature:
30 8C, 2 min; rate 1: 15 8Cmin�1; final temperature 1: 150 8C, 15 min;
rate 2: 20 8Cmin�1; final temperature 2: 250 8C, 2 min; detector
temperature: 300 8C). The retention times were found to be ca.
12.5 min for the cinnamyl alcohol, and 13.6 min for the corresponding
epoxide.

Infrared spectra were recorded on a Perkin Elmer FT 1760-X
spectrometer. For spectra of the pristine powder of 1, KBr pellets
(containing ca 0.5 wt% of 1) were used.

Received: June 18, 2004
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Oxygen Heterocycles

Catalytic Asymmetric Mercuriocyclization of
g-Hydroxy-cis-Alkenes**

Sung Ho Kang,* Mihyong Kim, and Suk Youn Kang

Conversion of prochiral olefinic double bonds into the
corresponding chiral functional groups is one of the most
influential fields of study in modern synthetic organic
chemistry, which has been realized preeminently through
asymmetric epoxidation,[1] dihydroxylation,[2] aminohydroxy-
lation,[3] hydrogenation,[4] and hydroboration.[5] Another
versatile process can be evolved from electrophile-promoted
additions.[6] Whereas few studies into intermolecular asym-
metric additions have been carried out, the intramolecular
version has been explored to some extent. The latter
asymmetric cyclizations have been achieved by substrate-
controlled means, but rarely through reagent-controlled
methods. Although the reagent-controlled approach has
been recognized as more challenging and beneficial, progress
has lagged behind owing to lack of lucid strategic clues.
Examples include organoselenylation with chiral selenium
reagents,[7] iodocyclization with iodonium ion/dihydriquinine
complexes,[8] iodocyclization with CoII–salen complexes,[9] and
mercuriocyclization with HgII–bisoxazoline complexes.[10]

Most of the aforementioned methods have some limitations
such as poor enantioselectivity, multistep synthesis of the
involved reagent, and excessive use of the expensive reagent.
Since our reported intramolecular mercurioetherification also
requires 1.2 equivalents of chiral HgII complexes, even though
the reaction itself is highly enantioselective,[10] development
of the corresponding catalytic version would no doubt have a
significant impact. Herein we describe asymmetric mercurio-
cyclization by using catalytic amounts of chiral bisoxazoline to
prepare highly enantiopure 2-substituted tetrahydrofurans.

To develop a catalytic version of asymmetric mercurio-
cyclization, we proposed the use of catalytic amounts of a
chiral bisoxazoline together with excess amounts of readily
available achiral ligand, which can hold all the existing HgII

ions tightly enough to transfer preferentially not to the
olefinic substrate but to the chiral ligand. After assaying
several kinds of additives, amine bases were found to retard
the cyclization significantly. Based on the observation,
structural tuning led us to choose oxazoline as the prospective
achiral ligand. Since our proposed relaying process was shown
experimentally to work with a complex between HgII and
oxazoline 2 (1:2), mercuriocyclization of the model substrate
1 was implemented with this complex composition in the
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presence of various oxazolines to evaluate which one would
be effective. Some of the results are presented in Table 1.
Although 4 and 5 promoted the cyclization to a greater extent
(Table 1, entries 3 and 4), the use of 2, 3, 6, and 7 seemed to
induce more-encouraging progress (Table 1, entries 1, 2, 5,
and 6).

With the promising relay ligands in hand, catalytic
asymmetric mercuriocyclization of 1 was attempted with the
corresponding HgII complexes in the presence of bisoxazoline
9. The outcomes are summarized in Table 2. As reported

before, MeOH (10 equiv) and K2CO3 (5 equiv) were
employed as additives and resulted in good chemical con-
version and remarkable stereoselectivity (Table 2, entry 1).
Later, it was found that the addition of 2.5 equivalents of
MeOH was sufficient to give comparable results (Table 2,
entry 2). The best cyclization was attained with oxazolines 2

and 6 (Table 2, entries 2 and 4). The reaction conditions in
Table 2, entry 2 were applied to substrates 10–12. The
experimental data in Table 3 reveal that the enantioselectivity

reached a more satisfactory level than the chemical con-
version. When the cyclization proceeded further, it became
slower, probably as a result of the gradually increasing
oxazoline concentration. All attempts to suppress the ligating
power of the generated excess oxazoline with acidic additives
proved futile.

To ameliorate the incomplete conversion, a different
protocol was elicited. In the second approach, 1 was treated
with the complex between 9 and HgII (1:1; 0.2 equiv) in the
presence of Hg(OAc)2 (1.0 equiv) and additive(s). The use of
MeOH (10 equiv) with or without K2CO3 resulted in moder-
ate enantioselectivity (Table 4, entries 1 and 2). The use of
allyl alcohol instead of MeOH led to improved stereo-
selectivity, notably with poorer chemical yield (Table 4,
entry 3). The best cyclization resulted when the amount of
MeOH was adjusted to 1.5 equivalents (Table 4, entry 5).

A variety of Z olefinic hydroxyalkenes 10–12 and 16–22
were subjected to the developed cyclization conditions.
Under conditions A (Table 5), most of the substrates deliv-
ered good to excellent stereoselectivity; however, 10 and 12

Table 1: Mecuriocyclization of 1 in the presence of oxazoline–HgII

complexes (L2HgII ; 1.2 equiv).

Entry L Yield [%] Recovered starting
material [%]

1 2 22 74
2 3 23 72
3 4 44 48
4 5 55 41
5 6 8 90
6 7 11 83

Table 2: Mecuriocyclization of 1 by using oxazoline L–HgII complexes
(L2HgII ; 1.2 equiv) in the presence of bisoxazoline 9 (0.3 equiv) and
MeOH (2.5 equiv).

Entry L Yield (sm)[a] [%] ee [%][b,c,d]

1[e] 2 70 (26) 89
2 2 72 (24) 90
3 3 47 (52) 89
4 6 72 (26) 91
5 7 39 (54) 72

[a] Values in parentheses refer to the recovery of starting material.
[b] Measured for the reductively demercurated product (LiBH4 and Et3B
in THFat�78 8C). [c] Determined by HPLC analysis using Regis Welk-O1
(R,R). [d] For the determination of the absolute configuration, see
reference [10]. [e] MeOH (10 equiv) and K2CO3 (5 equiv) were added.

Table 3: Mecuriocyclization with 2–HgII (1.2 equiv) in the presence of
bisoxazoline 9 (0.3 equiv) and MeOH (2.5 equiv).

Entry Substrate Product Yield (sm) [%] ee [%][a]

1 1 8 72 (24) 90
2 10 13 51 (46) 82[b,c]

3 11 14 63 (35) 91[b,c]

4 12 15 42 (56) 75[d,e]

[a] For the determination of the absolute configuration, see refer-
ence [10]. [b] Measured for the reductively demercurated product (LiBH4

and Et3B in THF at �78 8C). [c] Determined by HPLC analysis using
DAICEL OD-H. [d] Measured for the iodinated product (I2 in THFat 0 8C).
[e] Determined by GC analysis using CHIRALDEX B-DM. The absolute
configuration was not determined.

Table 4: Mecuriocyclization of 1 with 9–HgII (0.2 equiv) in the presence
of Hg(OAc)2 (1.0 equiv) and additive(s).

Entry Additive (equiv) Yield (sm) [%] ee [%]

1 MeOH (10), K2CO3 (5) 84 (10) 54
2 MeOH (10) 92 ( 5) 43
3 allyl alcohol (10) 61 (25) 74
4 iPrOH 77 (19) 37
5 MeOH (1.5) 87 (11) 91
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resulted in poor enantioselectivity (Table 5, entries 2 and 7).
To overcome the inferior asymmetric induction, it was
necessary to maintain the concentration of the free HgII ion
as low as possible. As a consequence, the cyclization
conditions were optimized by increasing the amount of 9 to
0.3 equivalents with 2.0 equivalents of MeOH (Table 5, con-
ditions B). The enantioselectivity under the established con-
ditions was improved considerably from 48 to 84% ee for 13
and from 22 to 73% ee for 15 (Table 5, entries 2 and 7). Most
of the remaining substrates also underwent cyclization with
significant enantiomeric enhancement.[11] Scrutiny of the data
suggests that not only the steric bulk of the substituent but
also the distance of the bulky region from the olefinic double
bond seem to be greatly influential. It is possible that the two
factors are involved in forming the tight coordination bond
between the substrate and 9–HgII complex, which is thought
to be crucial for high facial selectivity.

Finally, the newly developed cyclization conditions were
employed for the asymmetric mercurioetherification of the
trans alkene 30 (isomeric to 1) and the racemic terminal
alkene (� )-32 as a kinetic resolution experiment. The former
proceeded somewhat more sluggishly to afford the expected
tetrahydrofuran 31 in 74% yield with 73% ee (15% of
recovered 30) [Eq. (1), tfa= trifluoroacetate].

On the other hand, the latter produced 43% of the trans-
2,5-disubstituted tetrahydrofuran 33 with 63% ee, and 47%
of starting alcohol 32 with 61% ee [Eq. (2)].

In conclusion, we have established a highly enantioselec-
tive catalytic mercuriocyclization of g-hydroxy-cis-alkenes
employing Hg(OAc)2 in the presence of catalytic amounts of
the 4-(2-naphthyl)bisoxazoline–HgII (9–HgII) complex to
obtain 2-monosubstituted tetrahydrofurans with up to
95% ee.
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MeOH.

Conditions A[a] Conditions B[b]

Entry Substrate Product Yield (sm)
[%]

ee
[%]

Yield (sm)
[%]

ee
[%][b,c]

1 1 8 87 (11) 91 93 ( 6) 94
2 10 13 71 (25) 48 80 (17) 84
3 11 14 81 (17) 91 87 (11) 95
4 16 23 79 (15) 78 72 (15) 82[d,e]

5 17 24 84 ( 9) 79 83 (10) 87[d,e]

6 18 25 72 (13) 88 68 (20) 90[d,e]

7 12 15 83 (10) 22 70 (13) 73
8 19 26 83 (11) 75 80 (12) 84[d,e]

9 20 27 83 (10) 88 79 (11) 93[e,f9

10 21 28 87 (11) 71 80 (15) 82[g]

11 22 29 75 (14) 83 72 (19) 92[g]
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reductively demercurated product (LiBH4 and Et3B in THF at �78 8C).
[g] Measured for the reductively demercurated alcohol, which was
produced by concomitant reductive demercuration and ester reduction
using LiBH4 and Et3B in THF at �78 8C.
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Synthetic Methods

Nickel-Catalyzed Cross-Coupling Reaction of
Alkyl Halides with Organozinc and Grignard
Reagents with 1,3,8,10-Tetraenes as Additives**

Jun Terao, Hirohisa Todo, Hideyuki Watanabe,
Aki Ikumi, and Nobuaki Kambe*

Transition-metal-catalyzed cross-coupling reactions between
organic halides and organometallic reagents is a powerful tool
for constructing carbon skeletons.[1] Significant advances have
been achieved in this field over the last decade that have
enabled cross-coupling reactions to be effected between alkyl
groups by using either a nickel or palladium catalyst.[2] We
have contributed to this progress by developing a unique
catalytic system that proceeds efficiently under mild condi-
tions by using 1,3-butadiene as an additive in the absence of
phosphane ligands, where bis-p-allylnickel or -palladium
intermediates (1) are proposed to be involved [Eq. (1)].[3]

This system facilitates the cross-coupling of a wide variety of
alkyl tosylates and halides, such as fluorides, chlorides, and
bromides, with Grignard reagents. However, a drawback of
this methodology is the range of functional groups that are
tolerant to this system because of the high reactivity of the
Grignard reagents. Herein, we reveal a solution to this
problem by employing 1,3,8,10-tetraenes (2) that serve as
extremely efficient ligands to promote the nickel-catalyzed

cross-coupling reaction of alkyl halides with organozinc
reagents[4–6] in a THF/N-methylpyrrolidone (NMP) mixed
solvent containing magnesium bromide. It was also found that
these tetraenes (2) were effective also for the nickel-catalyzed
cross-coupling of alkyl fluorides with Grignard reagents.

First we examined a cross-coupling reaction of alkyl
halides with organozinc reagents that used 1,3-butadiene as
the additive. For example, n-decyl bromide (1 mmol), dieth-
ylzinc (2 equivalents, 1m in hexane), NiCl2 (0.03 equiv), and
1,3-butadiene (1 equivalent) were added sequentially to a
solution of THF (8 mL) and NMP (4 mL) at �78 8C and the
mixture stirred at 25 8C for 48 hours. However, this reaction
gave only a trace amount of the cross-coupling product, n-
dodecane (< 1%), as shown in Table 1 (entry 1). Addition of
magnesium bromide increased the yield of n-dodecane to
45%, but side reactions (reduction and HBr elimination)
could not be suppressed (entry 2). Only a trace amount of
dodecane was obtained without 1,3-butadiene even in the
presence of magnesium bromide (entries 3 and 4). The salts
Bu4NBr, Bu4NI,

[5] and LiBr were also shown to be not
effective as additives (entries 5–7). The yield of dodecane was
increased up to 73% by adding four equivalents of 1,3-
butadiene; however, formation of by-products, n-decane and
decenes, could not completely be suppressed (entries 8 and 9).
Under similar conditions, [Ni(acac)2] (acac= acetylaceta-
noate) afforded a slightly better yield of the product
(entry 10), while nickel catalysts bearing phosphane ligands
were less efficient (entries 11 and 12). PdCl2 did not show a
high catalytic activity (entry 13). The coupling products were
obtained in yields of only 37 and 7%, respectively (entries 14
and 15), when isoprene and p-fluorostyrene[5] were employed
as additives under the same conditions as entry 10.
It is noteworthy that this cross-coupling reaction pro-

ceeded very rapidly and quantitatively when 2,2-bis(penta-
2,4-dienyl)malonic acid dimethyl ester (2a) was employed as
an additive in place of 1,3-butadiene, with complete suppres-
sion of the formation of decane and decenes (entry 16). The
NiCl2 catalyst also gave a satisfactory result under identical
conditions (entry 17). The excellent performance of tetraene
2a is demonstrated readily as the reaction was completed
within 1 h at 25 8Cwith only 9 mol% of 2a and 1.3 equivalents
of diethylzinc (entry 18). N,N-Bis(penta-2,4-dienyl)benzyla-
mine (2b) also showed high activity (entry 19). The yield of
dodecane decreased when the amount of magnesium bromide
was decreased (entry 18).
Reactions of various alkyl halides and a tosylate with

organozinc reagents were examined with 2a as an additive
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(Table 2). This catalytic system tolerates unsaturated heter-
oatom functional groups, such as nitriles, ketones, amides, and
esters (entries 1–4). The use of the secondary alkyl zinc
reagent iPr2Zn (entry 5) or an aryl zinc reagent (entry 6) also
afforded the corresponding products in good yields. An alkyl
tosylate was also shown to undergo this cross-coupling
reaction under the same conditions (entry 7). Secondary
alkyl halides and tosylates were found to react sluggishly. For
example, treatment of 2-octyl bromide with diethylzinc
afforded decane in a yield of only 3%, along with octane
(6%) and octenes (3%), and 82% of 2-octyl bromide was

recovered. Cyclohexyl tosylate also
gave butylcyclohexane in a yield of
only 5% after treatment with dibu-
tylzinc.
We have shown that nickel cat-

alyzes cross-coupling reactions of
alkyl fluorides with Grignard
reagents in the presence of 1,3-
butadiene. However, this reaction
is less efficient than those of the
alkyl bromides, as they afford only
moderate yields of the coupling
products.[3b] For example, treatment
of n-nonyl fluoride with 1.5 equiv-
alents of nPrMgBr in the presence
of 3 mol% of [Ni(acac)2] and
30 mol% of 1,3-butadiene gave
dodecane in a yield of only 11%
(Table 3, entry 1). Increasing the
amount of 1,3-butadiene improved
the yield moderately; however, sat-
isfactory yields could not be
attained (Table 3, entries 2–4).
These poor yields were probably
because the Ni0 center will react
with more than two equivalents of

1,3-butadiene in the presence of a
high concentration of 1,3-butadiene
and will form complexes composed
of C12-butadiene-oligomer units.
The formation of these units will
then predominantly result in a low
concentration of 1.[7] To prepare the
bis-p-allylnickel complex structure
exclusively, we applied tetraene 2b
as an additive and found that the
yield was dramatically improved by
the use of only 0.6 mol% of nickel
catalyst and 15 mol% of 2b
(entry 5).
A plausible reaction pathway is

shown in Scheme 1. A bis-p-allyl-
nickel structure 3 is constructed by
the oxidative cycloaddition of Ni0

with two butadiene moieties of a

Table 1: Nickel-catalyzed cross-coupling reaction of nC10H21-Br with diethylzinc.[a]

Product yield [%][b]

Entry Catalyst Additive (equiv) t [h] Dodecane Decane Decenes[c]

1 NiCl2 C4H6 (1) 48 <1 23 <1
2 NiCl2 C4H6 (1), MgBr2 (3) 48 45 20 11
3 NiCl2 none 48 0 5 <1
4 NiCl2 MgBr2 (3) 48 2 49 46
5 NiCl2 C4H6 (1), Bu4NBr (3) 48 <1 45 3
6 NiCl2 C4H6 (1), Bu4NI (3) 48 3 69 23
7 NiCl2 C4H6 (1), LiBr (3) 48 16 7 0
8 NiCl2 C4H6 (2), MgBr2 (3) 48 69 14 9
9 NiCl2 C4H6 (4), MgBr2 (3) 48 73 2 2

10 [Ni(acac)2] C4H6 (4), MgBr2 (3) 48 84 3 3
11 [NiCl2(PPh3)2] C4H6 (4), MgBr2 (3) 48 40 2 <1
12 [NiCl2(dppp)] C4H6 (4), MgBr2 (3) 48 31 3 0
13 PdCl2 C4H6 (4), MgBr2 (3) 48 5 55 3
14 [Ni(acac)2] isoprene (4), MgBr2 (3) 48 37 5 3
15 [Ni(acac)2] p-fluorostyrene (4), MgBr2 (3) 48 7 <1 23
16 [Ni(acac)2] 2a (2), MgBr2 (3) 48 >99 0 0
17 NiCl2 2a (2), MgBr2 (3) 48 >99 0 0
18[d,e] [Ni(acac)2] 2a (0.09), MgBr2 (3) 1 >99 0 0
19[d] [Ni(acac)2] 2b (0.09), MgBr2 (3) 1 >99 0 0

[a] Conditions unless otherwise stated: n-Decyl bromide (1 mmol), catalyst (3 mol%), additive
(equivalents based on the substrate), diethylzinc (2 equiv, 1m in hexane), mixed solution of THF
(8 mL) and NMP (4 mL), 25 8C, 48 h. [b] Determined by GC analysis. [c] A mixture of 1-decene and 2-
decenes. [d] n-Decyl bromide (1 mmol), diethylzinc (1.3 equiv, 1m in hexane), mixed solution of THF
(8.4 mL) and NMP (4.2 mL), 25 8C, 1 h. [e] The yields were decreased to 41 and 11% when the amount
of MgBr2 was decreased to 1.3 and 0.65 equivalents, respectively.

Table 2: Nickel-catalyzed cross-coupling reaction of alkyl halides and a tosylate with organozinc
reagents using tetraene 2a.[a]

Entry RX R02Zn Product Yield [%][b]

1 nOct2Zn 96

2 nOct2Zn 87

3 91

4 nPr2Zn 87

5 iPr2Zn 79[c]

6 nPrBr Ph2Zn 86[c]

7 Et2Zn 83[c]

[a] Conditions: RX (1 mmol), R02Zn (1.3 equiv), NiCl2 (3 mol%), 2a (9 mol%), MgBr2 (3 mmol), mixed
solution of THF (8.4 mL) and NMP (4.2 mL), 25 8C, 1 h. [b] Yield of isolated product. [c] GC yield.

Table 3: Affect of the additive on the cross-coupling of alkyl fluorides.

Entry [Ni(acac)2] [mol%] Additive (mol%) Yield [%]

1 3 1,3-butadiene (30) 11
2 3 1,3-butadiene (100) 58
3 3 1,3-butadiene (200) 65
4 3 1,3-butadiene (30) 67
5 0.6 2b (15) 94
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1,3,8,10-tetraene.[8] An organomagnesium or -zinc reagent
attacks the bis-p-allyl complex 3 to generate the h1,h3-
octadienediylnickelate complex 4, which then reacts with
alkyl halides to give a complex 5. Subsequent reductive
elimination affords the coupling product along with 3 to
complete the catalytic cycle. Selective and efficient formation
of 3 from Ni0 and 2 would, in comparison to 1,3-butadiene,[7]

facilitate the generation of complex 4 and so accelerate the
subsequent oxidative addition process that leads to 5.
In conclusion, it was found that tetraenes 2 exerted

dramatic effects that improved the cross-coupling reactions of
organozinc reagents with alkyl halides catalyzed by nickel.
This reaction proceeds efficiently by the use of primary and
secondary alkyl or aryl zinc reagents under mild conditions.
The use of tetraene 2b as an additive also resulted in high
yields of products in the cross-coupling of an alkyl fluoride
with a Grignard reagent.

Experimental Section
Heptadecan-5-one: A solution of nOct2Zn (0.33m in THF, 3.9 mL,
1.3 mmol) was added to a solution of 1-bromononan-5-one (221 mg,
1.0 mmol), MgBr2 (552 mg, 3.0 mmol), NiCl2 (4 mg, 0.03 mmol), 2a
(24 mg, 0.09 mmol), and NMP (4.2 mL) in THF (4.6 mL) at 25 8C
under nitrogen. After stirring the mixture for 1 h, 1m HCl (ca. 2 mL)
was added to the solution at 0 8C and the mixture was warmed to
25 8C. Saturated aqueous NaHCO3 solution (20 mL) was then added,
and the product was extracted with diethyl ether (20 mL), dried over
MgSO4, and evaporated to give the crude product. Purification by
silica gel column chromatography with hexane/diethyl ether (15:1) as
an eluent afforded 233 mg (87%) of octadecan-5-one. 1H NMR
(400 MHz, CDCl3): d = 2.39 (t, J= 7.6 Hz, 2H), 2.38 (t, J= 7.4 Hz,
2H), 1.59–1.51 (m, 4H), 1.34–1.21 (m, 22H), 0.90 (t, J= 8.4 Hz, 3H),
0.88 ppm (t, J= 8.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d = 211.1,
42.7, 42.4, 31.8, 29.60, 29.57, 29.56, 29.54, 29.40, 29.35, 29.28, 29.20,
25.9, 23.8, 22.6, 22.3, 14.1, 13.8 ppm; MS (EI) m/z (relative intensity,
%) 268 (M+, 0.4), 211 (25), 113 (20), 101 (33), 85 (74), 71 (39), 58
(100); HR-MS: calcd for C18H36O: 268.2766, found 268.2758;
elemental analysis (%): calcd for C18H36O: C 80.53, H 13.52; found:
C 80.46, H 13.40.
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Scheme 1. A plausible reaction pathway.
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Synthetic Methods

Dramatic Enhancement of Catalytic Activity in an
Ionic Liquid: Highly Practical Friedel–Crafts
Alkenylation of Arenes with Alkynes Catalyzed
by Metal Triflates**

Choong Eui Song,* Da-un Jung, Su Yhen Choung,
Eun Joo Roh, and Sang-gi Lee*

The Friedel–Crafts alkylation of aromatic compounds with
alkenes is one of the fundamental methods for incorporating
carbon skeletons into aromatic systems and, thus, has been
extensively studied and is well established.[1] In contrast, the
corresponding alkenylation process with alkynes still remains
to be solved. One major drawback from the direct Friedel–
Crafts alkenylation of arenes is alkyne polymerization, which
results in the formation of a variety of undesirable side
products.[2] Well-known Lewis acidic metal chlorides, such as
ZrCl4 and AlCl3, produce the desired alkenylated products
but in extremely low yields (for example, 1 and 6% yields of
1-phenyl-1-(p-xylyl)ethene for the reaction of p-xylene with
phenylacetylene at 85 8C, respectively).[3] Recently, a number
of catalysts, such as the solid acid zeolite HSZ-360,[4]

phenoxymagnesium bromide,[5] and SnCl4/NBu3,
[6] were

found to be active for the ortho selective alkenylation of
phenols with a limited range of alkynes (only aryl-substituted
terminal alkynes underwent this reaction). It has been also
found that GaCl3 can promote the alkenylation of arenes with
silylethyne, but excessive amounts of this Lewis acid (3 equiv)
are required.[7] Recently, Tsuchimoto et al. made a break-
through on this important reaction by finding that some metal
triflates [M(OTf)n ; M = Sc, Zr, In] catalyze the alkenylation
of arenes with internal alkynes as well as terminal alkynes
through an alkenyl cation intermediate.[3] However, the
catalytic activity of these metal triflates is far too low for
preparative use. For example, the reaction of benzene and
phenylacetylene in the presence of 10 mol% of Sc(OTf)3 at
85 8C requires 186 hours to give 1,1-diphenylethene in 73%
yield.[3] Moreover, Sc(OTf)3 was totally inactive for electron-

deficient alkynes, such as p-trifluoromethylphenylacetylene
and p-chlorophenylacetylene. Therefore, a more efficient and
practical catalytic system for Friedel–Crafts alkenylation is
still highly desirable. Herein, we report that the use of ionic
liquids in Friedel–Crafts alkenylations of aromatic com-
pounds by alkynes catalyzed by metal triflates not only
enhanced catalytic activity markedly but also decreased by-
product formation, which resulted in higher yields of the
monoalkenylated arenes. Moreover, in some cases, reactions
that do not usually occur in conventional organic solvents
were found to proceed smoothly in ionic liquids.

Room-temperature ionic liquids (RTILs) are now
regarded as eco-friendly alternatives to volatile organic
solvents in chemical processes.[8] During the course of our
extensive efforts on the utilization of RTILs in various
catalytic reactions, we found that switching from an organic
solvent to an ionic liquid often resulted in significant
improvements in catalytic performance (for example,
increased reaction rates, improved selectivities, etc.) as well
as catalyst recycling.[9] Recently, we found that the Sc(OTf)3-
catalyzed Friedel–Crafts alkylation of aromatic compounds
with alkenes is dramatically accelerated in the presence of
hydrophobic ionic liquids, such as [bmim][PF6] or [bmim]
[SbF6] (bmim = 1-butyl-3-methylimidazolium).[9a] This result
encouraged us to investigate the metal triflate catalyzed
Friedel–Crafts alkenylation of aromatics with alkynes in ionic
liquids.

To investigate the effect of ionic liquids on the catalytic
activity of metal triflates in Friedel–Crafts alkenylation we
first examined the reaction between benzene and 1-phenyl-1-
propyne under various conditions (Table 1).

As observed by Tsuchimoto et al.,[3] the alkenylation of
benzene with 1-phenyl-1-propyne in the presence of 10 mol%
of Sc(OTf)3 without an ionic liquid proceeded very slowly
with a yield of only 27% after 96 hours (entry 1). Moreover,
this long reaction time resulted in increased the formation of
undesired side products. On the other hand, when the
reaction was carried out in hydrophobic ionic liquids, such
as [bmim][PF6] or [bmim][SbF6], the catalytic activity of
Sc(OTf)3 was dramatically enhanced: the reaction was
completed within 4 hours to afford the desired product (1,1-
diphenyl-1-propene) in excellent yields (91 or 90%, respec-
tively; entries 2 and 3).[10, 11] Among the various metal triflates
investigated for catalytic activity, indium triflate, hafnium
triflate, and yttrium triflate in particular were found to exhibit
higher activity than scandium triflate, with the reaction
completed within 2.5, 1, and 2 hours, respectively (entries 4,
7, and 10). The reactions proceeded smoothly with excellent
yields even in the presence of smaller amounts of these metal
triflates (5 and 2.5 mol%; entries 5, 6, 8, and 9). Ytterbium
triflate and lutetium triflate also exhibited similar catalytic
acivities to that of scandium triflate (entries 11 and 12). This
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significant rate acceleration may be ascribed to the stabiliza-
tion of the unstable vinyl cationic intermediate in a highly
polar ionic liquid, in which the polar vinyl cation may gain a
longer lifetime. The catalytic activities of other metal triflates
were also investigated, for example (yields are given in
parentheses), Ag(OTf) (4%), Cu(OTf)2 (27%), Mg(OTf)2

(21%), Zn(OTf)2 (2%), Sn(OTf)2 (69%), La(OTf)3 (62%),
Pr(OTf)3 (19%), Nd(OTf)3 (37%), Sm(OTf)3 (15%),
Eu(OTf)3 (16%), Gd(OTf)3 (23%), Tb(OTf)3 (34%),
Dy(OTf)3 (28%), Ho(OTf)3 (30%), Er(OTf)3 (40%), and
Tm(OTf)3 (22%). However, their catalytic activities were
much lower than those of Sc(OTf)3, In(OTf)3, Hf(OTf)4,
Y(OTf)3, Yb(OTf)3, and Lu(OTf)3.

To study the scope of this reaction a series of Friedel–
Crafts alkenylations of arenes with various types of alkynes
were carried out in [bmim][SbF6] (Table 2). In all cases, the
reactions proceeded successfully within a few hours to afford
the corresponding alkenylated products in good to excellent
yields. In particular, Sc(OTf)3, In(OTf)3, and Hf(OTf)4

effectively catalyzed the alkenylation of the electron-defi-
cient alkynes, such as p-tifluoromethylphenylacetylene and p-
chlorophenylacetylene, which were totally inactive without
the presence of an ionic liquid (entries 14–18).[3] Similarly, the
reaction of arenes with ethyl phenylpropiolate in the presence
of Hf(OTf)4 proceeded smoothly in [bmim][SbF6] (entries 19
and 20), whereas without [bmim][SbF6] a conversion of only
< 5% was observed. It should also be noted that the ionic
liquid phase containing the metal triflate could be readily
recovered by simple decantation of the organic layer (the
upper phase) after reaction. The recovered ionic liquid phase
containing the metal triflate was reused without further
addition of metal triflate. However, a decrease in catalytic
activity over successive reactions was observed and, thus, the
reaction time became longer upon reuse (compare entries 6
and 7 in Table 2).

Finally, our protocol has been further extended to intra-
molecular Friedel–Crafts alkenylations. The intramolecular
reaction of aryl phenyl propiolates catalyzed by Hf(OTf)4

(10 mol%) in a mixture of [bmim][SbF6] and methylcyclo-
hexane at 85 8C for 9–10 hours resulted in the formation of the
4-phenylcoumarins in moderate yields (Scheme 1). Surpris-
ingly, the reaction of aryl-2-butynoates also was successfully
performed to afford the corresponding coumarin in an
excellent yield (89%; Scheme 1). The smaller stabilizing
influence of the alkyl group on the vinyl cation intermediate

Table 1: Friedel–Crafts alkenylation of benzene by 1-phenyl-1-propyne.[a]

Entry Catalyst (equiv) Ionic liquid t [h] Yield [%][b]

1 Sc(OTf)3 (0.1) none 96 27
2 Sc(OTf)3 (0.1) [bmim][SbF6] 4 91
3 Sc(OTf)3 (0.1) [bmim][PF6] 4 90
4 In(OTf)3 (0.1) [bmim][SbF6] 2.5 81
5 In(OTf)3 (0.05) [bmim][SbF6] 6 94
6 In(OTf)3 (0.025) [bmim][SbF6] 24 91
7 Hf(OTf)4 (0.1) [bmim][SbF6] 1 90
8 Hf(OTf)4 (0.05) [bmim][SbF6] 5 91
9 Hf(OTf)4 (0.025) [bmim][SbF6] 9 85
10 Y(OTf)3 (0.1) [bmim][SbF6] 2 80
11 Yb(OTf)3 (0.1) [bmim][SbF6] 4 81
12 Lu(OTf)3 (0.1) [bmim][SbF6] 4 94

[a] All reactions were carried out at 85 8C using 1-phenyl-1-propyne
(1 mmol),benzene (6 mL), and the ionic liquid (1 mL) in the presence of
the metal triflate as a catalyst. [b] Yield of isolated product based on 1-
phenyl-1-propyne.

Table 2: Friedel–Crafts alkenylation of various arenes with various
alkynes.[a]

Entry R1 R2 Arene Catalyst t [h] Yield [%][b]

1 Ph Me p-xylene Sc(OTf)3 4 96[c]

2 Ph H benzene Sc(OTf)3 4 68
3 Ph H p-xylene Sc(OTf)3 4 60
4 Ph H p-xylene In(OTf)3 3 80
5 Ph H p-xylene Hf(OTf)4 3 85
6 Ph Ph benzene Sc(OTf)3 2 59
7[d] Ph Ph benzene Sc(OTf)3 4 62
8 Ph Ph benzene In(OTf)3 2 72
9 Ph Ph benzene Hf(OTf)4 1 92
10 Ph Ph p-xylene Sc(OTf)3 4 80[c]

11 Ph Ph toluene Sc(OTf)3 2 83[e]

12 Ph Ph chlorobenzene Sc(OTf)3 6 44[e]

13 Ph Ph anisole Sc(OTf)3 2 73[e]

14 p-CF3Ph H p-xylene Sc(OTf)3 22 73
15 p-CF3Ph H p-xylene In(OTf)3 5 78
16 p-CF3Ph H p-xylene Hf(OTf)4 5 58
17 p-ClPh H p-xylene Sc(OTf)3 12 63
18 p-ClPh H p-xylene Hf(OTf)4 4 70
19 Ph CO2Et benzene Hf(OTf)4 22 89
20 Ph CO2Et p-xylene Hf(OTf)4 10 70[c]

[a] All reactions were carried out with an alkyne (1 mmol), an arene
(6 mL), and [bmim][SbF6] (1 mL) in the presence of the metal triflate
catalyst (10 mol%) at 85 8C. [b] Yield of isolated product based on the
alkyne. [c] cis/trans ratios were determined by 1H NMR spectroscopy as
follow: 96/4 (entry 1), 88/12 (entry 10), and 87/13 (entry 20). [d] Reac-
tion was carried out with the recovered ionic liquid phase from entry 6
without further addition of Sc(OTf)3. [e] The reaction gave an inseparable
mixture of four isomers of ortho and para regioisomers, including the
corresponding cis/trans isomers. The isomer ratios determined by GC-
MS analysis are as follows; 2/33/32/32 (entry 11); 2/35/31/32
(entry 12); 8/18/34/40 (entry 13).

Scheme 1. Synthesis of 4-phenylcoumarins by intramolecular Friedel–
Crafts alkenylations.
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resulted in the alkyl-substituted alkynes usually undergoing
self-oligomerization rather than the desired alkenylation
reaction. Intramolecular alkenylation allowed us to synthe-
size 2(1H)-quinolinones from the corresponding aryl amides
of phenylpropiolic acid in good yields (Scheme 2).

In conclusion, we have found that the employment of
hydrophobic ionic liquids dramatically enhanced the catalytic
activities of metal triflates in Friedel–Crafts alkenylations,
and thus allowed the development of a simple and highly
efficient method for coupling aromatic compounds with
various alkyl- and aryl-substituted alkynes. In some cases,
reactions that were not possible in conventional organic
solvents also proceeded smoothly in the presence of ionic
liquids. To our knowledge, the described protocol could be the
most efficient preparative Friedel–Crafts alkenylation
method published to date for the synthesis of a range of
alkenylated arenes,[12] such as styrenes, cis-aryl-a,b-unsatu-
rated carbonyl compounds, coumarines, and 2(1H)-quinoli-
nones. Studies into the origin of the effects of ionic liquids on
catalytic activity are in progress.

Experimental Section
Typical procedure for intermolecular Friedel–Crafts alkenylations in
an ionic liquid: 1-Phenyl-1-propyne (178.2 mg, 1 mmol) was added to
a mixture of Sc(OTf)3 (49.2 mg, 0.1 mmol), benzene (6 mL), and
[bmim][SbF6] (1 mL) under a nitrogen atmosphere. Two phases
formed and the mixture was heated to reflux for 4 h. After completion
of the reaction, the reaction mixture was cooled to room temperature.
The organic layer (upper phase) was separated by extraction with
benzene to leave the ionic liquid phase containing the catalyst, which
could be reused. All the volatile organic compounds were then
removed under reduced pressure and the residue was purified by flash
column chromatography on silica gel (hexane) to give 177 mg (91%)
of pure 1,1-diphenyl-1-propene as a pale yellow solid.

Typical procedure for intramolecular Friedel–Crafts alkenyla-
tions in an ionic liquid: A mixture of Hf(OTf)4 (77.4 mg, 0.1 mmol),
phenyl 3-phenylpropiolate (222.1 mg, 1 mmol), methylcyclohexane
(6 mL), and [bmim][SbF6] (1 mL) was heated to reflux for 9 h under a
nitrogen atmosphere. The reaction mixture was then cooled to room
temperature. All the volatile organic compounds were then removed
under reduced pressure and the residue was purified by flash column

chromatography on silica gel (hexane/diethyl ether) to give 113 mg
(51%) of pure 4-phenylcoumarin as a pale yellow solid.
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Polymerizations

Nitroxide-Mediated Controlled Free-Radical
Emulsion Polymerization of Styrene and n-Butyl
Acrylate with a Water-Soluble Alkoxyamine as
Initiator

Julien Nicolas, Bernadette Charleux,* Olivier Guerret,
and St�phanie Magnet

Controlled free-radical polymerization (CRP) in water-based
systems has been studied intensely during the last ten years as
it combines the environmental and technical advantages of
polymerization in aqueous dispersed media with the ability to
synthesize tailor-made macromolecular architectures.[1–4]

Most CRP methods, however, have not been applied in
traditional macroemulsion polymerization processes (usually
called simply emulsion polymerization),[5] but in miniemul-
sion polymerization,[1–4,6] as the latter process offers benefits
from the mechanistic viewpoint and can be regarded as a
simplified model of emulsion polymerization. Indeed, nucle-
ation takes place directly in the monomer droplets, which
become polymer particles upon initiation with either a
hydrophobic or a hydrophilic initiator, and subsequent
propagation. However, the formation of small, stable mono-
mer droplets requires the application of high shear to the
initial monomer-in-water emulsion and the addition of a
highly hydrophobic molecule to the monomer phase.[6] Many
authors have demonstrated the great success of this method
for all CRP techniques.[1–4] However, industrial applications
usually demand an easier process; in particular, the use of a
high shear device in large-volume reactors is usually avoided,
and furthermore, the introduction of a hydrophobic additive,
which is sometimes a volatile organic compound, is not
encouraged. Consequently, true emulsion polymerization is
usually the technique of choice owing to its simplicity: this
process does not require any special manipulation of the
initial monomer-in-water emulsion, only the use of a water-
soluble initiator,[5] and particles are generated in the aqueous
phase, independently from the oil droplets, which only act as a
monomer reservoir. Mainly due to the sensitivity of the
nucleation step, CRP in emulsion systems often leads to
unstable latexes, and is therefore still a challenge.[1–4] The
formation of these unstable latexes has been explained by the
very specific features of the chain growth in CRP with respect

to a classical free-radical polymerization—a large number of
oligomers undergo slow and simultaneous growth in the early
stage of the polymerization, which completely modifies the
particle-formation mechanism.

The goal of this work was to apply nitroxide-mediated
polymerization in an emulsion process. This CRP method[7]

takes advantage of the reversible deactivation of the prop-
agating radicals by nitroxide, which gives alkoxyamine-
terminated dormant chains and induces a controlled chain-
growth. This method has recently been improved significantly
with the discovery of very efficient acyclic nitroxides, such as
SG1 (Scheme 1),[8] which can control the polymerization of a

much broader range of monomers than cyclic nitroxides like
TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxy).[7] To per-
fectly control the chain growth and polymerization kinetics,
a monocomponent alkoxyamine initiator should be selected
rather than a normal bicomponent initiator system (classical
radical initiator along with free nitroxide), because the latter
suffers from poorly controlled initiator efficiency.[7] Conse-
quently, the real challenge in nitroxide-mediated emulsion
polymerization is first to select an appropriate water-soluble
alkoxyamine initiator, and second to find the appropriate
conditions to form a stable latex with sufficiently high solids
content.[9] The very few reports on nitroxide-mediated ab
initio emulsion polymerization have mainly concerned the
application of a water-soluble radical initiator in conjunction
with free nitroxide, either TEMPO[9–11] or SG1.[12] Marestin
et al.[10] are the only group to report the use of a TEMPO-
based water-soluble alkoxyamine in a diluted emulsion
polymerization of styrene. However, the polymerization was
rather slow and the use of TEMPO restricted its use to
styrene.

In this paper we present a new and simple way to perform
nitroxide-mediated emulsion polymerization of both n-butyl
acrylate (BA) and styrene (S), as well as the synthesis of a
block copolymer, using a novel, water-soluble, SG1-based
alkoxyamine (Scheme 1),[13] which can also be successfully
applied in a miniemulsion.[14] The solubility in water is
imparted by the sodium carboxylate group, providing the
pH remains above about 6 (pKa = 4.98),[15] at least during the
nucleation step. Due to the hydrophobicity of the SG1
capping agent, A-Na exhibits surface activity in aqueous
solution[14] but undergoes homolytic dissociation to the highly
water-soluble 2-(hydroxycarbonyl)prop-2-yl sodium salt rad-
ical, which initiates the polymerization in the water phase.

Scheme 1. Structure of the nitroxide SG1 and of the SG1-based water-
soluble alkoxyamine initiator (A-H for the displayed acidic form; A-Na
for the corresponding sodium salt).
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In a preliminary study, emulsion polymerizations initiated
with the water-soluble A-Na alkoxyamine were performed in
a single-batch step with 20 wt% monomer content and
2.2 wt% of various surfactants (see Supporting Information).
In all cases the latexes underwent destabilization after about
50% monomer conversion, most probably due to the
partition of the initially formed oligomeric alkoxyamines
between the water phase and the oil phase, leading to
unwanted droplet nucleation. Nevertheless, all polymers were
well controlled, demonstrating the efficiency of the selected
initiator. Consequently, improvement of the colloidal charac-
teristics of the latexes was the main issue to address. This was
done by making the process a multi-step polymerization.

The first polymerization step was the preparation of a
living poly(n-butyl acrylate) seed latex, from a very dilute
monomer-in-water emulsion (0.7 wt%; apparent concentra-
tion of 0.055 molL�1), with two different surfactant concen-
trations above the critical micelle concentration (experi-
ments 1 and 2 in Table 1). The pH of the water phase was 7.4
and 6.9 for experiments 1 and 2, respectively, that is, above
the lower limit of 6 needed for a high ionization degree of the
initiator. The majority of the n-butyl acrylate monomer was
located either in the water solution[16] or in the swollen
micelles. If present, the monomer droplets should therefore
remain in only very small quantities. Indeed, with both the
selected surfactant concentrations a clear solution was
obtained at the polymerization temperature before the start
of the reaction. The main purpose was to favor micellar
nucleation over droplet nucleation. In both experiments the
oligomers were obtained reproducibly with controlled molar
masses in almost perfect agreement with the theoretical value
(conversion at 8 h was close to 60% and theoretical Mn =

1100 gmol�1; experimental Mn = 1060 gmol�1 for experi-
ment 1 with Mw/Mn = 1.14; experimental Mn = 1080 gmol�1

for experiment 1’, with Mw/Mn = 1.17; experimental Mn =

1120 gmol�1 for experiment 2, with Mw/Mn = 1.20; experi-
mental Mn = 1110 gmol�1 for experiment 2’, with Mw/Mn =

1.17). The molar masses indicate a high initiator efficiency,
meaning that all A-Na molecules are consumed and turned
into the hydrophobic polymer chains that form the particles.

Both seed latexes are stable, with an average particle
diameter, given by dynamic light scattering (DLS), of 210 nm
for the lowest amount of surfactant used (experiment 1) and
150 nm when the amount of surfactant was multiplied by a
factor of 2.3 (experiment 2). As shown in Table 1, both
experiments are also reproducible from the particle-size
viewpoint, although the diameters are rather large and the
particle-size distribution broad, in contrast to what is
expected in a classical emulsion polymerization. Nucleation
might lead to a change in the thermodynamic properties of
the system, in close analogy with the theory of “super-
swelling” proposed for miniemulsions by Luo et al.[17] The
presence of a large concentration of oligomers in the growing
particles during the early stages of the reaction would lead to
a lower chemical potential than in the non-nucleated micelles
or droplets, which would enhance swelling of the former by
the monomer. This would favor the formation of large
particles with a broad particle-size distribution. The low
amount of monomer, however, allowed us to limit the effects
of this unwanted trend.

The low-solids-content poly(n-butyl acrylate) latexes
produced in the first step were further used as a seed for
the batch emulsion polymerization of n-butyl actylate and
styrene (Table 1). As illustrated by the conversion versus time
plots in Figure 1 and Figure 2, the dispersed oligomeric
alkoxyamines initiate the polymerization and lead to fast
and nearly complete polymerizations (85 to 95% conversion
within 8 h), with very good reproducibility (see Table 1 and

Table 1: Experimental conditions for the living seed latex preparation and the seeded batch emulsion polymerization.[a]

Exp. Seed
Latex

Monomer(s) Monomer
content
[wt%]

[Surfactant][b]

[molL�1
aq.]

([wt%])[c]

T [8C] [A-Na]0
[molL�1

aq]
Overall theoretical

DPn

at 100% conv.[d]

Overall conver-
sion

after 8 h[e] [%]

Final average
diameter from DLS [nm]

1 – BA 0.7 6.89 I 10�3 112 5.82 I 10�3 10 55 210
1’ – BA 0.7 6.89 I 10�3 112 5.82 I 10�3 10 60 230
2 – BA 0.7 1.54 I 10�2 112 5.71 I 10�3 10 60 150
2’ – BA 0.7 1.54 I 10�2 112 5.71 I 10�3 10 60 155
3 1 BA + BA 16.5 6.89 I 10�3 (2.2) 112 5.82 I 10�3 267 95 660
3’ 1 BA + BA 16.5 6.89 I 10�3 (2.2) 112 5.82 I 10�3 267 95 650
4 1 BA + S 16.5 6.89 I 10�3 (2.2) 120 5.82 I 10�3 327 87 530

(TEM: Dn = 450;
Dw = 830)[f ]

5 2 BA + BA 16.3 1.54 I 10�2 (5.1) 112 5.71 I 10�3 266 92 270
6 2 BA + S 16.1 1.55 I 10�2 (5.1) 120 5.71 I 10�3 328 85 260

(TEM: Dn = 90;
Dw = 350)[f ]

7[g] 2 BA + BA +S 26.4 1.55 I 10�2 (2.9) 112 5.71 I 10�3 532 80 330
7’[g] 2 BA + BA +S 26.4 1.55 I 10�2 (2.9) 112 5.71 I 10�3 532 85 310

[a] [NaHCO3] = 0.012 molL�1; p =3 bar N2; A-H was dissolved in a 0.4m sodium hydroxide solution (1.6 equiv.) to give A-Na, and was then added into
the reactor at 90 8C, triggering the reaction. The experiments 1, 2, 3, and 7 were duplicated, with the same experimental conditions. [b] Dowfax 8390;
critical micelle concentration = 0.05 wt % at 25 8C, approximately 0.5–1 mm. [c] Based on the overall weight of monomer. [d] Theoretical DPn =
[monomer]0/[alkoxyamine]0. [e] Determined by gravimetry. [f ] Determined by TEM, using Dn =

P
i

ni Di/
P

i
ni and Dw =

P
i

ni D
4
i /
P

i
ni D

3
i (see the full

distribution in the supporting information). [g] Same initial molar amount of n-butyl acrylate and styrene (55 wt% of BA); composition of copolymer 7
at 80% conversion determined by 1H NMR spectroscopy (200 MHz, CDCl3) to be 47 mol% of BA.
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the Supporting Information for the comparison of experi-
ments 3 and 3’). Moreover, controlled molar masses and
narrow molar-mass distributions were observed (Figure 1
and 2): the Mn values were close to the predicted ones,
indicating a good reinitiation efficiency. For n-butyl acrylate
polymerization, broadening of the molar-mass distribution
was observed at the end of the reaction, possibly due to
irreversible termination and/or to intermolecular chain trans-
fer to the polymer, which are not unexpected at such large
conversions.[18]

From the colloidal viewpoint, the important result is that
the latexes are all stable for months. The final average
diameters are given in Table 1. They are strongly dependent
on the seed used (i.e. to the initial concentration of surfactant)
and on the amount of polymer, but do not depend much on
the type of monomer polymerized in the second step. DLS
gave an average diameter of 660 nm for the poly(n-butyl
acrylate) latex 3 and 530 nm for the polystyrene latex 4, both
extended from seed 1 (the calculated final diameter is 600 nm,
on the basis of the DLS seed diameter and the amount of
polymerized monomer). Moreover, the diameter increases
with conversion in such a way that the total number of latex

particles remains fairly constant throughout the polymer-
ization. For latex 4, transmission electron microscopy (TEM)
was performed: Dn = 450 nm and Dw = 830 nm, indicating a
broad particle-size distribution. For the latexes extended from
seed 2, DLS gave an average diameter of 270 nm for the
poly(n-butyl acrylate) latex 5 and 260 nm for the polystyrene
latex 6, whereas the calculated diameter is 400 nm (TEM
measurements on the latter gave Dn = 90 nm and Dw =

350 nm). The large discrepancy between DLS and TEM in
those experiments comes from the existence of very small
particles that are barely detectable by DLS. Although these
results do not indicate a perfect control over the particle size
and particle-size distribution, they are essentially the same as
those currently obtained in analogous miniemulsion polymer-
izations.[1–4]

The process was also applied to the three-step synthesis of
a block copolymer with a 1:1 molar composition. The first two
steps were identical to those for the poly(n-butyl acrylate)
latex 5. Before the end of the second step (5.5 h, 55% n-butyl
acrylate conversion), the polymerization was stopped by
cooling the reaction medium. The unreacted BA monomer
was not removed, part of the styrene was added, and the
mixture was stirred gently overnight at room temperature.

Figure 1. Seeded emulsion polymerizations of n-butyl acrylate (experi-
ment 3 : ~,~; experiment 5 : *,*): a) monomer conversion versus
time; b) number-average molar mass and polydispersity index versus
conversion. Straight line: theoretical evolution of Mn versus conver-
sion.

Figure 2. Seeded emulsion polymerizations of styrene (experiment 4 :
^,^; experiment 6 : &,&): a) monomer conversion versus time;
b) number-average molar mass and polydispersity index versus conver-
sion. Straight line: theoretical evolution of Mn versus conversion.
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After addition of the remaining styrene, the temperature was
raised again to 112 8C. All the features of a controlled
polymerization were maintained, with the continuous
increase of the average molar masses with monomer con-
version, the low polydispersity indexes (Figure 3), and the

shift of the size-exclusion chromatography (SEC) peaks
toward larger molar masses (see Supporting Information).
Again, a stable latex was recovered, with 26% solids content.

Nitroxide-mediated emulsion polymerization of n-butyl
acrylate and styrene was successfully carried out in a multi-
step process in the presence of a novel water-soluble alkoxy-
amine initiator based on the nitroxide SG1. Fast reactions
were observed, leading to polymers with controlled molar
mass and narrow molar-mass distribution, which could be
further extended by monomer addition. The process allowed
us to form stable latexes with a solids content as high as
26 wt%. Such a true emulsion polymerization process in
living conditions, which was previously a real challenge in the

field of controlled free-radical polymerization, is of high
academic and industrial relevance.
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Metal Polysulfides

[LAl(m-S3)2AlL]: AHomobimetallic Derivative of
the Sulfur Crown S8**

Ying Peng, Hongjun Fan, Vojtech Jancik,
Herbert W. Roesky,* and Regine Herbst-Irmer

Dedicated to Professor Tobin J. Marks
on the occasion of his 60th birthday

Metal polysulfides, synthesized by a variety of methods using
various reagents as sulfur source, such as S8, M2Sn (M= alkali
metal), P4S10, H2S, and organic polysulfanes, have attracted
much attention not only regarding their structure and
reactivity but also owing to their potential uses.[1] Metal
polysulfide complexes[1b] may be viewed as derivatives of the
Sx

2� (x� 2) ion. Transition-metal polysulfides have attracted
interest as catalysts and intermediates in enzymatic processes
and in catalytic reactions of industrial importance, such as the
hydrodesulfurization (HDS) of fossil fuels.[2] Furthermore,
the metal polysulfides can be used as precursor for metal–
sulfur clusters. In contrast, such complexes containing heavier
main-group elements, such as the Group 13, 14, and 15 metals
have been much less explored.[1a,d] Among the numerous
investigations of the metal polysulfides, complexes with the
(m-S3) chain are rarely reported. The most common examples
are those of transition-metal complexes [{(h5-RC5H4)2Ti(m-
S3)}2] (R=H, Me)[3] and [{(h5-MeC5H4)Ru(PPh3)(m-S3)}2]

[4]

which were obtained by treatment of [(h5-RC5H4)2TiS5]
(R=H, Me) with PPh3, and [{(h5-MeC5H4)Ru(PPh3)2S}2]
[SbF6]2 with (NBu4)2S6, respectively. [LAlI] (1) (L=

HC(CMeNAr)2, Ar= 2,6-iPr2C6H3)
[5] with its nonbonding

lone pair of electrons at aluminum has a singlet carbene-
like character and may show unprecedented chemical reac-
tion behavior.[6] Herein, we describe the synthesis and
structural characterization of [LAl(m-S3)2AlL] (2) containing
two (m-S3) chains.

Compound 2 was synthesized by the reaction of 1 with
sulfur in a molar ratio of 2:6[7] (Scheme 1). Cold toluene was
added to the mixture of 1 and sulfur at �78 8C. After several
minutes a suspension was obtained which was kept at �78 8C
for 2 h. Subsequently the suspension was slowly warmed to
room temperature under formation of more precipitate. The
compound [LAl(m-S)2AlL][8] was isolated from the precipitate

and characterized by its characteristic melting point and EI
mass spectrum. Pale yellow crystals of 2 were obtained from
the concentrated filtrate at 4 8C, as well as at room temper-
ature. It is noted that even when the above reaction was
employed in a molar ratio of 2:3,[7] the isolated product is also
2 however in lower yield (about 10%). Compound 2 was
characterized by 1H and 13C NMR spectroscopy, EI mass
spectrometry, and elemental analysis. The most intense peak
in the EI mass spectrum of 2 appears atm/z 508 [M+�LAlS4].
The signals at 540 (38%) and 572 (15%) are assigned to the
[M+�LAlS3] and [M+�LAlS2] fragments, respectively. Com-
pound 2 is sparingly soluble in [D6]benzene, and the solubility
does not improve even when heated. 2 does not dissolve in
hexane and pentane. When the reaction mixture or the
isolated compound is exposed to traces of moisture, the free
ligand LH can be detected by 1H NMR spectroscopy.

Single crystals of 2[9] suitable for X-ray structural analysis
were obtained in toluene at 4 8C. Compound 2 crystallizes in
the monoclinic space group P21/n with two co-crystallized
molecules of toluene per molecule of 2 (Figure 1). Two (m-S3)
chains connect two aluminum atoms to form an aluminum
polysulfide with an Al2S6 eight-membered ring. The two
L ligands are almost coplanar. The symmetry of the structure
is Ci. In the S8 structure,[10] the two S3 units are eclipsed,
whereas in 2 they are staggered, thus we cannot simply argue
that the two aluminum atoms are replacing the corresponding
sulfur atoms in S8. The S�S bond length (av 2.08 C) in 2 is

Scheme 1. Synthesis of 2.

Figure 1. Thermal ellipsoids plot of 2 (thermal ellipsoids set at 50 %
probability). Hydrogen atoms and solvent molecules are omitted for
clarity. Selected bond lengths [�] and angles [8]: Al(1)-N(1) 1.882(2),
Al(1)-N(2) 1.904(2), Al(1)-S(1) 2.223(1), Al(1)-S(3A) 2.248(1), S(1)-
S(2) 2.095(1), S(2)-S(3) 2.073(1); N(1)-Al(1)-N(2) 97.7(1), S(2)-S(1)-
Al(1) 98.0(1), S(1)-Al(1)-S(3A) 116.9(1), S(3)-S(2)-S(1) 104.7(1).
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slightly longer than that in S8
[10] (av 2.05 C), [{(h5-MeC5H4)2-

Ti(m-S3)}2]
[3] (av 2.06 C), and [{(h5-MeC5H4)Ru(PPh3)(m-

S3)}2]
[4] (av 2.05 C). The Al�S bond lengths (av 2.24 C) are

comparable with those in the dimer [LAl(m-S)2AlL] (av
2.24 C)[8] and in [LAl(SH)2] (av 2.22 C).[11] The Al�N bond
length (av 1.89 C) falls within the range of those in aluminum
derivatives bearing the L ligand.[12] The S-S-S angle (104.78) is
close to those found in [{(h5-MeC5H4)2Ti(m-S3)}2]

[3] (109.18)
and [{(h5-MeC5H4)Ru(PPh3)(m-S3)}2]

[4] (105.28).
The S8 ring can have different cleavage patterns and thus

forms various types of structures.[1a] For [L2Al2Sn] species the
product with n= 2 is known,[8] and herein compound 2 has n=

6. Theoretical calculations were carried out to estimate the
relative stability of the compounds with n= 2–8. The method
used is RI-BP86/TZVP within the TURBOMOLE[13] pro-
gram. The optimized structure of [L2Al2S6] is in good agree-
ment with the X-ray values for 2 (mean deviation < 0.04 C),
which shows the reliability of the selected theoretical method.
In the calculation the CHMe2 groups in the ligand L were
replaced by H atoms. The relative stability of [L2Al2Sn] was
estimated by the reaction energy of 2 [LAl]+ n/8S8!
[L2Al2Sn]. The calculated reaction energies are listed in
Table 1. All the reactions are exothermic. Compound
[L2Al2S2]

[8] is the most stable. However, there are quite a
few conformations with only a slightly smaller reaction
energy, and thus thermodynamically they are all possible.
Most [L2Al2Sn] species prefer only one bridging S atom, while
all the other S atoms are arranged in the second bridge
(Table 1). We could isolate 2 but not the (theoretically
favored) S1 S5 isomer, this might be due to the very low
solubility of the latter species.

Therefore, the theoretical work shows that all [L2Al2Sn]
(n= 2–8) species have rather stable conformations (and that
there can be more than one).[14] These compounds may
coexist in the product, and under different reaction conditions
another species may be preferentially formed. To obtain a
single crystal out of such a mixture is difficult except for n= 2
where one can use excess of 1 to react with sulfur.

In summary, we report herein the first compound of
Group 13 with two (m-S3) chains connecting two aluminum
atoms under formation of an eight-membered Al2S6 ring.
Studies of the other possible conformations of [L2Al2Sn]
estimated by calculation are underway.

Experimental Section
All manipulations were performed under a dry and oxygen-free
nitrogen atmosphere using Schlenk-line and glovebox techniques.

2 : Toluene (30 mL) was added to a mixture of 1 (0.580 g,
1.3 mmol) and S8 (0.125 g, 3.9 mmol) at �78 8C. The resulting

suspension was stirred at this temperature for 2 h and slowly
warmed to room temperature. The mixture was stirred for additional
15 h. After removal of the precipitate by filtration, the concentrated
solution was kept at room temperature for 3 days to afford pale
yellow crystals of 2. (0.150 g, 22%). M.p. 185 8C (decomp); EI-MS:m/
z (%) 508 (100) [M+�LAlS4], 540 (38) [M+�LAlS3], 572 (15)
[M+�LAlS2].

1H NMR (500.13 MHz, C6D6): d = 7.20–6.90 (m, 12H,
Ar-H), 4.72 (s, 2H, g-H), 3.30 (sept, 8H, J= 6.8 Hz, CHMe2), 1.50 (s,
12H, Me), 1.37 (d, 24H, J= 6.8 Hz, CHMe2), 1.00 ppm (d, 24H, J=
6.8 Hz, CHMe2);

13C NMR (125.77 MHz, C6D6): d = 171.78 (CN),
145.74, 143.69, 128.20, 123.83 (Ar), 97.74 (g-C), 28.92 (CHMe2),
25.45(CHMe2), 23.93 (CHMe2), 23.55 ppm (Me); 27Al NMR: reso-
nance is silent. Elemental analysis (%) calcd for C58H82Al2N4S6

(1081.66): C 64.40, H 7.64, N 5.18; found C 64.65, H 7.88, N 4.76%.
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Mixed-Metal Compounds

Preparation of [LAl(m-S)2MCp2] (M=Ti, Zr)
from the Structurally Characterized Lithium
Complexes [{LAl(SH)[SLi(thf)2]}2] and
[{LAl[(SLi)2(thf)3]}2]·2THF**

Vojtech Jancik, Herbert W. Roesky,* Dante Neculai,
Ana M. Neculai, and Regine Herbst-Irmer

Dedicated to Professor Hubert Schmidbaur
on the occasion of his 70th birthday

Recently, we reported the preparation of the unique mono-
meric [LAl(SH)2] (1) (L=HC(CMeNAr)2; Ar= 2,6-
iPr2C6H3) comprising two terminal SH moieties.[1] This
unusual species led us to explore the substitution pattern of
the SH protons, their exchange with transition metals would
open a new route for the preparation of heterobimetallic
sulfides containing aluminum. To date very few examples with
aluminum bridging sulfide are known. Such species include
[(tBuAl)(tBuAlMe)2(m3-S)3ZrCp2] (Cp=C5H5), prepared by
degradation of the [{tBuAl(m3-S)}4] cage with two equivalents
of [Cp2ZrMe2].

[2] Moreover, there are known aluminum
sulfides with [AlS]n core, which can be either planar (n = 2),
cubic (n = 4), drum (n = 6), or possess more complex struc-
tures with an Al:S molar ratio different from 1:1.[3]

Attempts to prepare heterobimetallic sulfides with 1 and
ZnMe2 or CdMe2 through alkane elimination failed, in spite
of the high affinity of these elements towards chalcogens.[4]

We observed even at low temperature only the formation of
an inseparable mixture of products and the free ligand. This
situation is in contrast to the successful preparation of [LAl(m-
S)2AlL] from 1 and [LAlH2].

[3] Following the protocol of N8th
et al. on the preparation of aluminum–lithium salts from
LiAlH4 and thiols,

[5] we chose the lithiation of 1 with MeLi
and nBuLi in diethyl ether or THF as an alternative route to
the desired compounds. Unfortunately, under the given
conditions the decomposition of 1 was observed. However,
the difficulties encountered in the preparation of the
dilithium salt [{LAl[(SLi)2(thf)3]}2]·2THF (2) were overcome
by direct reaction of 1 with two equivalents of LiN(SiMe3)2 in
THF at 0 8C. The extremely sensitive pale yellow product 2 is
a dimer solvated by eight molecules of THF as demonstrated
by X-ray structural analysis. It has low solubility in THF and
forms a microcrystalline precipitate within a few seconds of
starting materials being mixed. The recovery of the crystals
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E-mail: hroesky@gwdg.de
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was performed within 15 min of the addition of the solvent to
avoid decomposition caused by free HN(SiMe3)2. However,
compound 2 loses THF upon drying in vacuo, leading to a
dimeric product [{LAl[(SLi)2(thf)2]}2] (2’) containing only
four molecules of THF as determined by 1H NMR spectros-
copy. This final product proved to be stable upon storage for
several months under an inert atmosphere. After the success-
ful isolation of 2’, we became interested in the preparation of
the monolithium salt [{LAl(SH)[SLi(thf)2]}2] (3). To our
knowledge such systems are not known for any kind of
metal and, could be precursors for substitution reactions. For
the preparation of 3 a similar method was used as for 2’. After
removal of all volatiles in vacuo compound 3 was isolated in
84% yield. Moreover, no decomposition was detected in the
presence of HN(SiMe3)2 or during the removal of the solvent,
thus demonstrating a higher stability of 3 compared to that of
2. As expected, 3 has a dimeric arrangement in the solid state,
with each lithium coordinated to two molecules of THF and
two sulfur atoms. The amount of THF in 3 remains unchanged
even after keeping 3 for several hours in vacuo (Scheme 1).

We focused on reactivity studies of 2’ and 3 towards the
transition-metal halides, namely [Cp2TiCl2] and [Cp2ZrCl2].
When a solution of [Cp2MCl2] (M=Ti, Zr) in THF was added
dropwise to the solution of 2’ in THF at �20 8C, the color of
the resulting mixture became brownish-green, M=Ti, and
deep yellow for M=Zr. After removal of the THF, extraction
of the crude product with toluene and several purification
steps, compounds [LAl(m-S)2MCp2] (M=Ti (4), M=Zr (5))
were isolated in 89% and 85% yield, respectively.
Surprisingly the reaction of 3 with [Cp2TiCl2] or

[Cp2ZrCl2] in a molar ratio 2:1 does not yield the expected
[{LAl(SH)S}2MCp2] but rather a mixture of 1 and 4 (or 5) is
formed. This result suggests that the formation of the four-
membered ring [LAl(m-S)2MCp2] is preferred over a
LAl(SH)-S-M(Cp)2-S-Al(SH)L chain arrangement contain-
ing free SH groups. One pathway for the formation of 1 and 4
(or 5) in the above reaction may involve the intermediate

[LAl(SH)(m-S)M(Cl)Cp2], followed by a translithiation with a
second molecule of 3, yielding 1 and [LAl(SLi)(m-
S)M(Cl)Cp2]. Subsequently, [LAl(SLi)(m-S)M(Cl)Cp2] under-
goes an intramolecular elimination of LiCl to yield [LAl(m-
S)2MCp2]. A second possible mechanism is an in situ for-
mation of [{LAl(SH)(m-S)}2MCp2] followed by its rapid
rearrangement to yield 1 and 4 (or 5) (Scheme 1).
X-ray quality crystals of 2 and 3 were obtained by slow

cooling their THF solutions.[6] Both derivatives crystallize in
the monoclinic space group P21/n as pale yellow crystals.
Compound 3 shows a simple coordination environment for
the Li atoms [LAl(SH)(m3-S)(m-Li·2THF)2(m3-S)Al(SH)L],
while the structure of 2 is more complex and none of the four
lithium atoms are equivalent. As depicted in Figure 1, the
lithium atoms Li(1), Li(2) and Li(4) are coordinated by two,
one, and three THF molecules, respectively, whereas Li(3) is
not coordinated to THF. This diversity is due to the steric bulk
of the ligand L.

The two THF molecules coordinated to Li(1) require
there to be more space between the 2,6-iPr2C6H3moieties of L
and thus force the substituents on the opposite side closer
together. This steric pressure results in Li(4) being pushed out
of the central area of the dimer. Subsequently the coordina-
tion of three THF molecules covers the unsaturated sites on
Li(4). For the two remaining Li atoms, the situation is similar.

Scheme 1. Synthesis of compounds 2’–5.

Figure 1. Molecular structure of [{LAl[(SLi)2(thf)3]}2]·2THF (2); thermal
ellipsoids set at 50% probability. All hydrogen atoms, noncoordinated
THF molecules and carbon atoms of the coordinating THF molecules
are omitted for clarity. Selected bond lengths [G] and angles [8]: Al(1)-
S(1) 2.186(1), Al(1)-S(2) 2.182(1), Al(2)-S(3) 2.173(1), Al(2)-S(4)
2.181(1), Li(1)-S(1) 2.482(2), Li(1)-S(3) 2.414(2), Li(2)-S(1) 2.544(2),
Li(2)-S(3) 2.449(2), Li(2)-S(4) 2.565(2), Li(3)-S(1) 2.502(2), Li(3)-S(2)
2.345(2), Li(3)-S(4) 2.323(2), Li(4)-S(2) 2.343(3); S(1)-Al(1)-S(2)
111.6(1), S(3)-Al(2)-S(4) 113.0(1), Al(1)-S(1)-Li(1) 149.6(1), Al(1)-S(1)-
Li(2) 126.3(1), Al(1)-S(1)-Li(3) 74.3(1), Al(1)-S(2)-Li(3) 77.7(1), Al(1)-
S(2)-Li(4) 152.1(1), Al(2)-S(3)-Li(1) 114.8(1), Al(2)-S(3)-Li(2) 76.3(1),
Al(2)-S(4)-Li(2) 73.7(1), Al(2)-S(4)-Li(3) 118.0(1), Li(1)-S(1)-Li(2)
68.2(1), Li(1)-S(1)-Li(3) 92.5(1), Li(1)-S(3)-Li(2) 70.8(1), Li(2)-S(1)-
Li(3) 66.0(1), Li(2)-S(4)-Li(3) 68.2(1), Li(3)-S(2)-Li(4) 116.8 (1), S(1)-
Li(1)-S(3) 112.1(1), S(1)-Li(2)-S(3) 108.9(1), S(1)-Li(2)-S(4) 107.8(1),
S(1)-Li(3)-S(2) 96.4(1), S(1)-Li(3)-S(4) 117.6(1), S(2)-Li(3)-S(4)
134.6(1), S(3)-Li(2)-S(4) 92.8(1).
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Li(2) can still be coordinated by one THF molecule whereas
Li(3) is coordinated only to three sulfur atoms. These
different coordination sites of lithium atoms are compensated
by the variation of the Li�S bond lengths (2.323–2.565 E).
The Al2S4Li4 core can also be described as being a six-
membered AlS3Li2 ring with alternating sulphur and metal
atoms, which is capped by another lithium atom and a bent
Al-S-Li unit is joined to one of the S–Li edges of this
hexagonal pyramid to form a condensed four-membered
AlS2Li ring. The shortness of the S(4)�Li(3) bond (2.323 E) is
caused by the unsaturated coordination sphere of Li(3) which
contains only three sulfur atoms and is one of the shortest
S�Li bonds observed to date.[7a–c] All the other S�Li bonds of
2 (2.343–2.565 E) and 3 (2.424 and 2.478 E) are in the range
observed for similar species (2.327–2.964 E).[5,7] Figure 2
shows the molecular structure of 3 in which the S2Li2 core is
essentially planar owing to the crystal symmetry.

This S2Li2 motif can be found in many substances
containing these two elements including 2.[5,7] The free SH
groups are not involved in any kind of hydrogen bonding and
are orientated trans to each other.
Crystals of 4 were obtained by slow cooling of its toluene/

hexane solution.[6] 4 crystallizes in the monoclinic space group
P21 and its molecular structure is shown in Figure 3.
The AlS2Ti ring is essentially planar with the sum of inner

angles of 3608. The widest angle (102.58) corresponds to that
at the aluminum center, while the one at the titanium center is
almost a right angle (89.38). The Ti–XCp separations (XCp is
the centroid of the Cp group) are 2.091 and 2.090 E and the
XCp1-Ti-XCp2 angle is 1308. All these data are in good
agreement with those reported for [Cp2Ti(m-S)2ML’L’’] (e.g.
M= Si, Ti, Ru, L’=Cp, L’’=Cl) species (2.425–2.458 E for

Ti�S, 2.059–2.093 E for XCp–Ti, 129.6–131.68 for XCp1-Ti-XCp2
and 86.5–95.98 for S-Ti-S).[8] The substitution of the SH
protons by Li or Ti has a significant influence on the Al�S
bond length. The Al�S bond lengths decrease in the series
from 1 (2.223 E and 2.217 E)[1] to 4 (2.208 and 2.197 E), to 2
(2.173–2.186 E) and finally to 3 (2.123 E). The partial
negative charge on the substituted S atom in 3 causes a
shortening of the Al�S bond and thus, increases the electron
density on the aluminum center resulting in an elongation of
the Al�S(H) bond (2.268 E).
In summary, we have developed a new strategy for the

preparation of heterobimetallic sulfides containing aluminum
and isolated four new species. Furthermore, the lithium salts
[{LAl[(SLi)2(thf)2]}2] and [{LAl(SH)[SLi(thf)2]}2] are promis-
ing precursors for further reactions.

Experimental Section
All manipulations were performed under a dry and oxygen-free
atmosphere (N2 or Ar) using Schlenk-line and glovebox techniques.
2’: Compound 1 (2.000 g, 3.916 mmol) and LiN(SiMe3)2 (1.311 g,
7.832 mmol) were mixed as solids in a flask and subsequently cold
THF (70 mL, 0 8C) was added. Within a few seconds pale yellow
crystals of 2 started to precipitate from the reaction mixture. After
5 min of stirring at 0 8C, the reaction mixture was cooled to �20 8C
and maintained at this temperature for 5–-10 min under vigorous
stirring to support the crystallization. The time allowed for the
crystallization is determined by the color of the solution. The original
pale yellow color of the solution turned slowly into a dark brown,
which indicates decomposition of the product. Thus, the filtration of
the microcrystalline product should occur within the first significant
color change of the mother liquor. After washing the crude product
with cold THF (5 mL) and drying in vacuo, 2’ was obtained as a pale
yellow powder. Yield 2.19 g (84%). M.p. 320 8C (decomp). 1H NMR
(500 MHz, [D8]THF, 25 8C, TMS): d = 1.07 (d, 3J(H,H)= 6.8 Hz, 24H,

Figure 2. Molecular structure of [{LAl(SH)[SLi(thf)2]}2] (3); thermal
ellipsoids set at 50% probability. All hydrogen atoms (except those of
the S�H moieties), and the carbon atoms of the THF molecules are
omitted for clarity. Selected bond lengths [G] and angles [8]: Al(1)-N(1)
1.928(2), Al(1)-N(2) 1.935(2), Al(1)-S(1) 2.268(1), Al(1)-S(2) 2.123(1),
H(1)-S(1) 1.28(5), Li(1)-S(2) 2.478(5), Li(1)-S(2A) 2.424(5); S(1)-Al(1)-
S(2) 115.7(1), Al(1)-S(2)-Li(1) 151.6(1), Al(1)-S(2)-Li(1A) 111.7(1),
Li(1)-S(2)-Li(1A) 78.0(2), S(2)-Li(1)-S(2A) 102.0(2).

Figure 3. Molecular structure of [LAl(m-S)2TiCp2] (4); thermal ellipsoids
set at 50% probability. All hydrogen atoms are omitted for clarity.
Selected bond lengths [G] and angles [8]: Al(1)-N(1) 1.918(2), Al(1)-
N(2) 1.921(2), Al(1)-S(1) 2.208(1), Al(1)-S(2) 2.197(1), Ti(1)-S(1)
2.416(1), Ti(1)-S(2) 2.473(1), Ti(1)-XCp1 2.091(3), Ti(1)-XCp2 2.090(3);
S(1)-Al(1)-S(2) 102.5(1), Al(1)-S(1)-Ti(1) 84.7(1), Al(1)-S(2)-Ti(1)
83.6(1), S(1)-Ti(1)-S(2) 89.3(1), XCp1-Ti(1)-XCp2 130.0(2); X=centroid of
Cp ring.
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CH(CH3)2), 1.25 (d,
3J(H,H)= 6.8 Hz, 24H, CH(CH3)2), 1.51 (s, 12H,

CH3), 1.77 (m, 16H, O(CH2CH2)2), 3.62 (m, 16H, O(CH2CH2)2), 4.00
(sept, 3J(H,H)= 6.8 Hz, 8H, CH(CH3)2), 5.01 (s, 2H, CH), 7.00–
7.01 ppm (m, 12H, m-, p- Ar(H)); 13C NMR (125.8 MHz, [D8]THF,
25 8C, TMS): d = 24.7 (CH(CH3)2), 24.8 (CH(CH3)2), 26.4
(O(CH2CH2)2), 27.4 (CH(CH3)2), 28.7 (CH3), 68.2 (O(CH2CH2)2),
98.1 (g-CH), 124.2, 126.2, 145.1, 146.1 (i-, o-, m-, p-C of Ar),
168.1 ppm (C=N); 7Li NMR (116.6 MHz, [D8]THF, 25 8C, LiCl, 1m in
D2O): d = 1.26 (SLi). Elemental analysis calcd (%) for C74H114Al2Li4-
N4O4S4 (1333.71): C 66.64, H 8.62, N 4.20; found: C 65.70, H 8.57, N
4.27.

3 : Compound 1 (1.000 g, 1.958 mmol) and LiN(SiMe3)2 (0.328 g,
1.958 mmol) were mixed as solids in a flask and subsequently THF
(30 mL) was added at ambient temperature. The mixture was stirred
for 5 min, all the volatiles were removed in vacuo. The crude product
was washed with cold hexane (5 mL) to remove the remaining
HN(SiMe3)2, yielding 3 as a pale yellow powder. Yield 1.11 g (85%).
M.p. 230 8C (decomp). 1H NMR (500 MHz, [D8]THF, 25 8C, TMS):
d =�1.00 (s, 2H, SH), 1.04 (d, 3J(H,H)= 6.8 Hz, 12H, CH(CH3)2),
1.21 (d, 3J(H,H)= 6.8 Hz, 12H, CH(CH3)2), 1.25 (d,

3J(H,H)= 6.8 Hz,
12H, CH(CH3)2), 1.40 (d,

3J(H,H)= 6.8 Hz, 12H, CH(CH3)2), 1.69 (s,
12H, CH3), 1.77 (m, 16H, O(CH2CH2)2), 3.62 (m, 16H,
O(CH2CH2)2), 3.77 (sept,

3J(H,H)= 6.8 Hz, 4H, CH(CH3)2), 3.85
(sept, 3J(H,H)= 6.8 Hz, 4H, CH(CH3)2), 5.13 (s, 2H, CH), 7.06–
7.16 ppm (m, 12H, m-, p-Ar–H); 13C NMR (125.8 MHz, [D8]THF,
25 8C, TMS): d = 24.3 (CH(CH3)2), 24.4 (CH(CH3)2), 25.1
(CH(CH3)2), 25.1 (CH(CH3)2), 26.4 (O(CH2CH2)2), 28.0
(CH(CH3)2), 28.5 (CH(CH3)2), 29.6 (CH3), 68.2 (O(CH2CH2)2), 97.6
(g-CH), 124.1, 134.3, 126.4, 143.6, 145.7, 146.0 (i-, o-, m-, p-C of Ar),
169.0 ppm (C=N); 7Li NMR (116.6 MHz, [D8]THF, 25 8C, LiCl, 1m in
D2O) d = 0.32 (SLi). IR(KBr pellet): 2552 vw (SH) cm�1. Elemental
analysis calcd (%) for C74H116Al2Li2N4O4S4 (1321.84): C 67.24, H 8.85,
N 4.24; found: C 66.45, H 8.45, N 4.52.

4 : A solution of [Cp2TiCl2] (0.224 g, 0.900 mmol) in THF (20 mL)
was added dropwise to a solution of 2’ (0.600 g, 0.450 mmol) in THF
(40 mL) at �20 8C. During the addition, the color of the solution
changed to deep brown-green. After the addition was complete, the
reaction mixture was stirred for additional 5 min at �20 8C and than
allowed to warm to ambient temperature. The solvent was removed
in vacuo and the crude product was extracted twice with cold toluene
(15 mL, 5 8C). After filtration, removing of the toluene from the
filtrate, washing of the product with a cold toluene:pentane (5 mL,
1:4) mixture and drying in vacuo, 4 was obtained as a brown-green
powder. Yield 0.55 g (89%). Decomposition without melting at
270 8C. 1H NMR (500 MHz, C6D6, 25 8C, TMS): d = 1.06 (d, 3J(H,H)=
6.8 Hz, 12H, CH(CH3)2), 1.64 (s, 6H, CH3), 1.88 (d,

3J(H,H)= 6.8 Hz,
12H, CH(CH3)2), 3.57 (sept,

3J(H,H)= 6.8 Hz, 4H, CH(CH3)2), 4.84
(s, 1H, CH), 5.71 (s, 10H, C5H5), 7.30(-7.37 ppm (m, 6H, m-, p-
Ar(H)); 13C NMR (125.8 MHz, C6D6, 25 8C, TMS): d = 24.0
(CH(CH3)2), 25.7 (CH(CH3)2), 25.7 (CH(CH3)2), 29.1 (CH3), 94.9
(g-CH), 118.3 (C5H5), 125.0, 128.0, 140.6, 146.0 (i-, o-, m-, p-C of Ar),
170.2 ppm (C=N); 27Al NMR (78.2 MHz, C6D6, 25 8C, [Al(H2O)6]

3+)
d = 94 ppm. MS (70 eV): m/z (%): 686 (8) [M+], 621 (100) [M+(Cp].
Elemental analysis calcd (%) for C39H51AlN2S2Ti (686.83): C 68.20, H
7.48, N 4.08; found: C 67.61, H 7.46, N 4.02.

5 : preparation like that of 4 from [Cp2ZrCl2] (0.263 g,
0.900 mmol) and 2’ (0.600 g, 0.450 mmol). The product was isolated
as a deep yellow powder. Yield 0.56 g (85%). Decomposition without
melting at 180 8C. 1H NMR (500 MHz, C6D6, 25 8C, TMS): d = 1.06 (d,
3J(H,H)= 6.8 Hz, 12H, CH(CH3)2), 1.65 (s, 6H, CH3), 1.82 (d,
3J(H,H)= 6.8 Hz, 12H, CH(CH3)2), 3.59 (sept,

3J(H,H)= 6.8 Hz, 4H,
CH(CH3)2), 4.87 (s, 1H, CH), 5.65 (s, 10H, C5H5), 7.22–7.32 ppm (m,
6H,m-, p-Ar(H)); 13C NMR (125.8 MHz, C6D6, 25 8C, TMS): d = 24.4
(CH(CH3)2), 25.7 (CH(CH3)2), 25.7 (CH(CH3)2), 29.0 (CH3), 95.1 (g-
CH), 114.4 (C5H5), 124.9, 128.0, 140.1, 146.1 (i-, o-, m-, p-C of Ar),
170.6 ppm (C=N); 27Al NMR (78.2 MHz, C6D6, 25 8C, [Al(H2O)6]

3+)
d = 101 ppm.MS (70 eV):m/z (%): 728 (58) [M+], 663 (100) [M+(Cp].

Elemental analysis calcd (%) for C39H51AlN2S2Zr (730.17): C 64.15, H
7.04, N 3.84; found: C 63.09, H 7.30, N 3.83.
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Phospholes

The Dithieno[3,2-b :2’,3’-d]phosphole System:
A Novel Building Block for Highly Luminescent
p-Conjugated Materials**

Thomas Baumgartner,* Toni Neumann, and
Bastian Wirges

The incorporation of phosphorus centers into polymeric
materials has recently attracted a great deal of attention.[1]

The versatile reactivity and electronic properties of phospho-
rus offer considerable promise for the development of new
functional materials with novel properties. Exploring the use
of phosphole in this context should be of particular interest, as
materials possessing the structurally related pyrrole and
thiophene moieties are already well-established in the field
of molecular electronics.[2] For example, thiophene-based
materials show significant potential for application in elec-
tronic devices such as photovoltaic cells, organic and polymer
light-emitting diodes (OLEDs, PLEDs), polymeric sensors,
and TFT-based flat-panel displays.[3]

Careful consideration of the HOMO–LUMO gap, which
strongly influences the optical and electronic properties of
these materials, is essential for their utility.[4] The ability to
fine-tune the electronic structure of the p-conjugated system
is therefore highly desirable in order to achieve the required
material properties. Recent work by R2au and co-workers
incorporating the phosphole moiety into extended thiophene-
containing p-conjugated systems (1, see Scheme 1), has
demonstrated the advantageous electronic features of the
phosphorus situated in this system.[1e,5] Due to the pyramid-
alization of the phosphorus center, orbital interaction with the
conjugated p system is reduced. As a result, the lone pair at
the phosphorus atom only functions as an n-dopant for the p

system. Conveniently, the doping mode can be inverted easily
from n- (electron donor) to p-type (electron acceptor) by
simple chemical modifications such as oxidation or complex-
ation at the phosphorus center.[1e,5] Although these intriguing
features as well as theoretical calculations[6] strongly support
the advantages of incorporating phosphole moieties into
polymeric systems, only three examples of phosphole-con-
taining macromolecules have been reported to date.[1e,7]

We now report on the synthesis and optoelectronic
properties of novel dithieno[3,2-b :2’,3’-d]phospholes[8] and
the preparation of a well-defined dithienophosphole-contain-
ing polymer built on a polystyrene backbone. The
dithieno[3,2-b :2’,3’-d]phosphole 2 (Scheme 1) was chosen as

a synthetic target since the annelation of aromatic rings has
been found to be a powerful approach for tuning the band gap
of conjugated materials.[4,9] This is further supported by a
recent theoretical investigation in which thiophene-based,
fused tricyclic polymers were found to have a much more
favorable band gap than the related polythiophenes.[10] The
incorporation of the phosphole moiety into a rigid, tricyclic
dithieno system should therefore lead to a significantly higher
degree of p conjugation than that reported for comparable
systems.[11]

To verify the synthetic accessibility of the dithienophosp-
hole system as well as to explore its optoelectronic properties,
we initiated our studies on model compounds and function-
alized monomers. Dithienophospholes 2 and 4 are accessible
by reaction of 3,3’-dibromo-2,2’-dithiophene (3) with nBuLi,
then subsequent addition of the corresponding dichlorophos-
phine at low temperatures, followed by purification by
filtration over neutral alumina (yields: 2 : 70%, 4 : 72%).
Both compounds exhibit signals in the 31P NMR spectrum (2 :
d =�21.5 ppm; 4 : d =�22.5 ppm) that are shifted signifi-
cantly upfield from those of related phospholes, for example,
those reported by R2au et al. (d31P= 11–45 ppm).[1e] The 1H
and 13C NMR data, on the other hand, are not significantly
different than data previously reported for related dithieno
systems.[12] To our satisfaction, both 2 and 4 display strong,

Scheme 1. Synthesis of dithienophosphole derivatives and precursors:
a) 2nBuLi, 2 tBuMe2SiCl, THF, �78 8C (6 : R=SitBuMe2); b) 2nBuLi,
R’PCl2, Et2O, �788!RT (2 : R=H, R’=Ph, 4 : R=H, R’=4-tBuC6H4);
c) 2n-BuLi, (4-vinylphenyl)PCl2, TMEDA, Et2O, �788!RT (7: R=Sit-
BuMe2, R’=4-vinylphenyl); d) BH3·SMe2 (1m in CH2Cl2), CH2Cl2, RT
(E=BH3; 8 : R=H, R’=Ph, 9 : R=H, R’=4-tBuC6H4); e) H2O2 (30%
in H2O), pentane, RT (E=O; 10 : R=H, R’=Ph, 11: R=H, R’=4-
tBuC6H4, 12 : R=SitBuMe2, R’=4-vinylphenyl).
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blue photoluminescence, and should thus have the desired
optoelectronic properties (vide infra). We were able to obtain
light-yellow crystals of 2 suitable for X-ray structure analy-
sis[13] from a concentrated pentane/toluene (1:1) solution
cooled to �30 8C. As expected, the rigid tricyclic
dithienophosphole is planar and displays an anti configuration
of the two thiophene moieties and the phosphole unit (see
Figure 1). The high degree of p conjugation is apparent in the

shortened single bonds {C2�C3 1.427(2), C4�C5 1.440(2),
C6�C7 1.423(2) E) as well as the elongated double bonds
(C1�C2 1.365(2), C3�C4 1.384(2), C5�C6 1.382(2), C7�C8
1.364(2) E) of the fused ring system. It is interesting to note
that the bond shortening/elongation is significantly more
pronounced in 2 than in the thienyl-substituted phosphole
1,[5a] supporting the positive effects of the rigid ring system on
the p conjugation. The endocyclic P�C bonds P1�C3
(1.8193(14) E) and P1�C6 (1.8218(14) E) are only slightly
shorter than the exocyclic P1�C11 bond (1.8367(13) E) due to
minimal hyperconjugation of the phosphorus lone pair with
the p system, which affords a reduced aromatic phosphole
unit. This structural feature strongly supports the role of the
phosphorus center as a dopant for the p-conjugated system,
which is potentially interesting for the optoelectronic proper-
ties of the material.

To gain access to polymeric systems we functionalized the
phosphorus center of the dithienophosphole with a vinyl-
phenyl group. We also investigated silyl functionalization of
the dithienophosphole ring to provide increased solubility for
the targeted polymer. An additional benefit with respect to
the optoelectronic properties was anticipated, as the silyl
center provides an acceptor component expected to further
extend the delocalized p system, thus optimizing the elec-
tronic structure of the dithienophosphole.[11]

The vinylphenyl-functionalized monomer 7 is accessible
in a two-step reaction starting from 3,3’,5,5’-tetrabromo-2,2’-
bithiophene (5). In the first step, the silyl functionalities were
introduced by treating 5 with two equivalents of nBuLi and
then adding tert-butyl(dimethyl)silyl chloride in THF at
�78 8C to provide 6 in almost quantitative yield. The silyl-
functionalized dithiophene 6 was then treated with another
two equivalents of nBuLi in Et2O at �78 8C, and dichloro(4-
vinylphenyl)phosphane[14] was then added in the presence of
an excess of TMEDA to afford the vinylphenyl-functionalized
dithienophosphole 7 in good yields (ca. 80%) after filtration
over neutral alumina. The dithienophosphole monomer 7
exhibits a resonance in the 31P NMR spectrum of d =

�26.4 ppm that is shifted slightly upfield from those observed
for 2 and 4. The 1H and 13C NMR data confirm the expected
structure and are very similar to those recorded for 2 and 4.

As previously noted, it should be possible to alter the
electronic structure, thus inverting the doping mode of the
phosphole, by either oxidation or complexation of the
phosphorus atom. We therefore investigated the reaction of
the dithienophospholes 2 and 4 with borane (applied as
BH3·SMe2) to afford the phosphole–borane adducts 8 and 9,
and hydrogen peroxide to give the phosphole oxides 10 and
11, all in almost quantitative yields.[15] The NMR data for the
borane adducts show downfield resonances in the 31P NMR
spectrum (d(31P)= 13.5 (8), 14.6 ppm (9)) in correlation with
the electron-withdrawing effect of the BH3 group. This is even
more pronounced in the case of the oxide functionality
(d(31P)= 18.8 ppm (10),[8] 19.1 (11)). The same effect was
observed for the silyl-functionalized phosphole oxide 12
(d(31P)= 14.7 ppm) that was synthesized in an analogous
manner.[15] The 1H and 13C NMR data for all compounds show
a similar trend, and fall within the range of values previously
reported for related phospholes.[1e,5]

As indicated earlier, the dithienophosphole derivatives
exhibit a strong blue photoluminescence. Fluorescence
spectroscopy reveals the dependence of the optical properties
on the electronic structure of the phosphorus center (Table 1).
All compounds show amaximum excitation wavelength in the
UV region, whereas the emission spectra show a maximum
wavelength in the visible blue region. The dithienophosphole
derivatives exhibit Stokes shifts of 70–80 nm similar to the
related systems reported by R2au et al. (70–90 nm).[1e] It is
interesting to note that the silyl-functionalized dithieno-
phosphole monomer 7 shows a significant red shift of about

Figure 1. Molecular structure of 2 (50% probability level) in the solid
state. Selected bond lengths [F] and angles [8]: P1–C3 1.8193(14), P1–
C6 1.8218(14), P1–C11 1.8367(13), C3–C4 1.3842(19), C5–C6
1.3817(18), C4–C5 1.4397(19); C6–C7 1.4228(18), C7–C8 1.364(2); C3-
P1-C6 89.25(6), C3-P1-C11 103.82(6), C6-P1-C11 99.92(6).

Table 1: Optical spectroscopy data for 2, 4, and 7–14.

Cmpd. lex [nm][a] lem [nm][b] lge f[c]

2 (4) 338 (336) 415 (408) 4.38 (4.50) 0.779 (0.881)
8 (9) 346 (346) 424 (423) 4.35 (4.47) 0.690 (0.753)
10 (11) 366 (363) 453 ( 450) 4.33 (4.45) 0.565 (0.590)
7 352 422 4.57 0.687
12 379 461 4.48 0.579
13[d] 352 (374) 424 (452) 4.87 (–) 0.743 (–)
14[d] 374 (352) 458 (456) 4.92 (–) 0.572 (–)

[a] lmax for excitation in CH2Cl2. [b] lmax for emission in CH2Cl2.
[c] Relative to quinine sulfate (0.1m H2SO4 solution); excitation at
365 nm. [d] Values for thin film in brackets.
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10–15 nm for the maximum excitation and emission wave-
lengths (lex = 352, lem = 422 nm) compared to the model
compounds 2 (lex = 338, lem = 415 nm) and 4 (lex = 336, lem =

408 nm), supporting the electron-accepting character of the
silyl center. The same trend is observed when the doping
mode of the phosphorus center is inverted to p-type in the
borane adducts 8 and 9 and the phosphole oxides 10–12. In
correlation with the low-field shift of the 31P NMR resonan-
ces, the maximum wavelengths for excitation and emission
experience a red shift of about 10 nm for the borane adducts
and an even stronger red shift of about 30 nm (excitation) and
40 nm (emission) for the phosphole oxides. In the case of the
silyl-functionalized phosphole oxide 12, a cumulative effect of
both electron-accepting centers (Si and P) is observed (see
Table 1). It should be mentioned that the observed photo-
luminescence is very intense, particularly for the borane
adducts and the phosphole oxides. More importantly, the
quantum yields for all compounds range between 55 and
almost 90%, which is unprecedented for phospholes[1e] and
dithieno systems.[12a, 16] Therefore, the optoelectronic data
strongly emphasize the potential of the dithienophosphole
system for applications in optoelectronic devices such as blue-
light-emitters and sensory materials.

The favorable properties of macromolecules in terms of
processability (e.g. as thin films) would be an added benefit
for future materials applications. We therefore investigated
the possibility of generating a polymer that would display the
extraordinary blue photoluminescence of the model com-
pounds by incorporating the dithienophosphole system as
side-chain functionalities. Radical polymerization of func-
tionalized styrene seemed to be the method of choice since it
is usually not affected by the presence of phosphine cen-
ters.[14b] To reduce the steric bulk in the polymeric material
caused by the dithienophosphole ring system, which could
potentially terminate the polymerization process at an early
stage, we targeted the copolymer 13 by using styrene as
solvent for the reactions (7/styrene ca. 1:30, Scheme 2). The
resulting “dilution” of the dithienophosphole centers in the
polymeric material was expected to also enhance the opto-
electronic properties, due to the great distance between the
emitting centers, reducing the potential for quenching proc-
esses that could occur at higher densities.[17] The polymer-
ization was performed in a sealed ampule under vacuum at
110 8C for 16 h using a catalytic amount of 2,2,6,6-tetrame-
thylpiperidinyl-1-oxy (TEMPO)[18] as the initiator

(Scheme 2). The material obtained after precipitation into
degassed pentane was a white amorphous solid. Analysis by
gel permeation chromatography (GPC) revealed a high
molecular weight of Mn = 147650 gmol�1 with a relatively
narrow polydispersity (PDI) of 2.46. Analysis of the smart
polystyrene 13 by differential scanning calorimetry (DSC)
showed a glass transition temperature of Tg = 114.2 8C (cf.
native polystyrene: < 100 8C[19]) and a thermal decomposition
temperature of 428.2 8C. The 31P NMR spectrum for 13 shows
a broad signal at d(31P)=�25.0 ppm (cf.: d =�26.4 ppm for
7), confirming the existence of dithienophosphole units within
the polymeric material. 1H and 13C NMR data revealed a ratio
of ca. 1:30 for dithienophosphole/styrene as was expected
from the reaction conditions.

The smart polymer 13 exhibits a very strong blue photo-
luminescence upon irradiation with UV light. The maximum
of the excitation and emission wavelengths of 13 (lex =

352 nm; lem = 424 nm; dissolved in CH2Cl2) nicely match the
values observed for the vinylphenyl-functionalized monomer
7 (Figure 2), supporting the expected side-chain functional-

ization. The dithienophosphole-containing polymer 13 can be
oxidized conveniently with hydrogen peroxide (in analogy to
the model compounds) to afford the phosphole oxide
containing polymer 14. It should be mentioned that the

same oxidation process is observed within a day when
a solution of 13 is exposed to air, whereas the solid
material does not show any significant signs of
oxidation—even after several weeks.

We were also interested in the optoelectronic
properties of a thin film of 13 with regards to
applications as a PLED material. A thin film was
obtained from a concentrated solution of 13 in CH2Cl2
by slow evaporation of the solvent. Relative to the
properties of the CH2Cl2 solution, the very intense
blue photoluminescence of the thin film of 13 is red-
shifted approximately 20 nm for excitation and
roughly 30 nm for emission (lex = 374 nm; lem =

452 nm). Surprisingly, the emission wavelength for a
Scheme 2. Synthesis of the dithienophosphole-containing polymer 13 : cat.
TEMPO, 110 8C, 16 h. TBDMS= tert-butyl(dimethyl)silyl.

Figure 2. Excitation (A) and emission (E) spectra of 7 and 13 in
CH2Cl2.
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thin film of the oxidized polymer (14, lem = 456 nm) almost
matches that observed for the nonoxidized material 13,
whereas the value for the excitation wavelength is blue-
shifted to 352 nm in 14 (cf. 374 nm for 13 ; Figure 3). With

respect to resistance to light, 13 was found to exhibit fairly
good stability; this is intrinsically important for the lifetime of
optoelectronic devices. Irradiation of a solution of 13 in
CH2Cl2 at 352 nm for 2 h results in a stable emission (intensity
detected at 424 nm) within a loss of at most 3%, suggesting a
potential use in optoelectronic devices. The same is true for a
thin film of the oxidized polymer (14) with a margin of 5%.

In conclusion, we have synthesized novel dithieno[3,2-
b :2’,3’-d]phosphole derivatives in a convenient one- or two-
step synthesis, demonstrating that a broad variety of func-
tionalized systems are accessible by this method. The
optoelectronic properties of the dithienophospholes are
extraordinary with respect to wavelength, intensity, and
tuneability, allowing for the possibility of fine-tuning the
electronic structure by simple chemical modifications. Addi-
tionally, we have shown that it is possible to incorporate the
dithienophosphole moiety into polymeric systems, opening up
potential applications in optoelectronic devices such as blue-
light-emitting PLEDs and polymeric sensors. We are cur-
rently probing the range of dithienophosphole-based sensory
materials by tuning the optoelectronic properties with differ-
ent functionalities and modifications of the phosphorus
center. Furthermore, the incorporation of polymers 13 and
14 into optoelectronic devices is currently under investiga-
tion.

Experimental Section
Dithienophospholes: To a solution of 3 (1.62 g, 5 mmol) in Et2O
(100 mL) was added nBuLi (4 mL, 10 mmol) dropwise at �78 8C.
Subsequently, RPCl2 (R=Ph: 0.90 g, 5 mmol; R= 4-tBu-C6H4, 1.18 g,
5 mmol) dissolved in Et2O (10 mL), was added slowly to the reaction
mixture, and the resulting suspension was allowed to warm quickly to
room temperature. The solvent was then removed under vacuum, the
residue taken up in pentane (ca. 60 mL) and filtered over neutral
alumina to remove LiCl and a small amount of brown impurities. The

filtrate was evaporated to dryness, and 2 and 4 were obtained as light-
yellow solids (2 : 1.1 g, 70% yield; 4 : 1.2 g, 72% yield).

2 : 31P{1H} NMR (162.0 MHz, 25 8C, CDCl3): d =�21.5 ppm;
1H NMR (400 MHz, 25 8C, CDCl3): d = 7.31 (br, 2H; o-Ph), 7.26–7.23
(m., 5H; Ar-H), 7.14 ppm (d, 3J(H,H)= 5.0 Hz, 2H; Ar-H); 13C{1H}
NMR (100.6 MHz, 25 8C, CDCl3): d = 146.6 (d, J(C,P)= 8.0 Hz; Ar),
141.7 (d, J(C,P)= 2.3 Hz; Ar), 133.5 (d, J(C,P)= 15.3 Hz; Ar), 132.2
(d, 2J(C,P)= 20.5 Hz; o-Ar), 129.1 (s; p-Ph), 128.5 (d, 3J(C,P)=

7.6 Hz; m-Ar), 126.4 (d, 2J(C,P)= 19.6 Hz; o-Ar), 126.0 ppm (d,
3J(C,P)= 6.2 Hz; m-Ar); MS (70 eV): m/z (%): 272 (100) [M+], 239
(90) [M�S]+, 195 (40) [M�Ph]+; elemental analysis calcd (%) for
C14H9PS2: C 61.75, H 3.33 , S 23.55; found: C 61.77, H 3.45, S 23.38.

4 : 31P{1H} NMR (162.0 MHz, 25 8C, CDCl3): d =�22.5 ppm;
1H NMR (400 MHz, 25 8C, CDCl3): d = 7.28–7.23 (m., 6H; Ar-H),
7.13 (d, 2J(H,H)= 4.9 Hz, 2H; Ar-H), 1.24 ppm (s, 9H; tBu); 13C{1H}
NMR (100.6 MHz, 25 8C, CDCl3): d = 152.4 (s; p-Ar), 147.0 (d,
J(C,P)= 8.7 Hz; Ar), 141.6 (d, J(C,P)= 2.1 Hz; Ar), 132.1 (d,
J(C,P)= 20.5 Hz; o-Ar), 129.7 (d, 1J(C,P)= 11.4 Hz; Ar), 126.5 (d,
2J(C,P)= 16.9 Hz; o-Ar), 125.9 (d, 3J(C,P)= 5.7 Hz; m-Ar), 125.7 (d,
3J(C,P)= 8.5 Hz; m-Ar), 34.5 (s; CMe3), 31.0 ppm (s; C(CH3)3). MS
(70 eV): m/z (%) 328 (100) [M+], 271 (50) [M-tBu]+, 195 (90)
[M�C10H13]

+, 57 (25) [tBu]+; elemental analysis calcd (%) for
C18H17PS2: C 65.83, H 5.22, S 19.53; found: C 65.42, H 5.39, S 19.46.

7: To a solution of 3,3’-dibromo-5,5’-bis(tert-butyldimethylsilyl)-
2,2’-bithiophene (1.11 g, 2 mmol) and TMEDA (1.51 mL, 10 mmol) in
Et2O (50 mL) was added nBuLi (1.6 mL, 4 mmol) dropwise at�78 8C.
Subsequently, (4-vinylphenyl)PCl2 (0.41 g, 2 mmol), dissolved in Et2O
(10 mL), was added slowly to the reaction mixture, and the resulting
mixture was allowed to warm quickly to room temperature. The
solvent was then removed under vacuum, and the residue taken up in
pentane (ca. 60 mL) and filtered to remove LiCl. The filtrate was
concentrated and left for crystallization at �30 8C. 7 was obtained as
white amorphous powder in 80% yield (0.84 g).

31P{1H} NMR (162.0 MHz, 25 8C, CDCl3): d =�26.4 ppm;
1H NMR (500 MHz, 25 8C, CDCl3): d = 7.32 (br, 2H; Ar-H), 7.31 (s,
2H; Ar-H), 7.26 (s, 2H; Ar-H), 6.65 (dd, 3J(H,H)= 17.7 Hz,
3J(H,H)= 11.3 Hz, 1H; CH=CH2), 5.73 (d,

3J(H,H)= 17.7 Hz, 1H;
CH=CHH), 5.73 (d, 3J(H,H)= 11.3 Hz, 1H; CH=CHH), 0.93 (s, 18H;
SitBu), 0.31 (s, 6H; SiMe2), 0.30 ppm (s, 6H; SiMe2);

13C{1H} NMR
(125.7 MHz, 25 8C, CDCl3): d = 148.7 (d, 1J(C,P)= 10.3 Hz; ipso-Ar),
147.0 (s; Ar), 139.8 (d, 2J(C,P)= 6.2 Hz; Ar), 139.5 (d, 1J(C,P)=

19.6 Hz; Ar), 138.4 (s; p-Ar), 136.3 (s; CH=CH2), 134.3 (d,
2J(C,P)= 16.6 Hz; o-Ar), 132.8 (d, 2J(C,P)= 21.7 Hz; o-Ar), 126.4
(d, 3J(C,P)= 8.3 Hz; m-Ar), 114.7 (s; CH=CH2), 26.4 (s; SiC(CH3)3),
17.0 (s; SiC(CH3)3), �4.9 ppm (s; SiMe2); elemental analysis calcd
(%) for C26H37PS2Si2: C 63.83, H 7.46, S 12.17; found: C 63.66, H 7.68,
S 12.14.

Polymerization: To a solution of 7 (0.26 g, 0.5 mmol) dissolved in
styrene (2 mL, 17.5 mmol) in an ampule was added a catalytic amount
of TEMPO. The ampule was then evacuated, sealed, and kept
overnight at 110 8C. The resulting yellowish solid obtained after the
reaction mixture had cooled to room temperature was then dissolved
in ca. 10 mL of dichloromethane and precipitated into degassed
pentane. After the solvent had been decanted off and the residue
dried under vacuum, polymer 13was obtained as a white solid (1.76 g,
ca. 85%). GPC: Mn = 147650 gmol�1, PDI= 2.46; DSC: Tg =

114.2 8C, Tdecomp = 428.2 8C; 31P{1H} NMR (162.0 MHz, 25 8C,
CD2Cl2): d =�25.0 ppm; 1H NMR (500 MHz, 25 8C, CD2Cl2): d =

7.09 (m br, ca. 132H; Ar-H), 6.53 (m br, ca. 88H; Ar-H); 1.84 (m
br, ca. 48H; CHCHH); 1.48 (m br, ca. 96H; CHCHH), 0.98 (br, 18H;
SitBu), 0.35 ppm (br, 12H; SiMe2);

13C{1H} NMR (125.7 MHz, 25 8C,
CD2Cl2): d = 149.3 (br; Ar), 145.0 (br; Ar), 140.2 (br; Ar), 134.9 (br;
Ar), 132.2 (br; Ar), 128.4 (br; Ar), 128.0 (br; Ar), 126.0 (br; Ar), 45.0
(m br; CHCH2), 40.8 (m br; CHCH2), 26.6 (br; SiC(CH3)3), 17.2 (br;
SiC(CH3)3), �4.7 ppm (br; SiMe2).
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Figure 3. Excitation (A) and emission (E) spectra of 13 and 14 as thin
films.
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Cluster Compounds

Molecular Lead Clusters—From Unexpected
Discovery to Rational Synthesis

Karl W. Klinkhammer,* Yun Xiong, and Shenglai Yao

In memory of Peter B�ttcher

Anionic cluster compounds of lead have been known for
more than one century.[1] The first species, NaPb4 and KPb2,
were obtained as early as 1891 by Joannis from the reaction of
alkali metals with lead in liquid ammonia.[2] Extensive
exploration of this chemistry was done by Kraus, Zintl, and
others during the first decades of the 20th century.[3] Addition
of cryptands finally allowed for the isolation of macrocrystal-
line material and the structural characterization of several
species, such as [Pb5]

2�, [Pb9]
4�, and [Pb9]

3�.[4] The structures
observed may all be understood using Wade0s electron-
counting rules. Molecular lead clusters bearing hydrocarbon
or related substituents are unknown to date. There are some
reports, however, about transition-metal carbonyl complexes
of anionic lead clusters.[5] Only for the lighter congeners
germanium and tin, are organic- or organoelement-substi-
tuted species available.[6] For most of these compounds the
synthesis was not by derivatization of anionic clusters, but
proceeded through cluster formation from smaller units.[7]

Wade0s rules are usually, but not generally obeyed for such
compounds or for the related clusters of the neighboring
elements of Group 13.[8]

We have investigated the reaction of dihypersilylplumby-
lene [{(Me3Si)3Si}2Pb] ([Hyp2Pb]) with phosphine in inert
solvents, such as toluene or n-pentane. As main product the
heterocubane [(HypPPb)4] (Hyp= hypersilyl, Si(SiMe3)3) was
isolated.[9] At short reaction times and low temperature
several intermediates could be detected by NMR spectros-
copy. In attempts to isolate one of these species, the initial
reaction mixture was stored at�60 8C for several days. Indeed
a few dark brown well formed crystals were found in a matrix
of unconsumed blue Hyp2Pb. To our surprise, the structure
analysis revealed that the compound contains no phospho-
rous, but is the molecular lead cluster [Pb12Hyp6] (1).

[10]

Despite of disordering of the lead core about the crystallo-
graphic threefold axis, it can be shown that the model in
Figure 1 is the only one having sensible Pb–Pb separations
that is consistent with the diffraction data. The hypersilyl
groups are well ordered, however, and clearly determine the
arrangement of the molecules within the crystal. The envel-
oped twelve lead atoms constitute a distorted icosahedron.
Six atoms (PbA) bear no substituent and form a puckered ring
with chair conformation (the belt). Each of the remaining six

atoms (PbB,PbB’) bears a hypersilyl group. Together they form
two three-membered rings above and below the central Pb6
belt. The Pb–Pb separations between neighboring lead atoms
range from 305.6(1) to 339.0(1) pm. The largest distances are
found between the lead atoms of type PbB (av. 336.1 pm),
shorter ones between the lead atoms of the belt (PbA) (av.
324.8 pm), and the shortest between PbA and PbB (av.
316.5 pm). Although there is some overlap between these
ranges, the description of the polyhedron as an icosahedron
with two opposite open faces would be in line with Wade0s
rules, since with 30 electrons for the Pb12 skeleton a arachno-
type cluster is expected. A further structural detail of
compound 1 is noteworthy. Whereas four hypersilyl groups
are bonded in the expected terminal fashion, the other two
substituents each bridge two lead atoms. As a consequence
the bridged edge (Pb2–Pb6*) is the shortest within the cluster.

Unfortunately, compound 1 can only be obtained in traces
and no spectroscopic data may be provided to date. The
question arises how this cluster is formed in the reaction of
PbHyp2 and PH3 and if there are alternative routes giving
access to larger quantities.

NMR spectroscopy data of the reaction mixture as well as
the composition of the isolated intermediates, such as the
cyclic dimer [{Hyp(H)PPbHyp}2] and of the main products
[Eq. (1)] indicate that after the initial addition step, ligand

½PbHyp2� þ PH3!½ðHypPPbÞ4� þHyp2 þHypHþHypPH2þ
Pbþ 1ðtracesÞ þ . . .

ð1Þ

exchange between the lead and phosphorus centers occurs,
which leads to the adduct [Hyp(H)Pb !PH2Hyp]. After
elimination of HypH and/or H2 this adduct may either give
the Pb–P heterocycles or on dissociation may yield HypPH2

and the elusive hydridoplumbylene [Pb(H)Hyp]. Recently a

Figure 1. Structure of 1 (C and H atoms omitted for clarity). Selected
bond lengths [pm]: Pb1-Pb2 336.83(10), Pb1-Pb3 332.39(9), Pb1-Pb4
311.33(13), Pb1-Pb5 310.7(5), Pb1-Pb6 334.81(12), Pb2-Pb3
338.87(11), Pb2-Pb4 319.99(10), Pb2-Pb5* 321.6(2), Pb2-Pb6*
305.61(13), Pb3-Pb6 323.21(12), Pb3-Pb4* 310.21(12), Pb3-Pb5*
311.4(9), Pb4-Pb5 326.9(6), Pb4-Pb6* 324.49(10), Pb5-Pb6 322.9(9),
Pb1-Si1 269.5(2), Pb2-Si1’ 308.5(2), Pb3-Si1’’ 263.7(2), Pb6-Si1’
328.3(2).
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related hydridoplumbylene with an extremely bulky meta-
terphenyl substituent was postulated by Power et al. as the
key intermediate in the formation of the first diplumbyne.[11]

In contrast to this particular kinetically stabilized diplum-
byne, we expect that the analogous but less-shielded
[Pb2Hyp2], which would form from dimerization and hydro-
gen loss of [Pb(H)Hyp], would not be stable under ambient
conditions, but owing to its bis(plumbylene) nature would
undergo addition and insertion reactions, thus possibly
resulting in the formation of stable or less stable lead cluster
compounds.

To support our assumption we looked for a rational
synthesis of [Pb(H)Hyp]. At first we investigated the reaction
of the [PbHyp2] with several hydride sources, such as B2H6,
[BH4]

� and [AlH4]
� under various conditions, but only found

the formation of lead and HypH (with B2H6) or the reversible
formation of adducts (with NaBH4 and LiAlH4). Finally we
succeeded by treating [PbHyp2] with the triphenylphosphine
adduct of copper hydride [Eq. (2); L=PPh3].

[12] During the
reaction at �20 8C almost no lead precipitated, and from the
resulting dark brown solution appreciable amounts of dark
brown crystals were isolated. The structural analysis reveals
that indeed a lead cluster had been formed, not the expected
[Pb12Hyp6] (1), however, but the novel cluster [Pb10Hyp6] (2).

½PbHyp2� þ ½CuH � L�6!
2þ ½HypCuL2� þ ½Hyp3H6Cu9L2� þHypHþ . . .

ð2Þ

The NMR spectroscopic data from the crude reaction
mixture shows that ligand exchange has taken place, since the
main products, beside cluster compound 2 are HypH and the
new hypersilyl copper(i) derivatives [HypCu(PPh3)2] and
[Hyp3H6Cu9(PPh3)2]. Small amounts of further products are
present, however, which give rise to lowfield shifted 1H NMR
signals (d = 0.6–0.8 ppm) as does compound 2 (d = 0.64 ppm).
We therefore assume that a mixture of several cluster
compounds is produced, from which only the predominant
and less-soluble species crystallizes easily. The best structural
parameters were derived from specimens with cocrystallized
benzene.[10] The whole molecule has crystallographic Cs

symmetry and the Pb10 core approximately C3v symmetry
(Figure 2). The Pb10 polyhedron is best derived from a Pb12
icosahedron by replacing one trigonal face by a single lead
atom. This picture would match the prediction made by
Wade0s rules which only hold for cluster compound 2 if it is
formally composed from a [Hyp6Pb9]hypho-type cluster
dianion (26 skeletal electrons) and a Pb2+ countercation
(Figure 3). The Pb–Pb separations within the hypho-Pb9
fragment (Pb1 to Pb6) of 2 differ only slightly (312.36(4)–
320.99(5) pm) and are all within the same range found for
compound 1 and lead cluster anions, whereas the three bonds
to the capping atom Pb7 are significantly shorter (299.80(4)–
300.58(6) pm) indicating higher bond orders, that is, less
delocalized bonds. In contrast to 1, all six hypersilyl groups
are located at the puckered six-membered ring (PbA),
whereas the capping Pb3 triangle (PbB) only consists of
“naked” Pb atoms. The hypersilyl groups are all bonded in a
terminal fashion. The three Pb�Si bonds to the silicon atoms
(Si4, Si4’, Si6) that lie more or less in the plane the

unsubstituted lead triangle (Pb1, Pb2, and Pb2’), perhaps for
steric reasons, are significantly longer (276.4(2)–277.8(4) pm)
than the remaining ones (268.8(2)–270.0(3) pm).

The 1H NMR spectrum of 2 in [D8]toluene at room
temperature has only one signal at d = 0.59 ppm for all the
hypersilyl groups indicating a dynamic behavior of the Pb10Si6
core. On cooling, the resonance signal splits into two signals of
equal intensity (dn = 18 Hz; Tc = 243–248 K) giving an
approximate activation barrier of 50 kJmol� for the scram-
bling process. By ESI mass spectroscopy of compound 2 the
molecular ion [Pb10Hyp6] was not found, instead the ion
[Pb10Hyp5]

+ could be detected as particle of highest mass
(m/z 3311). The UV/Vis spectra of 2 show strong absorptions
across the whole visible spectral range with only two weakly
pronounced maxima at 656 and 770 nm (both: e = 49000).

Figure 2. Structure of 2 (C and H atoms omitted for clarity). Selected
bond lengths [pm] and angles [8]: Pb1-Pb2 320.11(5), Pb2-Pb2’
320.99(5), Pb1-Pb3 314.00(6), Pb1-Pb4 320.45(4), Pb2-Pb4 319.39(4),
Pb2-Pb5 312.36(4), Pb2-Pb6 319.44(5), Pb3-Pb4 314.98(3), Pb3-Pb7
300.58(6), Pb4-Pb5 315.38(4), Pb5-Pb6 316.05(4), Pb5-Pb7 299.80(4),
Pb3-Si3 270.0(3), Pb4-Si4 276.4(2), Pb5-Si5 268.8(2), Pb-Si6 277.8(4);
Pb3-Pb7-Pb5 86.94(1), Pb5-Pb7-Pb5’ 86.46(1).

Figure 3. The Pb10Si6 skeleton of 2 illustrating the applicability of
Wade’s rules.
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At ambient temperature and if light is excluded, solid 2 is
indefinitely stable under argon. In solution at room temper-
ature 2 quickly decomposes, yielding elementary lead and
initially nearly equal amounts of the octasilane Hyp-Hyp and
the plumbylene [PbHyp2].

[13] Since the reaction rate is first
order in 2, the initial formation of “naked” lead clusters can
be postulated. To get more information on this species we are
currently studing the decomposition of 2 in inert polymer
matrices.

Experimental Section
1: In a typical experiment LiPH2·0.86DME (1.0 g, 8.53 mmol) was
treated with 2,6-di-tert-butylphenol (1.76 g, 8.53 mmol) at �70 8C in
DME (25 mL). The solution was warmed slowly to room temper-
ature, and the produced gaseous PH3 fed into a Schlenk tube
containing a dark blue solution of [PbHyp2] (1.60 g, 0.89 mmol) in n-
pentane (25 mL) at�60 8C. After warming it to�30 8C for 30 min the
solution turned deep red and dark red solid material precipitated. The
solution was decanted to another Schlenk tube and concentrated to
about 3 mL. After storage of the solution at �60 8C for two weeks
several dark brown rod-shaped crystals of 1 were found among large
amounts of dark blue crystals of unconsumed [PbHyp2].

2 : A solution of [PbHyp2] (3.01 g, 4.28 mmol) in toluene (20 mL)
was added to a suspension of [{HCuPPh3}6] (1.40 g, 4.28 mmol) in
toluene (30 mL) at �25 8C under intense stirring. After 25 min the
reaction mixture was warmed to room temperature and stirred for
another 20 min. The suspension turned from deep violet to brown.
After the filtration and washing with toluene the filtrate was
concentrated to 9 mL and cooled to �60 8C for 24 h. Dark brown
rhombus-shaped crystals of 2 are obtained (0.73 g, 0.20 mmol,
47.0%). 1H NMR (400.13 MHz, [D6]benzene, 25 8C): d = 0.63 ppm;
13C NMR (100.62 MHz, [D6]benzene, 25 8C): d = 9.1 ppm. MS (ESI;
Et2O/MeCN (4:1)): m/z (%): 3311 (100, M+-Hyp), 2816 (8,
[Pb10Hyp3]

+), 2113 (25, [Pb9Hyp]
+), 2099 (43, [Pb9Hyp�H�CH3]

+,
717 (51, [Hyp2MePb]

+).
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Organocatalysis

Organocatalyzed Conjugate Umpolung of
a,b-Unsaturated Aldehydes for the Synthesis
of g-Butyrolactones**

Christian Burstein and Frank Glorius*

Most reactions in organic synthesis are polar and can be
described as the reaction of a nucleophile (donor d) with an
electrophile (acceptor a).[1] The umpolung[2] of the “natural”
reactivity of a functional group opens up an avenue to a new
set of reactions. It has been known for a long time that the
umpolung of electrophilic aldehydes is possibly by using
catalysts such as cyanide or thiazolium carbenes.[3] The
resulting d1-nucleophiles can react with aromatic aldehydes
(benzoin condensation[4]) or with electron-poor, polarized
olefins (Stetter reaction[5]).[6] In contrast to this a1-to-d1-
umpolung, the term “conjugate” umpolung describes the
transformation of a,b-unsaturated aldehydes into d3-nucleo-
philes (homoenolate equivalents[7]) by attack of nucleophilic
catalysts on the aldehyde function (Scheme 1). Herein we
report the organocatalyzed, chemo- and stereoselective
reaction of conjugate “umpoled” a,b-unsaturated aldehydes
with aromatic aldehydes and ketones to give g-butyrolactones
1 and 4 (see Schemes 1 and 4).

We started our investigation with the reaction of cinnam-
aldehyde and 4-chlorobenzaldehyde. As a result of the
organocatalyzed umpolung of both aldehydes, numerous
products can be formed (Scheme 2, R1 = 4-ClC6H4, R2 =

Ph). The use of the commercially available thiazolium salt
2[8] as a catalyst does not provide lactone 1a, but results in the
formation of several benzoin products in low yield (Table 1,
entry 1). Recently, imidazolium derived N-heterocyclic car-
benes (NHCs) have been very successfully used as ligands in
transition-metal catalysis[9] and as organocatalysts of trans-
esterification reactions.[10] We were pleased to find that the

use of 1,3-di(2,4,6-trimethylphenyl)imidazolin-2-ylidene
(IMes), derived from 3 by deprotonation, results in the
selective formation of g-butyrolactone 1a. Under optimized
conditions, IMes (5 mol%) was added dropwise to a 1:1
mixture of the aldehydes, and the reaction was stirred at
ambient temperature for 16 h, allowing the isolation of the cis
and trans diastereomers of 1a in 44% and 9% yield,
respectively (Table 1, entry 2). Larger amounts of potassium
cyanide also catalyze this transformation. A combination of
KCN (30 mol%) and [18]crown-6[11] (10 mol%) leads to the
formation of lactone 1a in 33% yield (Table 1, entry 3). A
variety of differently substituted lactones can be synthesized
through this method. With the exception of 2-chlorobenzal-
dehyde (Table 1, entry 10), the cis diastereomer[12] was
formed predominantly in all cases (Table 1, Figure 1).

Currently, the scope of reactions that involve the umpo-
lung of aldehydes, for example, the benzoin condensation or
the Stetter reaction, is generally[13] limited, as self-condensa-
tion or intramolecular reactions are required for good
chemoselectivity. In stark contrast, the reaction of aromatic
aldehydes with conjugate umpoled a,b-unsaturated aldehydes
allows the selective linking of two different aldehydes in an
intermolecular manner, representing a one-step formation of
g-butyrolactones with two new stereocenters.[14]

Scheme 1. Comparison of umpolung and conjugate umpolung.

Scheme 2. Expected products of the organocatalyzed reaction of an a,b-
unsaturated aldehyde with another aldehyde.
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A plausible mechanism is depicted in Scheme 3. Reaction
of the NHC with the a,b-unsaturated aldehyde gives rise to a
zwitterionic structure I, which isomerizes by protonation/
deprotonation to the conjugated dienamine II. Nucleophilic
attack of II or its zwitterionic homoenolate tautomer at the
aromatic aldehyde results in the formation of alcoholate III,

followed by isomerisation to the corresponding tautomer IV.
These activated carboxylates are thought to be intermediates
in NHC-catalyzed transesterification reactions, leading to
ester formation when attacked by alcohol nucleophiles.[10]

Analogously, intramolecular attack of the alkoxide of IV or
its protonated form at the carbonyl group leads to the closing
of the lactone ring and the regeneration of the nucleophilic
catalyst.

Fortunately, ketones[15] also react as electrophiles with
a,b-unsaturated aldehydes in good yield, thereby significantly
increasing the scope of this reaction (Scheme 4).[16] The

reaction of cinnamaldehyde and a,a,a-trifluoroacetophenone
(1 equiv) results in the formation of g-butyrolactone 4a in
70% yield, with the generation of one quaternary stereo-
center. l- and u-diastereomers[12] (Figure 2) can be separated
by column chromatography. By using 2 equivalents of ketone,
the yield can be increased to 84% (Scheme 4); the reaction
can also be run on a 30-mmol scale.[17] Furthermore,
substituted cinnamaldehyde derivatives such as 4-methoxy-
and 4-dimethylaminocinnamaldehyde react equally well.[17]

Recently, chiral triazolium salt derived NHCs were
successfully used in the highly enantioselective benzoin

Table 1: Reaction of cinnamaldehyde (R2=Ph) with aromatic aldehydes
according to Scheme 2.[a]

Entry R1 1 Yield [%] cis/trans[b]

1[c] 4-ClC6H4 a 0 –
2 4-ClC6H4 a 53 80:20
3[d,e] 4-ClC6H4 a 33 81:19
4 4-BrC6H4 b 49 80:20
5 4-MeO(CO)C6H4 c 70 79:21
6 4-F3CC6H4 d 44 77:23
7 3-FC6H4 e 52 78:22
8 3-ClC6H4 f 61 79:21
9 3-BrC6H4 g 60 79:21
10[e] 2-ClC6H4 h 32 23:77

[a] General reaction conditions: 3 (0.05 mmol), KOtBu (0.1 mmol), THF
(3 mL); cinnamaldehyde (1.0 mmol), substituted benzaldehyde
(1.0 mmol), 16 h, room temperature. Yields of the isolated products
given as the sum of separately isolated cis and trans isomers.
[b] Determined by GC–MS. [c] 2 was used as catalyst instead of 3.
[d] KCN (0.3 mmol) and [18]crown-6 (0.1 mmol) were used as catalyst
instead of 3. [e] Isolated as mixture of diastereomers.

Figure 1. X-ray crystal structure of cis-1d.[12]

Scheme 3. Plausible mechanism of the NHC-catalyzed g-butyrolactone formation.
Mes=mesityl.

Scheme 4. NHC-catalyzed reaction of the conjugate umpoled unsatu-
rated aldehyde with a ketone.[16]

Figure 2. X-ray crystal structure of u-4b (minor diastereomer).[12]
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condensation[18] and Stetter reaction.[19] Interestingly, triazo-
lium salts 5[18] and 6[19] are not suitable catalysts for the
synthesis of 4a under standard conditions (0% and 10%
yield, respectively). In contrast, the NHC derived from
imidazolium salt 7 (Tf= trifluoromethanesulfonyl)[20] is a
competent catalyst for this transformation. In the presence of
7 (5 mol%), 4a is formed in 70% yield[17] with an improved l/
u ratio of 74:26 and with 12 and 25% ee, respectively.

In summary, the organocatalyzed conjugate umpolung of
a,b-unsaturated aldehydes allows the direct, intermolecular,
and crossed linking of an a,b-unsaturated aldehyde with
another aldehyde or ketone, resulting in a flexible one-step
synthesis of substituted g-butyrolactones.[21]

Experimental Section
Typical procedure: Generation of the catalyst solution (for multiple
reactions): Under an atmosphere of argon, IMes·HCl (85.1 mg,
0.25 mmol) and potassium tert-butoxide (56.1 mg, 0.5 mmol) were
dissolved in THF (5 mL) and stirred for 45 min at room temperature.

A part of the preformed catalyst solution (1 mL, 0.05 mmol IMes)
was added over a period of 1 min to a solution of 4-formylbenzoic acid
methyl ester (164 mg, 1 mmol) and trans-cinnamaldehyde (126 mL,
1 mmol) in THF (5 mL). The solution was stirred for 16 h at ambient
temperature, after which MeOH (2 mL) was added and the solution
was stirred for a further 15 min. The solvent was evaporated in vacuo,
and the residue was distilled in a Kugelrohr apparatus (5 E 10�2 mbar,
150–2008C). Purification of the distillate by column chromatography
(SiO2, 2.5 cmE12 cm, MTBE/hexane 1:3) yielded cis-1c (164 mg,
56%) and trans-1c (41 mg, 14% after crystallization from CH2Cl2/
hexane) as colorless solids.
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structure determination by direct methods (SHELXS-97),
least-squares refinement on F2

o (SHELXL-97). CCDC-246600
(cis-1d) and CCDC-250238 (u-4b) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB21EZ, UK; fax: (+ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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[13] Some enzymes are intriguingly selective catalysts and enable the
crossed and asymmetric benzoin condensation: a) P. DNnkel-
mann, D. Kolter-Jung, A. Nitsche, A. S. Demir, P. Siegert, B.
Lingen, M. Baumann, M. Pohl, M. MNller, J. Am. Chem. Soc.
2002, 124, 12084; or an intermolecular Stetter reaction: b) T.
Kitazume, N. Ishikawa, Chem. Lett. 1984, 1815.

[14] For comparison: similar g-butyrolactones can be formed highly
diastereoselectively in six steps from cinnamaldehyde by using
stoichiometric amounts of a zirconium complex: a) D. Enders,
M. Kroll, G. Raabe, J. Runsink, Angew. Chem. 1998, 110, 1770;
Angew. Chem. Int. Ed. 1998, 37, 1673; for some recent, less
stereoselective syntheses of related g-butyrolactones, see:
b) M. C. Whisler, L. Vaillancourt, P. Beak, Org. Lett. 2000, 2,
2655; c) N. Kise, Y. Hirata, T. Hamaguchi, N. Ueda, Tetrahedron
Lett. 1999, 40, 8125; d) D. J. Pippel, M. D. Curtis, H. Du, P. Beak,
J. Org. Chem. 1998, 63, 2.

[15] The intermolecular addition of umpoled aldehydes to ketones is
a challenging problem. The intramolecular benzoin condensa-
tion of an aldehyde and a ketone was recently reported: Y.
Hachisu, J. W. Bode, K. Suzuki, J. Am. Chem. Soc. 2003, 125,
8432.

[16] Preliminary experiments show that other ketones can be used as
electrophiles and alkyl-substituted a,b-unsaturated aldehydes
can be used as nucleophiles after conjugate umpolung; we will
report on these results in due course.

[17] Isolated as a mixture of diastereomers.
[18] a) D. Enders, U. Kallfass,Angew. Chem. 2002, 114, 1822;Angew.

Chem. Int. Ed. 2002, 41, 1743; b) T. Dudding, K. N. Houk, Proc.
Natl. Acad. Sci. USA, 2004, 101, 5770.

[19] a) M. S. Kerr, J. Read de Alaniz, T. Rovis, J. Am. Chem. Soc.
2002, 124, 10298; b) M. S. Kerr, T. Rovis, Synlett 2003, 1934;
enantioselective formation of quarternary stereocenters:
c) M. S. Kerr, T. Rovis, J. Am. Chem. Soc. 2004, 126, 8876; see
also: d) D. Enders, K. Breuer, J. Runsink, J. H. Teles,Helv. Chim.
Acta 1996, 79, 1899.

[20] a) F. Glorius, G. Altenhoff, R. Goddard, C. Lehmann, Chem.
Commun. 2002, 2704; for the successful application of these
ligands in the Suzuki cross-coupling of sterically hindered aryl
chlorides, see: b) G. Altenhoff, R. Goddard, C. W. Lehmann, F.
Glorius, Angew. Chem. 2003, 115, 3818; Angew. Chem. Int. Ed.
2003, 42, 3690; c) G. Altenhoff, R. Goddard, C. W. Lehmann, F.
Glorius, J. Am. Chem. Soc. 2004, in press.

[21] In parallel to this work, a manuscript describing a similar
transformation was published: S. S. Sohn, E. L. Rosen, J. W.
Bode, J. Am. Chem. Soc. , 13.10.2004, doi 10.1021/ja044714b.
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Metallocenes

Butenyl-Substituted Alkaline-Earth
Metallocenes: A First Step towards Olefin
Complexes of the Alkaline-Earth Metals**

Herbert Schumann,* Stefan Schutte, Heinz-
J�rgen Kroth, and Dieter Lentz*

The coordination of an a-olefin to the metal center of a 14-
electron metallocene alkyl complex,[1] for example to zirco-
nium complexes of the type [Cp2ZrR]

+ is assumed to be the
primary reaction step in the polymerization of olefins
catalyzed by such metallocenes.[2] In the case of zirconium,
however, thus far only the isolation and X-ray character-
ization of complexes with chelating h1,h2 or h5h2 olefin ligands
have been successful.[3–5] The formation of vanadium,[6]

niobium,[7] and the yttrium complexes investigated by Casey
et al.[8–10] with non-chelating olefins have until now only been
detectable by NMR spectroscopy. Both ourselves and Evans
et al. have been able to show recently that chelating h5,h2-
cyclopentadienyl ligands such as C5Me4CH2CH2CH=CH2

[11]

or C5Me4SiMe2CH2CH=CH2
[12] in the form of their alkali

metal salts form metallocenes with the diiodides of Eu, Sm,
and Yb in which the terminal olefin groups of the side chains
coordinate to the metal center.

No olefin complexes of BaII, which is isoelectronic with
these lanthanoids at the oxidation level LnII (apart from the
occupation of the 4f shell), and the other alkaline-earth
metals are thus far known. An interaction between the alkyne
ligand and the magnesium could be detected only with [TiCp]
[MgCp][m-h2:h2-C2(SiMe3)2]2

[13] and [(C5HMe4)2Ti(h
1-C�

CSiMe3)2][Mg(thf)Cl][14] from X-ray structural data, and for
[(C5Me5)2Ca(Me3SiC�C-C�CSiMe3)]

[15] a coordination of the
diyne to calcium. Alkaline-earth metallocenes such as
[(C5HMe4)2Mg(Me-carb)] or [(C5HMe4)2Sr(Pr-carb)] (Me-
carb and Pr-carb= 1,3,4,5-tetramethylimidazol-2-ylidene and
1,3-di(isopropyl)-4,5-dimethylimidazol-2-ylidene, respec-
tively) are highly active catalysts for the polymerization of
acrylates;[16] therefore it appeared obvious to assume that the
solvent-free alkaline-earth metallocenes as 12-electron com-
plexes could also seek to compensate their electron deficiency
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by coordination to olefinic p systems. Herein we confirm this
assumption with the synthesis of the first alkaline-earth metal
complexes with alkenyl-substituted chelating h5,h2-cyclopen-
tadienyl ligands.

C5Me4HCH2CH2CH=CH2 may be readily deprotonated
with KH in THF at room temperature with the formation of
K[C5Me4CH2CH2CH=CH2], a pyrophoric, beige-colored
powder.[11a] This reacts with alkaline-earth diiodides (MI2) in
THF suspension with loss of KI and formation of the
corresponding metallocenes [M(C5Me4CH2CH2CH=CH2)2],
M=Mg (1), Ca (2), Sr (3), Ba (4) (Scheme 1, A). The latter

are isolated as colorless, solvent-free crystals after precipita-
tion from hexane and subsequent crystallization from hexane
(1–3) or toluene (4) at �78 8C. Compound 1 may also be
obtained by the reaction of dibutylmagnesium with 5-but-3-
en-1-yl-1,2,3,4,-tetramethylcyclopenta-1,3-diene in heptane
after heating for 12 h under reflux (Scheme 1, B). Compound
1 melts at 37 8C with the formation of a colorless liquid that
rapidly turns yellow. Compounds 2, 3, and 4 decompose above
138 (2), 208 (3), and 157 8C (4) with yellow coloration without
previously melting.

The isolation single crystals was very difficult and
required special care since all four metallocenes are highly
sensitive and decompose immediately with yellow coloration
on contact with very small amounts of moisture and oxygen.
The structural investigations show that only the magnesium
complex 1 satisfies the strict arrangement of a sandwich
structure with a parallel arrangement of the
cyclopentadienyl ring planes above and
below the central metal atom, an arrange-
ment that was also found for [Mg(C5H5)2]

[17]

and [Mg(C5Me5)2].
[18] Two independent mol-

ecules are located in the unit cell that differ
only slightly in the angles Cp1cen-Mg1-Cp2cen
(175.848) and Cp1cen-Mg2-Cp2cen (1808) and
in the torsion angles: C1r-Cp1cen-Cp2cen-
C6r=�32.1(1)8 and C1r-Cp1cen-Cp1’cen-
C1r’=�1808 (Figure 1, cen= ring centroid).
The respective distance between the centers
of the two cyclopentadienyl ligands (3.930
and 3.926 @, respectively, Table 1) corre-
sponds to the value determined for
[Mg(C5Me5)2] (3.94 @).[18] The two butenyl

side chains are directed away from the magnesium center
above and below, respectively.

The compounds with the heavy alkaline-earth metals, 2–4,
have in principal the same molecular structure with C2

symmetry (3) or approximate C2 symmetry (2, 4 ; see
Figure 2). Unlike in 1, but in agreement with the structures
of [Ca(C5Me5)2],

[20] [Sr(C5Me5)2],
[21] and [Ba(C5Me5)2],

[20,21]

the cyclopentadienyl rings in 2–4 are inclined towards each
other; furthermore, the butenyl side chains of the cyclo-
pentadienyl ligands are directed towards the metal center.
This bent structure, which all metallocenes of the heavy
alkaline-earth metals and also metallocenes of EuII,[22] SmII,[22]

and YbII[23] exhibit, cannot be attributed here to a lone pair of
electrons at the metal center as in the likewise bent metal-
locenes of Ge, Sn, and Pb. On the contrary, it is accounted for
by a slight polarizability of the original spherically sym-
metrical distribution of the positive charge of the large metal
cations caused by the negatively charged Cp ligands, which
reduces their mutual repulsion.[22] Further explanations for
the bent arrangement of the Cp ligands are their Van der
Waals attractions[24,25] or the (n�1)d orbital involvement of
the metal centers in the sense of an (n�1)dns hybridization.[26]

The centers of the Cp ligands and the double bonds in 2–4
form a strongly distorted tetrahedral coordination sphere
around the metals. The centers of the cyclopentadienyl
ligands form an angle of almost exactly 1408 with the metal
center in all three compounds (Table 1): 140.98 (2), 139.3/
140.48 (3), and 139.18 (4). In contrast very different Cpcen-M-

Scheme 1. A) Synthesis of the metallocenes 1–4 from alkaline-earth
diiodides and K[C5Me4CH2CH2CH=CH2]; M=Mg (1), Ca (2), Sr (3), Ba
(4). B) Synthesis of 1 from dibutylmagnesium and 5-but-3-en-1-yl-
1,2,3,4-tetramethylcyclopenta-1,3-diene.

Figure 1. Molecular structure of 1 (ORTEP,[19] ellipsoids at 30% proba-
bility).

Table 1: Selected bond lengths [G] and angles [8] of 1–4.

1 (1)[a] 1 (2)[b] 2 3 (1)[a] 3 (2)[b] 4

M�Cpcen 1.962(2) 1.963(2) 2.382(2) 2.55(1) 2.55(1) 2.721(3)
1.968(2) 1.963(2) 2.412(2) 2.715(3)

M�C4s 6.882(2) 6.620(2) 3.045(2) 3.04(2) 3.179(3)
M�C9s 6.589(2) 6.620(2) 2.941(2) 2.99(2) 3.212(3)
M�C3s 5.928(2) 5.389(2) 3.230(2) 3.25(2) 3.435(3)
M�C8s 5.381(2) 5.389(2) 3.078(2) 3.20(2) 3.375(3)
C3s�C4s 1.306(2) 1.319(2) 1.267(2) 1.32(2) 1.316(3)
C8s�C9s 1.314(2) 1.319(2) 1.361(2) 1.33(2) 1.316(3)
Cp-M-Cp 175.84(5) 180 140.92(6) 139.3(4) 140.4(4) 139.1(1)
C4s-M-C9s 81.30(6) 88.9(4) 85.3(4) 98.55(7)
C3s-M-C8s 105.52(6) 93.8(4) 92.2(4) 102.17(7)

[a] Molecule 1. [b] Molecule 2.

Angewandte
Chemie

6209Angew. Chem. Int. Ed. 2004, 43, 6208 –6211 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Cpcen angles, dependent upon the size of the central metal
atom are found for both the solvent-free alkaline-earth
compounds [M(C5Me5)2] and the alkaline-earth carbene
complexes [(C5Me5)2ML] (L= 1,3,4,5-tetramethylimidazol-
2-ylidene): 147.78 for [Ca(C5Me5)2] and 1318 for
[Ba(C5Me5)2] at 116 and 118 K, respectively, in the crystal,[20]

1498 for [Sr(C5Me5)2] and 1488 for [Ba(C5Me5)2] in the gas
phase,[21] and 143.98 for [(C5Me5)2CaL] and 137.08 for
[(C5Me5)2BaL] at �70 8C in the crystal.[27]

This difference and, with con-
sideration of the metal radius, the
almost identical M�C distances of
the olefin-carbon atoms coordi-
nated unsymmetrically to the
metal center (M�C3s and M�
C8s= 3.23/3.08 (2), 3.25/3.20 (3),
3.44/3.38 (4) and M�C4s and M�
C9s= 3.05/2.94 (2), 3.04/2.99 (3),
3.18/3.21 @ (4)) are a clear confir-
mation that this orientation of the
butenyl side chains directed
towards the metal center is caused
by a coordination of the olefin to the alkaline-earth metal
center and not perhaps by crystal packing effects. The
distances to the terminal carbon atoms C4s and C9s are
generally shorter than to C3s and C8s, but significantly longer
than to the cyclopentadienyl carbon atoms. The range of the
distances, which is moreover relatively large, and the constant
C=C lengths in the open magnesium derivative 1 and in 2–4
suggest, however, a very labile coordination of the olefin
ligands. Crystallization of the complexes from THF is not
possible because they are too soluble. No crystals suitable for
X-ray structure analysis could be isolated even by the addition
of small amounts of THF to hexane or toluene solutions of 2–
4. Therefore it was not possible in this way to determine
whether the olefin side chains are displaced from the
coordination sphere of the metals by the Lewis basic THF
and whether THF complexes with non-coordinated olefin
side chains are formed.

The 1H NMR spectra of 1–4 recorded in [D6]benzene
(selected data in Table 2) show almost identical chemical
shifts for the C5Me4, a-CH2, b-CH2, and g-CH protons of the
ligands. The respective chemical shifts of the signals of the cis-

and trans-d-CH2=CH protons of 3 and 4 are also practically
identical, although they are shifted by up to 0.3 ppm to higher
field compared to the corresponding signals of 1 (with the
butenyl groups orientated away from the magnesium center).
With the addition of [D8]THF, which as s-donor ligand should
displace the olefin from the coordination sphere of the metal,
the chemical shifts of all signal groups of 1 change only
marginally, in the case of 4, however, the signal of the cis-
CH2=CH protons shifts by 0.11, and that of the trans-CH2=

CH proton by 0.17 ppm to lower field and thus in the direction
of the signals of 1. With [Yb(C5Me4SiMe2CH2CH=CH2)2] too
a low field shift of the same order of magnitude for the CH2=

CH protons was observed with the change from benzene to
THF as solvent, although with a simultaneous high field shift
of the CH2=CH protons.[12] These small signal shifts do not
allow any prediction about whether the olefin coordinates to
the alkaline-earth metal or ytterbium center, since unlike the
transition-metal–-olefin complexes no electron density mod-
ifying backbonding is possible. In low-temperature 1H NMR
spectra of 4 in [D8]THF the position of the CH2=CH and
CH2=CH signals remain constant to �83 8C. Over the same
temperature range in [D8]toluene, however, they are shifted
successively to higher fields by up to 0.16 ppm. Compound 3
also shows high-field shifts of up to 0.2 ppm for these signals
in [D8]toluene at �83 8C.

The 13C NMR spectra of 1–4 recorded in both [D6]ben-
zene and [D8]toluene as well as in [D8]THF show the expected
nine signals, which depending upon the metal and the solvent
show no substantial shifts apart from the inner olefin-carbon
atom. The g-C signal in the spectra measured in [D6]benzene
shifts from d = 138.93 (1) through 147.63 (2) and 149.82 (3) to
148.80 ppm (4). In contrast in the 13C NMR spectrum of a
solution of 4 in [D8]THF the signal for the g-C atom shows a
chemical shift of d = 142.17 ppm, a value that is close to the
value for 1. In the coordinating solvent THF the olefin is
clearly displaced from the coordination sphere of the barium
center. This effect also corresponds to that for the high-field
shift found for the inner olefin-carbon atom in [Yb(C5Me4Si-
Me2CH2CH=CH2)2] on comparison of the spectrum in
[D6]benzene (d = 147.6 ppm) with that in [D8]THF (d =

140.5 ppm).[12]

The X-ray structure analyses of these olefin complexes of
the alkaline-earth metals (2–4) synthesized for the first time
show an orientation of the terminal olefin double bonds of
both ligands in the direction of the Ca, Sr, and Ba ions. Owing
to the lack of (n�1)d electrons of the alkaline-earth metal

Figure 2. Molecular structure of 2 (left) and 4 (right; ORTEP,[19] ellip-
soids at 30% probability).

Table 2: 1H and 13C NMR data [ppm] of 1–4.

1H NMR 13C NMR
Solvent d=CH d CH=CHH (trans) d CH=CHH (cis) dCH= dCH2=

1 [D6]benzene 5.83 (ddt) 5.07 (ddt) 4.97 (ddt) 138.93 114.64
1 [D8]THF 5.78 (ddt) 4.98 (ddt) 4.89 (ddt) 139.56 114.57
2 [D6]benzene 5.82 (ddt) 4.81 (m) 147.63 115.03
3 [D6]benzene 5.83 (ddt) 4.73 (ddt) 4.70 (ddt) 149.82 115.20
4 [D6]benzene 5.89 (ddt) 4.79 (ddt) 4.73 (ddt) 148.80 115.92
4 [D8]THF 5.83 (ddt) 4.96 (ddt) 4.84 (ddt) 142.17 113.78
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ions, this weak coordination cannot be interpreted as a s-
donor–p-acceptor interaction as in classical olefin complexes
of transition metals. The NMR spectra measured in [D6]ben-
zene and [D8]toluene show, however, a weak high-field shift
of the signals of the d-CH2 protons; this may be interpreted by
the influence exerted upon the double bond attracted towards
the alkaline-earth metal center by the electron shell of the
metal negatively polarized in the direction of the olefin, as is
suggested by the electrostatic model for the explanation of the
bent structure of the metallocenes of the heavy alkaline-earth
metals.[22] A reduction in the Cp-M-Cp angle to 140.92(6)8 in 2
and 140.4(4)8 in 3 compared with 147.7 and 1498, respectively,
for the non-olefin-coordinated analogues [Ca(C5Me5)2] and
[Sr(C5Me5)2] is in agreement with this. The widening of this
angle of 1318 in the case of [Ba(C5Me5)2] to 139.1(1)8 in 4 is
attributable to the enlarged ionic radius of BaII. s-Donor
ligands such as THF displace the weakly coordinated olefin
from the alkaline-earth metal ion, which is demonstrated for
the barium derivative 4 by its 1H and 13C NMR spectra in
[D8]THF. Analogous structural and bonding relationships are
found in the corresponding YbII derivative [Yb(C5-
Me4CH2CH2CH=CH2)2]

[11a] and in [Ln(C5Me4Si-
Me2CH2CH=CH2)2],

[12] which suggests a remarkable similar-
ity between the organyls of the heavy alkaline-earth metals
and the lanthanoids in the oxidation state LnII. This was
discussed in detail recently for the chemistry and catalytic
behavior of CaII and YbII compounds.[28]

Experimental Section
The synthesis and the comprehensive spectroscopic characterization
of the alkaline-earth complexes 1–4 and their crystal data are
available in the Supporting Information.

CCDC-240854—240857 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB21EZ, UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.
ac.uk).
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Cover Picture

Akihiko Tsuda,* Eri Hirahara, Yeong-Sang Kim, Hiroyuki Tanaka,
Tomoji Kawai,* and Takuzo Aida*

A generous host describes the fully inorganic doughnut-shaped polyoxometalate
crown cluster illustrated in the cover picture which has a 2.3-nm-wide and 1.3-nm-
deep nanoscopic cavity and serves as a novel host for three metalloporphyrin
molecules that contain 3- or 4-aminophenyl groups. A. Tsuda, T. Kawai, T. Aida, and
co-workers describe in their Communication on page 6327 ff. how this new organic/
inorganic hybrid complex forms through multiple hydrogen-bonding interactions.

Intermetalloid Clusters
T. F. F'ssler and S. D. Hoffmann describe in their Minireview on page 6242 ff. the
formation of large, endohedral clusters (e.g. [Pt@Pb12]2�) in the context of fullerenes
and fullerides.

Microwave Chemistry
Heating reactions with microwaves offers a noteworthy alternative to conventional
heating methods. In his Review on page 6250 ff., C. O. Kappe highlights recent
applications of this procedure in organic synthesis.

Nanoporous Materials
In their Communications on pages 6285, 6290, and 6296 ff., C. Serre, C. Mellot-
Draznieks, G. F;rey, and co-workers demonstrate a solvothermal route involving
metal(iii) trimeric secondary building units and how the crystal structures of hybrid
organic–inorganic structures can be predicted.
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The following Communications are available online (in Wiley InterScience). You can find them, as
well as forthcoming Reviews, Highlights, and Essays, at www.angewandte.org, under Early View.

A. I. Jim�nez,* G. Ballano, C. Cativiela:
First Observation of Two Consecutive g Turns in a Crystalline
Linear Dipeptide
DOI: 10.1002/anie.200461230
Published online: November 11, 2004

A. C�t�, A. A. Boezio, A. B. Charette*:
Evidence for the Structure of the Enantioactive Ligand in the
Phosphine–Copper-Catalyzed Addition of Diorganozinc Reagents
to Imines
DOI: 10.1002/anie.200461920
Published online: November 11, 2004

Articles judged by the referees or the editor as being either very important or very urgent are immediately edited, proof-read, and electronically
published once the manuscript has arrived in the editorial office in its final form. As long as there is no page number available these articles should
be cited in the following manner:

Author(s), Angew. Chem. Int. Ed., online publication date, DOI.

Versatile strategies of multicomponent
coupling reactions to synthesize variously
substituted pyrroles 1 are summarized.
These heterocycles are important targets
as molecules in their own right, for their
pharmacological properties, as well as
intermediates for more elaborate synth-
eses.

The close race between Zintl ions and
fullerides has gone into the second round,
initialized by the synthesis of the soluble
endohedral cluster [Pt@Pb12]2� (see pic-
ture, left). The structural characterization
of an anion with almost ideal icosahedral
symmetry illustrates that many heteroa-
tomic clusters observed in the gas phase
can, indeed, be regarded as endohedral
clusters.
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Controlled Microwave Heating in Modern
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A Route to the Synthesis of Trivalent
Transition-Metal Porous Carboxylates with
Trimeric Secondary Building Units

Molecular Modeling

C. Mellot-Draznieks,* J. Dutour,
G. F@rey 6290 – 6296

Hybrid Organic–Inorganic Frameworks:
Routes for Computational Design and
Structure Prediction
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Out of the kitchen into the laboratory :
Direct heating by microwave irradiation
(see picture) in many cases enables
synthesis to be carried out in a fraction of
the time required with conventional heat-
ing techniques. The use of microwave
heating in organic synthesis is growing
rapidly and the advantages not only
include faster reaction times, but also
higher product yields, cleaner reactions,
better controllability, and reproducibility.

Prefabricated construction techniques : A
solvothermal route involving iron(iii) tri-
meric secondary building units has been
developed. Two new open-framework iron
(iii) dicarboxylates have been character-
ized from X-ray powder diffraction stu-
dies. Their 3D structures are built up from
trimers of iron polyhedra related through
dicarboxylates, thus creating cationic fra-
meworks with 1D pore systems filled with
solvent molecules and anions (see exam-
ple).

Structure prediction of hybrid organic–
inorganic frameworks is now computa-
tionally possible. The employed method
embraces the concept of hybrid frame-
work through the automated assembly of
predefined organic and inorganic building
units in 3D space. Crystal structures of
hybrid candidates are predicted (space
group, cell parameters, atomic positions;
see picture), together with an estimate of
their lattice energies.
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G. F@rey,* C. Serré, C. Mellot-Draznieks,
F. Millange, S. Surblé, J. Dutour,
I. Margiolaki 6296 – 6301

A Hybrid Solid with Giant Pores Prepared
by a Combination of Targeted Chemistry,
Simulation, and Powder Diffraction

Valence Tautomerism

H. Ohtsu, K. Tanaka* 6301 – 6303

Chemical Control of Valence Tautomerism
of Nickel(ii) Semiquinone and Nickel(iii)
Catecholate States

Nanotechnology

P. Tartaj,* T. GonzNlez-CarreOo,
M. L. Ferrer,* C. J. Serna 6304 – 6307

Metallic Nanomagnets Randomly Disper-
sed in Spherical Colloids: Toward a
Universal Route for the Preparation of
Colloidal Composites Containing Nano-
particles

Organic Zeolites

D. V. Soldatov,* I. L. Moudrakovski,
J. A. Ripmeester* 6308 – 6311

Dipeptides as Microporous Materials
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A perfect combination : The association of
a chromium(iii) trimeric building unit and
1,3,5-benzenetricarboxylate led to the
powdered solid MIL-100. Simulations
provided a crystal structure solution,
which matched the experimental powder
XRD pattern. This unique simulation/
diffraction combination allowed the
structure determination of a giant-pore
solid with a zeotype architecture, built up
from hybrid supertetrahedra (see picture).

Fine-tuning the N-donor ability of a
bidentate aminopyridyl ligand facilitated
the selective synthesis of complexes 1 (no
methyl substituent) and 2 (with a methyl

substituent) which possess valence tau-
tomeric nickel(ii) semiquinonato and
nickel(iii) catecholato frameworks,
respectively.

Small world : Metallic nanomagnets
(MNMs) dispersed in spherical colloids
can be prepared by the aerosol evapora-
tion of an aqueous sol containing miner-

alized ferritin and a colloidal matrix
precursor (see picture). Essential to the
success of the method is the template
effect provided by ferritin.

Robust porous frameworks are formed by
the dipeptides l-Ala-l-Val (see structure)
and l-Val-l-Ala that have a high capacity
and selectivity for gas sorption. The
dipeptides assemble through hydrogen
bonds as a 61 helix to form channels with
average diameters of 5.13 and 4.90 Q,
respectively.
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Design of a Conformation-Sensitive
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Binding Protein

Bioorganic Chemistry
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cRGD-Functionalized Polymer Micelles
for Targeted Doxorubicin Delivery
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The data fit, but the structures are differ-
ent. Two methods for the interpretation of
NMR data of a b-hexapeptide are com-
pared. While the simulated annealing
procedure suggests the formation of a
(P)-28-helix, unrestrained molecular
dynamics simulations indicate that the
NMR data can also be described by a
much broader ensemble of conforma-
tions, in which (P)-2.512-helical structures
are prominent (see diagram).

Illuminating phase changes : Absorption
of X-ray photons induces reversible
internal charge-transfer processes in the
mixed-valence Mn/Fe cyanide
Rb0.7MnII

1.15[FeIII(CN)6]·2 H2O over a broad
temperature range. Both continuous and
abrupt phase transformations can be
triggered (see scheme; HS = high spin,
LS = low spin) and because the X-rays
simultaneously probe the structural
properties of the material, the resulting
phase diagram can be elucidated in detail.

129Xe NMR spectroscopy meets protein
engineering : NMR spectroscopy with
laser-polarized 129Xe can be used to report
protein conformations only if a protein
has a conformationally sensitive xenon-
binding cavity. However, many proteins
lack such reporter sites. A straightforward
design process is used to engineer a
xenon-binding cavity into the ribose-
binding protein (see picture) that allows
the 129Xe NMR spectroscopic report of
protein conformation and ligand binding.

Targeting micelles : Cyclic pentapeptide
cRGDfK (red triangles), which targets
integrin avb3, was conjugated to the outer
shell of doxorubicin-loaded (red hexa-
gons) polymeric micelles by using a post-
micelle modification method. The mod-
ified micelles significantly enhanced their
internalization (up to 30-fold) by receptor-
mediated endocytosis in tumor endothe-
lial cells overexpressing the avb3 receptor.
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Filled doughnuts : Molybdenum crown
cluster MC accommodates up to three
molecules of aminophenyl-substituted
metalloporphyrins through hydrogen-
bonding interactions, to form discrete
inorganic–organic nanocomposite mate-
rials (see picture; blue polyhedra = MC,
space-filling model = metalloporphyrin).
Ultrahigh-vacuum scanning tunneling
microscopy, in conjunction with scanning
tunneling spectroscopy, at 80 K confirms
the formation of the inclusion complex.

The combinatorial approach : A library of
fluorescent styryl dyes (320 compounds)
was prepared by solid-phase chemistry.
The dyes were screened for their detection
of amyloid aggregates, which are associ-
ated with diseases such as Alzheimer’s,
and two of the 320 compounds screened,
2C40 and 2E10, showed promise as brain-
imaging agents (see microscopy image).

A brighter future for siloles. Luminescent
silole chromophores with the highest

quantum efficiencies reported for a fully
substituted monomeric silole are gener-
ated by altering the steric properties of the
substituent groups. Treatment of 1,1-
dimethylsiloles with Bu4NF (TBAF) in THF
rapidly gives stereospecific desilylation at
room temperature (see scheme). Intense
solid-state photoluminescence is
observed in thin films of the silole fluor-
ophores.

Axes of power : Jahn–Teller isomerism
(that is, Jahn–Teller distortion along dif-
ferent axes) accounts for the presence of
both faster and slower relaxing magneti-
zation dynamics of the title compound
(see core structure; blue Mn, red O,
gray C), which is a single-molecule
magnet (SMM). The new compound is a
structural variant of the [Mn12] family of
SMMs and is prepared by a reductive
aggregation of [MnO4]� in a mixture of
MeOH/PhCO2H.

http://www.angewandte.org


Charge-Transfer Organic Metal

T. Murata, Y. Morita,* K. Fukui, K. Sato,
D. Shiomi, T. Takui, M. Maesato,
H. Yamochi, G. Saito,*
K. Nakasuji* 6343 – 6346

A Purely Organic Molecular Metal Based
on a Hydrogen-Bonded Charge-Transfer
Complex: Crystal Structure and Electronic
Properties of TTF-Imidazole–p-Chloranil

Photochromism

S.-J. Lim, B.-K. An, S. D. Jung, M.-A. Chung,
S. Y. Park* 6346 – 6350

Photoswitchable Organic Nanoparticles
and a Polymer Film Employing Multi-
functional Molecules with Enhanced
Fluorescence Emission and Bistable
Photochromism

Chirality

T. Yamaguchi, T. Kimura, H. Matsuda,
T. Aida* 6350 – 6355

Macroscopic Spinning Chirality
Memorized in Spin-Coated Films of
Spatially Designed Dendritic Zinc
Porphyrin J-Aggregates

Analytical Methods

J. L. FernNndez, N. Mano,* A. Heller,
A. J. Bard* 6355 – 6357

Optimization Of “Wired” Enzyme O2-
Electroreduction Catalyst Compositions
by Scanning Electrochemical Microscopy

Contents

6228 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6222 – 6231

Modification of tetrathiafulvalene with an
imidazolyl substituent as a hydrogen-
bond donor allows the generation of a
hydrogen-bonded 2:1 charge-transfer
complex with chloranil. This complex
forms a three-dimensional network with
columnar stacking of each component
and multiple S···S interactions (see pic-
ture). This strongly hydrogen-bonded
purely organic conducting material is the
first to display metallic behavior.

Get turned on : Fluorescent photochromic
organic nanoparticles (FPONs) of 1 (see
picture) show a strongly enhanced fluo-
rescence emission with increasing con-
centration and bistable photochromism.
High-contrast on/off fluorescence switch-
ing has been successfully implemented in
size-tuned FPONs of 1 and also in a
photo-rewritable polymer film highly
loaded with 1.

Supramolecular polymerization of dendri-
tic zinc porphyrins with two carboxylic
acid functionalities leads to the formation
of J-aggregates through multipoint p-
stacking interactions. Spin-coating of the
J-aggregate solutions gives optically active
films, whose sense of chirality can be
selected by the spinning direction (see
picture). The chiroptical memory is ther-
mally stable up to the melting tempera-
tures of the spin-coated films.

Rapid screening : For optimizing the
weight fraction of enzyme in enzyme
electrodes, the scanning electrochemical
microscopy (SECM) screening method
described gives results (see picture) in
good agreement with those obtained by
the traditional rotating-disk-electrode
method but in one tenth of the time and
with a reduction in the amount of polymer
and enzyme required by a factor of
100 000.
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a,a-Disubstituted b-lactones can be
obtained by the cycloaddition of the
corresponding ketenes with aldehydes
(see scheme). For the first time, a chiral
PPY derivative, 1, serves as an efficient
catalyst for the asymmetric synthesis of b-

lactones (PPY = 4-pyrrolidin-1-ylpyridine).
To date, this is the only catalyst that is
effective for enantioselective cycloaddi-
tions of disubstituted ketenes with alde-
hydes.

The chemical reduction of H[AuCl4] with
ortho-phenylenediamine in aqueous
media at room temperature and ambient
pressure allows the synthesis of Au
nanoplates with lengths of several micro-
meters (see SEM image). The as-prepared
nanoplates are single crystals with a
preferential growth direction along the
Au (111) plane and mainly hexagonal in
shape.

Taking up the semiconducting baton :
Organic field-effect transistors fabricated
with a new class of extremely electron-
deficient cyanated perylene diimides are
air-stable and exhibit n-type mobilities as
high as 0.64 cm2 V�1 s�1 (see scheme).
Devices can be fabricated from vapor-
deposited and solution-cast films as well
as top- and bottom-contact electrode
configurations.

Deprotonation of the trifluoroacyl hydride
complex 1 with tert-butyllithium leads to
difluoroketene adduct 2. Coordination of
the difluoroketene to iridium through the
C�C bond is confirmed by X-ray diffrac-
tion (see scheme). This complex is the
first isolated and characterized dihaloke-
tene complex and provides the only
structural data for difluoroketene.
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Magnetic hollow Fe3O4–polymer hybrid
nanospheres (see figure) were prepared
by adding Fe3O4 nanoparticles to an
aqueous solution of polymer–monomer
pairs composed of a cationic polymer
(chitosan) and an anionic monomer
(acrylic acid), followed by polymerization
of acrylic acid and selective crosslinking of
chitosan at the end of the polymerization.

Substituents on both the nucleoside aryl-
sulfonate as well as the aryl amine
component have a significant impact on
their coupling to form 2,6-diaminopurine-
2’-deoxyribonucleosides (see scheme). A

systematic study of ligands for the Pd
catalysts in amination and C�C cross-
coupling reactions gives insight into the
structural elements that lead to effective
catalysis.

Competing reactions, not consecutive
processes, are the oxidation of styrene to
styrene epoxide and the formation of
phenylacetaldehyde (PADH). In situ NMR
and EPR spectroscopic analysis of styrene
oxidation on TS-1 zeolite (see picture)
demonstrated that Brønsted acid sites
provide the active centers needed to
transform an intermediate hemiacetal
species into PADH.

A question of identity : A palladium com-
plex featuring a carbenic S,C,S-based
pincer ligand is reported (see scheme).
DFT calculations show that, unlike classi-
cal carbene complexes, coordination
occurs through donation from a d orbital

at the metal into the empty np orbital of
the carbene fragment, with the ns orbital
essentially acting as a nonbonding orbital.
The complex is shown to have nucleophi-
lic character.
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Creativity Rewarded: J. M.
DeSimone

Joseph M. DeSimone is to receive the
ACS (American Chemical Society)
Award for Creative Invention in 2005.
The award, worth US$5000, is spon-
sored by the chemical industry and
awarded annually to an inventor in rec-
ognition of the application of research

in chemistry or chemical
engineering that “… con-
tributes to the material pros-
perity and happiness of
people”. For a recipient to
qualify for the award, a
patent must have been
granted for the work.

DeSimone studied
chemistry at Ursinus Col-
lege in Collegeville, PA
(USA). Upon completion
of his PhD in 1990 under
the guidance of J. E.

McGrath at Virginia Polytechnic Insti-
tute and State University in Blacksburg
(USA), he became assistant professor
at the University of North Carolina in
Chapel Hill (USA). He is currently Wil-
liam R. Kenan, Jr. Distinguished Profes-
sor of Chemistry and Chemical Engi-
neering and Director of the Institute
for Advanced Materials, Nanoscience
and Technology there. His research
focuses on polymer synthesis, green
chemistry, and methods based on liquid
and supercritical carbon dioxide. He
reported on this last topic in a Review
in Angewandte Chemie and an article
in the Enyclopedia of Polymer Science
and Technology.[1] DeSimone is a
member of the Editorial Board of the
Journal of Polymer Science A.

Creative Synthesis: C.-H. Wong

Chi-Huey Wong, Professor at The
Scripps Research Institute in La Jolla,
CA (USA), will receive the ACS
Award for Creative Work in Synthetic
Organic Chemistry for his “… pioneer-
ing contributions
to preparative bio-
catalysis and pro-
grammable one-
pot organic synthe-
sis.” Wong studied
chemistry at the
Taiwan National
University and
completed his PhD
in 1982 at Massa-
chusetts Institute
of Technology
(Cambridge, MA,
USA) in the research group of Geor-
ge M. Whitesides. As a postdoctoral
fellow he moved, together with his
PhD supervisor, within Cambridge to
Harvard University. In 1983 he began
his independent career as assistant pro-
fessor at the Texas A&M University.
There he moved up through the ranks
to become full professor, and transfer-
red to The Scripps Research Institute
in 1989 to take up his current position
as Ernest W. Hahn Professor of Chemis-
try.

WongBs research interests encom-
pass a broad spectrum of bioorganic
and synthetic chemistry, from the inter-
actions of small molecules with RNA
and other biologically important mole-
cules, and the design and synthesis of
inhibitors of receptors and enzymes, to
the development of synthetic methods,
including programmable one-pot reac-
tions for the synthesis of oligosacchar-
ides and glycoarrays. His research on
biocatalysis has a special focus on carbo-
hydrate-mediated biological recogni-
tion. He recently contributed a compre-
hensive Review on sulfotransferases[2a]

to Angewandte Chemie, followed by a
related Review on sulfatases.[2b] Wong
is a member of the Editorial Board of
Advanced Synthesis & Catalysis and
the Editorial Advisory Board of Chem-
BioChem.

S. I. Stupp Receives Polymer
Award

Samuel I. Stupp is the recipient for 2005
of the ACS Award in Polymer Chemis-
try, sponsored by ExxonMobil. Stupp
studied chemistry at the University of
California in Los Angeles and com-
pleted his PhD in materials science and
engineering in 1977 under the guidance
of Stephen H. Carr at Northwestern
University in Evanston, IL (USA). He
remained there as
Professor of Bio-
logical Materials
until 1980, when
he moved to the
University of Illi-
nois, Urbana-
Champaign as Pro-
fessor of Materials
Science. In 1999,
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Pyrroles represent an important class
of heterocycles that display remarkable
pharmacological—antibacterial, antivi-
ral, anti-inflammatory, antitumoral, and
antioxidant—activities.[1] Furthermore,
they are useful intermediates in the
synthesis of natural products as well as
in heterocyclic chemistry[2] and they are
widely used in materials science.[3] As a
consequence, many synthetic methods
are known for the construction of the
pyrrole structure.[4] The most frequently
used methods include the classical
Hantzsch procedure,[5] the cycloconden-
sation of primary amines with 1,4-dicar-
bonyl compounds (Paal–Knorr synthe-
sis),[6] and various cycloaddition strat-
egies.[7] Whereas these methods have
proven very useful for the synthesis of
pyrrole derivatives, they generally in-
volve multistep synthetic operations
that limit the scope of these reactions.
Multicomponent strategies offer signifi-
cant advantages over classical linear
syntheses by combining a series of
reactions from easily available and sim-
ple precursors without the need for
isolation of the intermediates[8] to allow
the construction of complex molecules.
Such reactions are thus economically
and environmentally attractive and have
become an important area of research in
organic chemistry.

Within this context, an elegant four-
component reaction for the construction

of substituted pyrroles was recently
reported by M4ller and co-workers.[9]

This new multicomponent approach de-
veloped on from their earlier discovery
that the Sonogashira coupling reaction
of 1-arylprop-2-yn-1-ols 1 with electron-
deficient aryl or heteroaryl halides 2
followed by a base-catalyzed isomeriza-
tion reaction of the coupled products
leads to the corresponding chalcones 3
(Scheme 1).[10] Building on the results of

these pioneering studies, M4ller and
collaborators developed an integrated
procedure for the synthesis of pyrroles
based on the reactivity
of the newly formed
enone functionality.
To this end, the palla-
dium-catalyzed enone
synthesis was com-
bined with a Stetter
reaction to give 1,4-
diketone intermedi-
ates,[11] which were
treated with primary
amines in a subse-
quent Paal–Knorr cy-
clocondensation reac-
tion. These three re-
actions were efficient-

ly integrated in a one-pot domino se-
quence to yield highly substituted
pyrrole derivatives in rather good yields
(Scheme 2). Thus, after the reaction of
various 1-arylprop-2-yn-1-ols 1 with
electron-deficient aryl bromides 2 under
the reaction conditions of the Sonoga-
shira coupling–isomerization sequence
in boiling triethylamine, the newly
formed enones 3 were treated with an
aldehyde 4 in the presence of a catalytic
amount of a thiazolium salt. After the
complete conversion of 3 into the cor-
responding diketone 5, the subsequent
addition of primary amines 6 and acetic
acid to the reaction mixture yielded the
expected tri- or tetrasubstituted pyrroles
7. Three or four diverse functionalities
(one from each of the components 1, 2,
and 4, as well as 6 when R2¼6 H) were
introduced into the products.

One of the limitation of the Paal–
Knorr reaction for the construction of
the pyrrole ring is the accessibility of the
1,4-dicarbonyl precursors. As illustrated
in the previous example, the classical
Stetter addition of aldehydes to unsatu-
rated carbonyl electrophiles is often

Scheme 1. Coupling–isomerization sequence
that leads to chalcones: a) [PdCl2(PPh3)2]
(2mol%), CuI (1mol%), Et3N, THF, reflux;
b) Et3N.

Scheme 2. Palladium-catalyzed four-component assembly of
pyrroles starting from 1-arylprop-2-yn-1-ols: a) [PdCl2(PPh3)2]
(2mol%), CuI (1mol%), Et3N, reflux; b) AcOH, D. R1 = aryl,
heteroaryl; R2 = H, Bn (benzyl), (CH2)2OH, CH2C(O)NH2.
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used for this purpose. However, during
the condensation reaction, a self-con-
densation of aldehydes (benzoin con-
densation) often occurs. Recently,
Scheidt and co-workers demonstrated
that the reaction of acylsilanes 8 with
unsaturated conjugate acceptors 9 pro-
moted by a thiazolium salt 10 in the
presence of DBU (1,8-diazabicy-
clo[5.4.0]undec-7-ene) provides an at-
tractive alternative to the classical Stet-
ter addition of aldehydes (Scheme 3).[12]

This reaction is thought to proceed
through the addition of the carbene
catalyst 11 to 8 followed by a 1,2-silyl
group shift (Brook rearrangement) to
give the silylated intermediate 12. The
alcohol (iPrOH) then generates the acyl
anion nucleophile 13, which undergoes
selective addition to the conjugate ac-
ceptor 9 that then, after elimination of
the heterocyclic catalyst, leads to the
corresponding diketones 14. During this
process, the formation of benzoin prod-
ucts is not observed owing to the lower
electrophilicity of the acylsilanes 8 rel-
ative to aldehydes.

Based of this concept, a novel three-
component approach to the synthesis of
pyrrole derivatives was developed by
the same group by the combination of

this new variant of the Stetter reaction
with a Paal–Knorr condensation.[13] To
this end, the thiazolium-catalyzed cou-
pling reaction of an aryl or alkyl acylsi-
lane with a chalcone was monitored to
completion by TLC (thin-layer chroma-
tography) analysis. Treatment of the
resulting 1,4-dicarbonyl compound in
situ with a primary amine in the pres-
ence of p-toluenesulfonic acid and mo-
lecular sieves produces the correspond-
ing trisubstituted pyrrole derivative 15
(Scheme 4). Remarkably, in this process,
various electron-donating or electron-
withdrawing aryl substituents may be
incorporated on either side of the un-
saturated ketone.

Another creative convergent ap-
proach to pyrrole derivatives that starts
from 1-arylprop-2-yn-1-ols 1 was recent-
ly developed by Uemura, Hidai, and co-

workers.[14] In an early example, this
group reported a ruthenium-catalyzed
substitution of the propargyl group in
the 1-aryl-substituted propargyl alcohol
of type 1 with a dialkyl ketone such as
acetone (16) in the presence of NH4BF4

which leads to the corresponding g-
ketoacetylene 17 (Scheme 5).[15] The
proposed mechanism involves the for-
mation of the allenylidene complex 18
from the reaction of propargyl alcohol 1
with the thiolate-bridged diruthenium
complex 19. This is followed by a
nucleophilic attack of the enolate car-
bon of the ketone on the electrophilic
gC atom of the reactive intermediate 18.
Taking advantage of the formation of
water during this process, Uemura, Hi-
dai, and co-workers further developed
an ingenious strategy for the one-pot
synthesis of substituted furans 21 by a
combination of the above Ru-catalyzed
reaction with the hydration of the al-
kyne moiety of 17 which was promoted
by a second catalyst in the medium
(Scheme 6). Under the reaction condi-
tions, an intramolecular cyclization of
the newly formed 1,4 diketone 20 results
in the formation of the expected furans.
The success of this domino reaction is
highly dependent on the ability of the
two catalysts to promote sequentially the
three specific reactions: the ruthenium
catalyst 19 and PtCl2 give the best
results.

The authors have extended these
elegant studies to the one-pot synthesis
of pyrroles 24 by carrying out this novel
ruthenium/platinum-catalyzed multi-
component reaction in the presence of
various aniline derivatives 22. The reac-
tion is considered to proceed through
the platinum-catalyzed nucleophilic at-
tack of anilines on the carbon–carbon
triple bond of the g-ketoalkyne inter-
mediate that leads to 23, followed by an
intramolecular cyclization to yield the
pyrroles 24.[16]

Scheme 3. Thiazolium-catalyzed addition of acylsilane to unsaturated carbonyl electrophiles to
yield 1,4-dicarbonyl products: a) DBU, THF; b) iPrOH. DBU =1,8-diazabicyclo[5.4.0]undec-7-
ene; R = (CH2)2OH.

Scheme 4. A sequential three-component synthesis of pyrrole derivatives by using a Sila–Stetter/
Paal–Knorr strategy: a) 10 (10mol%), DBU (30mol%), THF, iPrOH (4 equiv), 70 8C; b) TsOH,
molecular sieves (4 F), 70 8C. Ts = p-toluenesulfonyl; R1 = aryl, alkyl; R2 = H, aryl, alkyl.

Scheme 5. Ruthenium-catalyzed propargyl alkylation of 1-arylprop-2-yn-1-ols with ketones: a) 19
(10%), NH4BF4 (20%). Cp*= pentamethylcyclopentadienyl.
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More recently, a convergent four-
component assembly of substituted pyr-
roles was developed by Dhawan and
Arndtsen.[17] The strategy is based on
the ability of m4nchnones (1,3-oxazoli-
um-5-oxides) to react with acetylenic
dipolarophiles to produce bicyclic inter-
mediates that undergo a cycloreversion
reaction to yield pyrroles.[18] A recent
paper from this laboratory[19] described
the first catalytic synthesis of m4nch-
nones from a palladium-mediated three-
component coupling of an imine, an acid
chloride, and carbon monoxide
(Scheme 7). A new synthesis of dipro-
tected a-amino acid derivatives 30 was
developed by the addition of methanol
in the reaction mixture to trap these
reactive intermediates. In this process,
oxidative addition of imine 25 and acid
chloride 26 to palladium(0) gives the Pd-
chelated amide complex 27. Then, in-
sertion of carbon monoxide into the Pd�
C bond followed by a b-hydride elimi-
nation via the metalloketene complex 28
produces a metal-free m4nchnone 29.

The combination of the three-com-
ponent assembly of m4nchnones 29 with
a cycloaddition process with acetylenic
dipolarophiles 31 present in the reaction
mixture leads to a remarkably concise
and efficient synthesis of pyrrole deriv-
atives (Scheme 8). It was found that the
success of this methodology depends on
the nature of the Pd–phosphine com-

plex. Strong ligands such
as triphenylphosphine
were ineffective for the
preparation of m4nch-
nones. A more labile li-
gand such as the bulky
tri(o-tolyl)phosphine
played a significant role in
sufficiently stabilizing in-
termediate 27 while still
allowing subsequent cat-
alysis steps (Scheme 5). In
a typical procedure, a
mixture of imine 25, acid
chloride 26, alkyne 31,
EtNiPr2, P(o-tolyl)3 (15
mol%), and the palladi-
um catalyst 32 (generated
by the pretreatment of
Pd2(dba)3·CHCl3 (5
mol%) with the imine
and the acid chloride) in
acetonitrile/THF was stir-
red under CO (4 atm)at

65 8C during 16 h. This optimized proto-
col produced substituted pyrrole deriv-
atives 33 in good yields. This strategy
tolerates the presence of many func-

tional groups: Most combinations of
aliphatic/aromatic imines, acid chlor-
ides, and electron-rich or electron-poor
alkynes are compatible with the mild
reaction conditions and give access to a
variety of densely substituted pyrroles.
Interestingly, the reaction was found to
proceed with complete regioselectivity
with unsymmetrical alkynes and even
acetylene participated efficiently in this
process.

The four creative metal-catalyzed
multicomponent one-pot assemblies of
pyrroles highlighted herein elegantly
demonstrate that multicomponent reac-
tions are a powerful tool for the intro-
duction of molecular diversity in an
efficient, economic, and environmental-
ly friendly way. Without doubt many
innovative methodologies for the syn-
thesis of this important structure will
continue to emerge from this very
stimulating research area.
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Scheme 6. Sequential ruthenium/platinum-catalyzed three-
component assembly reactions of furans and pyrroles starting
from 1-arylprop-2-yn-1-ols: a) 19 (10mol%), NH4BF4

(20mol%); b) PtCl2 (20mol%).

Scheme 7. Proposed mechanism for the palladium-catalyzed three-component assembly of
mInchnones—synthesis of a-amino acid derivatives.

Scheme 8. The four-component assembly of pyrroles which involves an intermolecular 1,3-cyclo-
addition of mInchnones with alkynes: a) 32 (5mol%), P(o-tolyl)3 (15mol%), iPr2NEt, CH3CN/
THF. Tol = p-tolyl; An = p-C6H4OCH3; R1, R2, R3 = aryl, alkyl ; R4, R5 = H, aryl, electron-withdrawing
groups.
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Soluble Main-Group-Element Deltahedra

According to Wade
s rules, closed polyhedra with trian-
gular faces (deltahedra) and n vertices are particularly stable
whenever 2n+ 2 valence electrons are available for the
formation of the cluster framework.[1] Starting from the
corresponding boranes, ligand-free homoatomic main-group-
element polyhedra can readily be described by replacing the
B–H units by a lone pair of electrons localized at each vertex
atom. With N referring to their group number, each of these
atoms contributes N�2 electrons to the framework formation
of the polyhedron. The charge of the cluster q acts as a
variable, which adjusts the number of electrons of the neutral
cluster to the optimum configuration. Consequently, the
resulting number of electrons provided by these atoms for the
formation of the framework is given by n(N�2)�q. Accord-
ing to Wade
s rules, closo, nido, arachno, and hypho clusters
with n vertices and 2n+m electrons are particularly stable for
m= 2, 4, 6, and 8, and from 2n+m= n(N�2)�q the resulting
overall charge of the cluster is given by q=�(n(N�4) +m).
As a direct consequence, the charge q for N= 4 (Group 14

elements) is independent of n and
hence of the size of the cluster (Fig-
ure 1),[2] whereas clusters that contain
Group 13 and Group 15 elements ex-
hibit increasingly negative and positive
charge, respectively.[2]

Despite the constant and relatively
low charge, the number of examples of

larger homoatomic clusters that contain Group 14 elements
(tetrels) is rather limited. One reason may be the growing size
of the cavity inside the cluster as a consequence of the
increase in cluster size. In contrast to the larger fullerenes, the
deltahedra of the heavier Group 14 element congeners (Si to

Tetrels can be regarded as most promising candidates for the
construction of larger clusters. Recent examples have shown that larger
clusters are particularly stable if they contain interstitial atoms (e.g.
[Pt@Pb12]

2�). Many salts of the polyhedral anions are soluble, but a
number of examples—usually those with higher charges—occur only
as quasi-discrete units in saltlike crystals (Zintl phases) or as building
blocks in intermetallic phases. In this Minireview, the chemistry of
intermetalloid clusters is reviewed with reference to the endohedral
Zintl ions, Zintl phases, and polyhedral building blocks of inter-
metallic compounds, including heteroatomic species in the gas phase.
We focus on selected examples and discuss the new findings in the
context of recent advances in the field of metalloid clusters and
(endohedral) fullerenes and fullerides.

Figure 1. Graphical representation of the relation between cluster size
n and charge q in homoatomic polyhedra [En]

+q (E = vertex atom). Ex-
amples of structurally characterized clusters of Group 13,14,15 are in-
dicated. *Deviation from the expected structure according to Wade’s
rules; **closo clusters with 2n electrons.
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Pb) do not have a rigid stable s-bonding framework, and the
bonding of the atoms is delocalized over the whole polyhe-
dron. This fluctional bonding allows a rapid exchange of
atomic positions, as shown by NMR spectroscopy experi-
ments for the anions [Sn9]

4� and [Pb9]
4�.[3] Although the so-

called Zintl ions and the fullerenes show some parallel
properties concerning the delocalized framework bonds and
p electrons,[4] respectively, the stability of the fullerenes is
based to a major extent on the energy of the s bonds.

As a consequence of weaker framework bonding, larger
cavities inside the clusters become less stable and the deficit
must be compensated by the incorporation of atoms or small
molecules into the cluster, as demonstrated, for example, in
the synthesis of a number of nanoporous materials. Recently,
this type of stabilization was realized for the first time through
the synthesis of “filled” main-group-element clusters.

The largest soluble clusters described to date are based on
the well-established Zintl ions [Sn9]

4� and [Pb9]
4�,[5,6] which—

with their singly capped square-antiprismatic structure—
represent a nido-type cluster (Figure 2a).[7–9] Addition of a
transition-metal fragment M(CO)3—which according to the
isolobal principle does not contribute any electrons to the
framework and therefore simply acts as a vertex atom—to the
open square face of this cluster leads to closed polyhedra with
10 vertices (Figure 2b). In the latter case, isomeric structures
(Figure 2c) as well as exchange of the vertex atoms, which is
rapid on the NMR timescale, are possible.[10]

The soluble clusters described herein are stable up to a
size of 10 atoms, without a central host; the first filled
examples are also observed for n= 10. It therefore appears
that the stability limit for empty clusters of the heavier
Group 13–15 elements is attained for species with n= 10. The
incorporation of a Ni atom into the Sn9 framework, as in the
case of the anion [Ni@Sn9Ni(CO)]3�, leads to only a much
smaller expansion of the polyhedron (Figure 2d) than in the
Sn9Cr cluster.[11] Since the Ni(CO) fragment carries two
electrons that can contribute to the framework bonding, it
corresponds—according to the isolobal concept—to a Sn
vertex atom, and the cluster can be assumed to have the
charge distribution [Ni0@Sn9Ni(CO)]3�. The odd number of
electrons implies that we are dealing with a (2n+ 1)-electron,
closo-type cluster, which is analogous to the well-established
oxidized form of the nido clusters [E9]

3� (E = Ge, Sn, Pb) with
2n+3 electrons.[6]

The anion [Pt@Pb12]
2� represents the first isolated (solu-

ble) ligand-free cluster of a Group 14 element with n> 10
(Figure 2e).[12] The 12 Pb atoms are arranged around a central
Pt atom in the form of a highly symmetrical icosahedron. An
orbital analysis reveals only weak interactions between the
cluster orbitals and the orbitals of the central atom, thereby
suggesting the formulation of the cluster as [Pt0@Pb12

2�]. The
central Pt atom acts as a template for the electron-precise
(according to the Wade rules) Pb12

2� cluster and not as an
electron donor or acceptor, as observed in other types of filled
clusters, such as [C@Au6L6]

2+ and [Pt@Sn9Pt]2+ (Figure 2p
and q).[13]

The Icosahedron

Due to its uniform surface built of equilateral triangles,
the icosahedron (Figure 2, I) belongs to the so-called platonic
bodies. Truncation of the vertices can lead to new polyhedra
in which the symmetry is retained. If the truncation results in
the formation of equilateral six-membered rings, the poly-
hedron of C60-fullerene with 60 vertices is generated (Fig-
ure 2, II). The dual of a polyhedron is formed when the
centers of the faces are connected to generate edges. In the
case of the icosahedron, this procedure leads to a pentagonal
dodecahedron, and vice versa (Figure 2, III). The 12 edge-
sharing five-membered rings in III show a different relative
orientation to that of the 12 five-membered rings of the 60-
vertex polyhedron in II. In an icosahedral cage molecule, the
30 interatomic distances a between the vertex atoms on the
surface of the polyhedron are of equal length (Figure 2e). In
contrast, the distances R between these atoms and the center
of the polyhedron are � 5% shorter (R/a= 0.951).[14] As
point groups of icosahedral symmetry do not represent
crystallographic point groups, real clusters with 12 vertices
present in crystals deviate more or less from the ideal
icosahedral symmetry. For an estimation of the volume of
distorted polyhedra we propose the deviation from the ideal
ratio of the radii R/a= 0.951 as a simple criterion (Table 1).
The corresponding value, for example, for a polyhedron with
cuboctahedral symmetry is R/a= 1. In the case of filled
icosahedra, the average distances between the central atom
and the 12 vertex atoms can be used for R. With the average
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distances of 3.215 H for d(Pb–Pb) and 3.058 H for d(Pb–Pt),
the ideal value of 0.951 is obtained for the [Pt@Pb12]

2� anion.

Main-Group-Element Deltahedra in Salt-like
Crystals

In solid phases, more compounds that contain deltahedral
main-group-element clusters are known than soluble species.
In cases in which cluster units exist exclusively in solid phases,
it first has to be ascertained that they can be regarded as
isolated units. This is of importance not only for a consid-
eration of the binding within the cluster framework but also
with respect to the overall distribution and localization of the
electrons. For Zintl phases, an ionic charge distribution is
assumed according to the Zintl–Klemm–Busmann con-
cept,[15, 16] and the anionic substructures are interpreted by
following the (8�N) rule or the Wade rules. The solubility in
polar solvents of several Zintl phases that contain Group 14
elements (e.g. K4Sn9) supports the concept of ionic character.
Sr3Sn5 contains arachno-type Sn5

6� units, which are not known
in solution, however, and the solid exhibits metallic behav-
ior.[17] The charge distribution in many Group 13 element
clusters with higher charges cannot be determined unambig-
uously solely on the basis of structural data. In general, it is
not known whether these phases are soluble, and deviations
from the expected number of electrons or structures as well as
the appearance of different clusters within one compound are
quite common. An example is the electron-precise cluster
[Tl6]

8�, which is found with filled, larger clusters as part of
Na14K6Tl18Cd. On the other hand, KTl contains [Tl6]

6�

clusters with a smaller number of framework electrons (2n
instead of 2n+ 2) and features a tetragonally compressed Oh

symmetry.[18] In both compounds, direct contacts between the
cluster atoms and the alkaline metals have to be taken into
consideration, and it is not very likely that these highly
charged cages are stable in solution.

It has also been demonstrated for solid phases that
polyhedra with triangular faces can be filled as soon as they
comprise 10 or more atoms. As shown for the corresponding
empty Group 13 element clusters, deviations from the ex-
pected number of electrons are quite common. Thus, K8In10Zn
contains the electron-poor cluster unit [Zn2+@In10

10�] (2n elec-
trons). The phase Na14K6Tl18Cd mentioned above contains
[Cd@Tl12]

12� units (Figure 2 f) and, according to the formula
[Cd2+@Tl12

14�], can be regarded as an electron-precise
centered cluster with an almost ideal icosahedral symmetry.
The unit [Tl3+@Tl12

14�] observed in Na3K8Tl13 (Figure 2g) can
be described as an electron-precise cluster only if a formal
charge separation is assumed.[18,19] In both cases, the edges of
the polyhedra are about 5% longer than the distances
between the vertices and the central atoms (Table 1).

Interestingly, a recent publication described a centered
arachno-type cluster whose structure can be derived from the
icosahedral [Pt@Pb12]

2� unit by removing two opposite
vertices. To date, however, this cluster [Pd@Bi10]

4+ has been
observed only as a component of the solid-phase
Bi14PdBr16.

[19] In the cation [Pd@Bi10]
4+, there appears to be

virtually no interactions between the central Pd atom and the

Figure 2. a–q) Structures of known clusters and coordination polyhe-
dra (to scale). The shortest and longest edges of the polyhedra are giv-
en in A. a) Sn9

4+; b) [Sn9Cr(CO)3]
4� ; c) [Sn9W(CO)3]

4� ; d) [NiSn9Ni(-
CO)]3� (in b)–d), the C atoms of the CO ligands are drawn in gray);
e) [PtPb12]

2� ; f) [CdTl12]
12� in Na14K6Tl18Cd; g) [Tl13]

11� in Na3K8Tl13;
h) [PdBi10]

4� in Bi14PdBr16; i) part of the structure of elemental Cu;
j) part of the structure of elemental Mg; k) and l) coordination polyhe-
dra of Cu and Mg, respectively, in the Laves phase MgCu2; m) coordi-
nation sphere of the central Al atom in [Al77{N(SiMe2)2}20]

2� ; n) [As-
Ni12As20]

2� ; o) endohedral fullerene; p) [CAu6(PPh3)6]
2+;

q) [PtSn9Pt(PPh3)]
2� (in p) and q), the P atoms of the PPh3 ligands are

drawn in gray).
I–III : Polyhedra with icosahedral symmetry; I icosahedron, II truncation
of the vertices leads to C60 fullerene (red), III the pentagonal dodecahe-
dron (red) represents the dual of the icosahedron.
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skeletal Bi atoms, which are arranged in the shape of a
pentagonal antiprism (Figure 2 h). Again the orbital analysis
is in agreement with the formula [Pd0@Bi10

4+], and the
skeletal cation [Bi10]

4+ can be regarded as an electron-precise
arachno-type cluster with a Pd atom in the center. Even when
a few vertices are removed, the average Pd–Bi distances
remain about 5% shorter than the peripheral Bi–Bi distances
(R/a= 0.951). In this ionic description, the one-dimensional
polymeric string 1

1[Bi14Br16]
4� acts as a counterion. This

charge partition is supported by significantly longer Bi–Br
distances between the two units than the corresponding
distances within the anionic unit. A similar situation is found
in the well-established nido cluster [Bi9]

5+.[5] However, the
(2n+ 4) electron cluster has a closo-type structure.

Deltahedra in Intermetallic Phases

The preferred coordination number in packing modes
made up by atoms of approximately equal size is 12. This is
realized in an ideal way in the variants of close packing of
metallic elements, which preferably adopt the cubic (Cu type)
and hexagonal (Mg type) close packing. The resulting
coordination polyhedra are the cubocthedron (Figure 2 i)
and the anti-cuboctahedron (Figure 2 j), respectively. In these
entities, the distances between the central atom and the atoms
of the surrounding polyhedron are equal to those within the
framework of the polyhedron (R/a= 1). However, these
polyhedra do not belong to the class of deltahedra, as they
also contain square planes. According to the notation
introduced above, the corresponding structure units can be
described as Cu@Cu12 and Mg@Mg12, respectively.

For binary alloys in which the atoms have different sizes
and the components tend to approach close packing, a
coordination geometry derived from an icosahedron is
generally observed.[20] The cubic Laves phase MgCu2 is an
example in which the smaller Cu atom is located in the center

of the heteroatomic deltahedron Cu@
Mg6Cu6, whose structure is shown in
Figure 2k. As a consequence of this
arrangement the Mg atom is accom-
modated inside a heteroatomic delta-
hedron with 16 vertices of Td symme-
try (Figure 2 l). If a model is applied
in which the Mg as well as the Cu
atoms touch each other, an ideal ratio
r(Mg)/r(Cu) = 1.225 is obtained. The
resulting space filling for this ar-
rangement still reaches a remarkable
71% (compare closest packing:
74%).[21]

The coordination polyhedra with
12 vertices described above are found
for intermetallic compounds with the
ratios of the radii in the range be-
tween 1.05 and 1.67. The correspond-
ing value for r(Pb)/r(Pt) in [Pt@Pb12]

2�

(calculated by using the metallic radii
r(Pt)=1.373 and r(Pb) = 1.750 H)

was found to be 1.274 and is very close to the value of 1.225
calculated by Laves.

If a model of touching spheres with the metallic radii
r(Pt) = 1.373 and r(Pb) = 1.750 H is also applied for
[Pt@Pb12]

2�, the distances on the polyhedral surface are
calculated as d(Pb–Pb) = 3.500 H and the distances between
the Pb atoms and the central Pt atom as 3.123 H. With the
conventional radii as a reference, the Pb–Pt distance is
shortened by � 11%, with the central Pt atoms slightly too
small (5% relative to the standard value). In the isolated
dianions [Pt@Pb12]

2�, the atomic radii appear to be smaller
than the metallic radii, owing to a better localization of the
electrons than in the metal, and the average distances d(Pb–
Pb) and d(Pb–Pt) are 3.215 and 3.058 H, respectively (R/a=

0.95).
Another series of heteroatomic deltahedra that allow

close packing of atoms of different sizes has been investigated
systematically by Frank and Kasper: In addition to the
deltahedra with 12 and 16 vertices (above), the so-called
Frank–Kasper polyhedra comprise another two deltahedra
with 14 and 15 vertices,[21] and it is therefore conceivable that
besides [M@E12]

2� there may be many larger, soluble, filled,
and ligand-free main-group-element clusters of compositions
[M@E14]

2�, [M@E15]
2�, and [M@E16]

2� that are stable.

Soluble Metalloid and Intermetalloid Clusters

The structure of [Pt@Pb12]
2� also shows interesting

parallels to the metalloid clusters described by SchnKckel:
The central Al atom of the anion [Al77{N(SiMe2)2}20]

2� again
has 12 close neighbors in a strongly distorted icosahedral
environment,[22] and, as is the case for [Pt@Pb12]

2�, the central
atom has a coordination sphere that neither corresponds to a
section of a close packing with a cuboctahedral nor to an
anticuboctahedral structure. The distortion of the observed
icosahedron can be recognized from the deviation of the two

Table 1: Mimimum, maximum, and average distances R and a[a] [A] within the closed polyhedra
shown in Figure 2.

Figure 2 Rmin Rmax R1 amin amax a1 R1/a1
[b]

Sn9Cr b 2.480 3.130 2.645 2.829 3.233 3.004 0.880
Sn9W c 2.460 3.189 2.673 2.897 3.293 3.034 0.881
Ni@Sn9Ni d 2.619 2.827 2.658 2.681 3.383 3.042 0.874
Pt@Pb12 e 3.056 3.059 3.058 3.205 3.234 3.215 0.951
Cd@Tl12 f 3.180 3.180 3.180 3.192 3.383 3.345 0.951
Tl@Tl12 g 3.204 3.273 3.239 3.216 3.578 3.401 0.952
Pd@Bi10 h 2.969 3.019 3.000 3.114 3.188 3.153 0.951
Cu@Cu12 i 2.556 2.556 2.556 2.556 2.556 2.556 1.000
Mg@Mg12 j 3.209 3.209 3.209 3.209 3.209 3.209 1.000
Mg@Mg6Cu6 k 2.487 2.916 2.702 2.487 3.046 2.856 0.946
Cu@Cu4Mg12 l 2.916 3.046 2.949 2.487 2.916 2.702 1.091
Al@Al12 m 2.675 2.868 2.760 2.693 3.446 2.914 0.947
As@Ni12 n 2.541 2.580 2.557 2.667 2.709 2.689 0.951
N@C60 o 3.535 3.535 3.535 1.399 1.441 1.416 2.497
C@Au6 p 2.090 2.153 2.124 2.887 3.225 3.005 0.707
Pt@Sn9Pt q 2.683 2.762 2.737 2.663 4.104 3.188 0.859

[a] R is the distance between the vertex atom and the center of the polyhedron; a is the distance
between the vertex atoms on the surface of the polyhedra. [b] The ideal value in the icosahedron is
0.951.
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parallel five-membered rings from planarity (Figure 2m). As
a consequence of this deviation, very long Al–Al distances of
3.446 H appear on the surface of the polyhedron which are
more than 25% longer than the shortest ones (2.693 H).
However, the average of the distances on the surface is again
about 5.3% longer than the average of those to the interstitial
atom. Referring to the term metalloid clusters of Group 13
elements,[23] it appears to be appropriate to suggest the term
intermetalloid clusters for the growing class of metal-centered
heteroatomic clusters.[24]

In the meantime, the formation of big clusters could also
be demonstrated for As.[25] In the anion [As@Ni12@As20]

2�

there are, however, strong interactions between the fascinat-
ing pentagonal dodecahedron of 20 As atoms and the central
As@Ni12 cluster (Figure 2n). In this case the As-centered Ni12

icosahedron can be regarded as a template for the formation
of the As20 polyhedron. In contrast to the observations in [Pt@
Pb12]

2�, relatively strong Ni–As interactions contribute to the
stabilization of the As framework.

Together with the large cations [K([2.2.2]crypt)]+,[26] the
anion [Pt@Pb12]

2� forms a packing in which the anions are
arranged in layers analogous to a closest packing of atoms.
These layers are separated by the cations and are aligned
congruently along the c axis, thereby forming a primitive
hexagonal arrangement that is compressed along this axis
(Figure 3a and b). This packing mode corresponds to that
observed for [Al77{Ni(SiMe2)2}20]

2�, which crystallizes with
[Li-I-Li]+ counterions (Figure 3c and d), and that present in
C60

2� anions, which in combination with [K(2.2.2-crypt]+

cations also form a layer-type aggregation (Figure 3e and
f).[27] The observed similarity in the packing modes of large
anions of different sizes together with different counterions
suggests that the packing can be predominantly explained by
repulsive forces between the dianions.

Intermetalloid Clusters in the Gas Phase

Although the structures of a large number of filled main-
group-element clusters detected by mass spectrometry have
been deduced on the basis of theoretical calculations, there is
still a lack of experimental proof.[28] In contrast to gas-phase
experiments on bimetallic species, the structures of the
clusters discussed above have been proven unambiguously.
The experimental structure determination is especially im-
portant, as the minor component does not necessarily reside
in the center of the cluster, but can—as observed in the anions
[(CO)3CrSn9]

2� and [(CO)3WSn9]
2�—occupy a vertex of the

polyhedron. Structure determinations of these electron-
precise clusters have proven the presence of isomers in which
the transition-metal atoms occupy different vertices of the
polyhedra, and NMR spectroscopy experiments have indi-
cated a rapid exchange between these positions in solution.[11]

Accordingly, the presence of two transition-metal atoms
increases the number of possible isomers. For these cases, the
structure of the endohedral Zintl anion [Ni@Sn9Ni(CO)]3�

can serve as an important reference for theoretical predic-
tions of the structures of species with two transition-metal
atoms already detected in the gas phase. Although the
transition metals in the examples mentioned above bear
ligands, it is a safe assumption that the framework of the
polyhedron is retained upon the loss of the carbonyl ligands in
the gas phase.

Whereas heteroatomic clusters that contain Group 14
elements and alkaline metals have been known in the gas
phase for quite some time,[29, 30] the corresponding species with
main-group/transition-metal atoms are less well investigat-
ed.[31] According to theoretical investigations, the bimetallic
clusters [AlPb10]

+ and [AlPb12]
+, which are very stable in the

gas phase, have structures with D4d and Ih symmetry, respec-
tively (Figure 2d and e). Analogously to
the endohedral Zintl ions, they can be
described as filled, electron-precise clo-
so clusters [Al3+@Pb10

2�] and [Al3+@
Pb12

2�].[32]

Endohedral Clusters and
Fullerenes

Recently we pointed out the excit-
ing analogy between Zintl ions and
fullerides.[33] By including endohedral
compounds into this concept, the anion
[Pt@Pb12]

2� can be taken as further
evidence for its validity. Although a
larger number of endohedral com-
pounds have been detected in the case
of the fullerides, structural proof is
rather limited.[34, 35] The comparable size
of C60 and Pb12 allows the incorporation
of a metal atom in both cases. The
interactions between the central atom
and the framework atoms are expected
to be small in both cases, but with

Figure 3. The packing of large dianions in the crystal (unit cells in black, distances between the
centers of gravity of the clusters in A). a) and b) [PtPb12]

2� with [K[2.2.2]crypt]+ counterions (only
K atoms shown); c) and d) [Al77{N(SiMe2)2}20]

2� with [Li-I-Li]+ counterions (only the N atoms of
the ligand and the I atom of the counterion are shown); e) and f) [C60]

2� with [K[2.2.2]crypt]+

counterions (only K atoms shown).
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significant contributions in the case of the endohedral anions.
The structural analogy mentioned above can be readily
rationalized in Figure 2e and o, which have been drawn to
scale.

Summary

According to Wade
s rules larger clusters that contain
Group 14 elements are expected to exist and to be stable. In
many cases, these counting rules can also be applied success-
fully to naked endohedral Zintl ions. For the electron count of
these systems, a formal charge separation between the
polyhedral framework and the central atom is helpful. Owing
to the relatively small charge, the synthesis of larger
endohedral intermetalloid clusters built from Group 14
elements should generally be possible, as already demon-
strated for the first time by the characterization of the anion
[Pt@Pb12]

2�. The formation of larger clusters starting from the
well-established and readily available nine-atom Zintl ions of
Group 14 elements seems to be favored if a central atom can
be incorporated. The choice of appropriate “template atoms”
for the formation of larger clusters may be guided by the
species detected in the gas phase, or by the structural features
observed in Laves phases or in Frank–Kasper polyhedra. The
centered polyanion [Pt@Pb12]

2� again illustrates the amazing
parallel between deltahedral Zintl ions and fullerenes.
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1. Introduction

High-speed synthesis with microwaves has attracted a
considerable amount of attention in recent years.[1] More than
2000 articles have been published in the area of microwave-
assisted organic synthesis (MAOS) since the first reports on
the use of microwave heating to accelerate organic chemical
transformations by the groups of Gedye and Giguere/
Majetich in 1986.[2,3] The initial slow uptake of the technology
in the late 1980s and early 1990s has been attributed to its lack
of controllability and reproducibility, coupled with a general
lack of understanding of the basics of microwave dielectric
heating. The risks associated with the flammability of organic
solvents in a microwave field and the lack of available systems
for adequate temperature and pressure controls were major
concerns.
Although most of the early pioneering experiments in

MAOS were performed in domestic, sometimes modified,
kitchen microwave ovens, the current trend is to use
dedicated instruments which have only become available in
the last few years for chemical synthesis. The number of
publications related to MAOS has therefore increased
dramatically since the late 1990s to a point where it might
be assumed that, in a few years, most chemists will probably
use microwave energy to heat chemical reactions on a
laboratory scale. Not only is direct microwave heating able
to reduce chemical reaction times from hours to minutes, but
it is also known to reduce side reactions, increase yields, and
improve reproducibility. Therefore, many academic and
industrial research groups are already using MAOS as a
forefront technology for rapid optimization of reactions, for
the efficient synthesis of new chemical entities, and for
discovering and probing new chemical reactivity. A large
number of review articles[4–13] and several books[14–16] provide
extensive coverage of the subject. The aim of this Review is to
highlight some of the most recent applications and trends in
microwave synthesis, and to discuss the impact and future
potential of this technology.

1.1.Microwave Theory

Microwave irradiation is electro-
magnetic irradiation in the frequency
range of 0.3 to 300 GHz. All domestic

“kitchen” microwave ovens and all dedicated microwave
reactors for chemical synthesis operate at a frequency of
2.45 GHz (which corresponds to a wavelength of 12.24 cm) to
avoid interference with telecommunication and cellular
phone frequencies. The energy of the microwave photon in
this frequency region (0.0016 eV) is too low to break chemical
bonds and is also lower than the energy of Brownian motion.
It is therefore clear that microwaves cannot induce chemical
reactions.[17–19]

Microwave-enhanced chemistry is based on the efficient
heating of materials by “microwave dielectric heating”
effects. This phenomenon is dependent on the ability of a
specific material (solvent or reagent) to absorb microwave
energy and convert it into heat. The electric component[20] of
an electromagnetic field causes heating by two main mech-
anisms: dipolar polarization and ionic conduction. Irradiation
of the sample at microwave frequencies results in the dipoles
or ions aligning in the applied electric field. As the applied
field oscillates, the dipole or ion field attempts to realign itself
with the alternating electric field and, in the process, energy is
lost in the form of heat through molecular friction and
dielectric loss. The amount of heat generated by this process is
directly related to the ability of the matrix to align itself with
the frequency of the applied field. If the dipole does not have
enough time to realign, or reorients too quickly with the
applied field, no heating occurs. The allocated frequency of
2.45 GHz used in all commercial systems lies between these
two extremes and gives the molecular dipole time to align in
the field, but not to follow the alternating field precisely.[18,19]

The heating characteristics of a particular material (for
example, a solvent) under microwave irradiation conditions
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Although fire is now rarely used in synthetic chemistry, it was not until
Robert Bunsen invented the burner in 1855 that the energy from this
heat source could be applied to a reaction vessel in a focused manner.
The Bunsen burner was later superseded by the isomantle, oil bath, or
hot plate as a source for applying heat to a chemical reaction. In the
past few years, heating and driving chemical reactions by microwave
energy has been an increasingly popular theme in the scientific
community. This nonclassical heating technique is slowly moving from
a laboratory curiosity to an established technique that is heavily used in
both academia and industry. The efficiency of “microwave flash
heating” in dramatically reducing reaction times (from days and hours
to minutes and seconds) is just one of the many advantages. This
Review highlights recent applications of controlled microwave heating
in modern organic synthesis, and discusses some of the underlying
phenomena and issues involved.
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are dependent on its dielectric properties. The ability of a
specific substance to convert electromagnetic energy into
heat at a given frequency and temperature is determined by
the so-called loss factor tand. This loss factor is expressed as
the quotient tand = e’’/e’, where e’’ is the dielectric loss, which
is indicative of the efficiency with which electromagnetic
radiation is converted into heat, and e’ is the dielectric
constant describing the ability of molecules to be polarized by
the electric field. A reaction medium with a high tand value is
required for efficient absorption and, consequently, for rapid
heating. The loss factors for some common organic solvents
are summarized in Table 1. In general, solvents can be
classified as high (tand> 0.5), medium (tand 0.1–0.5), and
low microwave absorbing (tand< 0.1).

Other common solvents without a permanent dipole
moment such as carbon tetrachloride, benzene, and dioxane
are more or less microwave transparent. It has to be
emphasized that a low tand value does not preclude a
particular solvent from being used in a microwave-heated
reaction. Since either the substrates or some of the reagents/
catalysts are likely to be polar, the overall dielectric proper-
ties of the reaction medium will in most cases allow sufficient
heating by microwaves (see Section 1.2). Furthermore, polar
additives such as ionic liquids, for example, can be added to
otherwise low-absorbing reaction mixtures to increase the
absorbance level of the medium (see Section 2.2.1).

Traditionally, organic synthesis is carried out by conduc-
tive heating with an external heat source (for example, an oil
bath). This is a comparatively slow and inefficient method for
transferring energy into the system, since it depends on the
thermal conductivity of the various materials that must be
penetrated, and results in the temperature of the reaction
vessel being higher than that of the reaction mixture. In
contrast, microwave irradiation produces efficient internal
heating (in-core volumetric heating) by direct coupling of
microwave energy with the molecules (solvents, reagents,
catalysts) that are present in the reaction mixture. Since the
reaction vessels employed are typically made out of (nearly)
microwave-transparent materials, such as borosilicate glass,
quartz, or teflon, an inverted temperature gradient results
compared to conventional thermal heating (Figure 1). The
very efficient internal heat transfer results in minimized wall
effects (no hot vessel surface) which may lead to the
observation of so-called specific microwave effects (see
Section 1.2), for example, in the context of diminished
catalyst deactivation.

1.2.Microwave Effects

Since the early days of microwave synthesis, the observed
rate accelerations and sometimes altered product distribu-
tions compared to oil-bath experiments have led to spec-
ulation on the existence of so-called “specific” or “non-
thermal” microwave effects.[21–23] Historically, such effects
were claimed when the outcome of a synthesis performed
under microwave conditions was different from the conven-
tionally heated counterpart carried out at the same apparent
temperature. Today most scientists agree that in the majority
of cases the reason for the observed rate enhancements is a
purely thermal/kinetic effect, that is, a consequence of the
high reaction temperatures that can rapidly be attained when
irradiating polar materials in a microwave field. As shown in
Figure 2, a high microwave absorbing solvent such as
methanol (tand = 0.659) can be rapidly superheated to
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Table 1: Loss factors (tand) of different solvents.[a]

Solvent tand Solvent tand

ethylene glycol 1.350 DMF 0.161
ethanol 0.941 1,2-dichloroethane 0.127
DMSO 0.825 water 0.123
2-propanol 0.799 chlorobenzene 0.101
formic acid 0.722 chloroform 0.091
methanol 0.659 acetonitrile 0.062
nitrobenzene 0.589 ethyl acetate 0.059
1-butanol 0.571 acetone 0.054
2-butanol 0.447 tetrahydrofuran 0.047
1,2-dichlorobenzene 0.280 dichloromethane 0.042
NMP 0.275 toluene 0.040
acetic acid 0.174 hexane 0.020

[a] Data from ref. [15]; 2.45 GHz, 20 8C.

Figure 1. Inverted temperature gradients in microwave versus oil-bath
heating: Difference in the temperature profiles (finite element model-
ing) after 1 min of microwave irradiation (left) and treatment in an oil-
bath (right). Microwave irradiation raises the temperature of the whole
volume simultaneously (bulk heating) whereas in the oil-heated tube,
the reaction mixture in contact with the vessel wall is heated first.[38]
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temperatures > 100 8C above its boiling point when irradiated
under microwave conditions in a sealed vessel. The rapid
increase in temperature can be even more pronounced for
media with extreme loss factors, such as ionic liquids (see
Section 2.2.1), where temperature jumps of 200 8C within a
few seconds are not uncommon. Naturally, such temperature
profiles are very difficult if not impossible to reproduce by
standard thermal heating. Therefore, comparisons with con-
ventionally heated processes are inherently troublesome.
Dramatic rate enhancements between reactions per-

formed at room temperature or under standard oil-bath
conditions (heating under reflux) and high-temperature
microwave-heated processes have frequently been observed.
As Baghurst and Mingos have pointed out on the basis of
simply applying the Arrhenius law [k=Aexp(�Ea/RT)], a
transformation that requires 68 days to reach 90% conversion
at 27 8C, will show the same degree of conversion within 1.61
seconds (!) when performed at 227 8C (Table 2).[18] The very

rapid heating and extreme temperatures observable in micro-
wave chemistry means that many of the reported rate
enhancements can be rationalized by simple thermal/kinetic
effects.
In addition to the above mentioned thermal/kinetic

effects, microwave effects that are caused by the uniqueness
of the microwave dielectric heating mechanisms (see Sec-
tion 1.1) must also be considered. These effects should be
termed “specific microwave effects” and shall be defined as
accelerations that can not be achieved or duplicated by
conventional heating, but essentially are still thermal effects.
In this category fall, for example 1) the superheating effect of

solvents at atmospheric pressure,[24] 2) the selective heating
of, for example, strongly microwave absorbing heterogeneous
catalysts or reagents in a less polar reaction medium,[25–27]

3) the formation of “molecular radiators” by direct coupling
of microwave energy to specific reagents in homogeneous
solution (microscopic hotspots),[26] and 4) the elimination of
wall effects caused by inverted temperature gradients
(Figure 1).[28] It should be emphasized that rate enhancements
falling under this category are essentially still a result of a
thermal effect (that is, a change in temperature compared to
heating by standard convection methods), although it may be
difficult to experimentally determine the exact reaction
temperature.
Some authors have suggested the possibility of “non-

thermal microwave effects” (also referred to as athermal
effects). These should be classified as accelerations that can
not be rationalized by either purely thermal/kinetic or specific
microwave effects. Nonthermal effects essentially result from
a direct interaction of the electric field with specific molecules
in the reaction medium. It has been argued that the presence
of an electric field leads to orientation effects of dipolar
molecules and hence changes the pre-exponential factor A or
the activation energy (entropy term) in the Arrhenius
equation.[21,22] A similar effect should be observed for polar
reaction mechanisms, where the polarity is increased going
from the ground state to the transition state, thus resulting in
an enhancement of reactivity by lowering the activation
energy.[22] Microwave effects are the subject of considerable
current debate and controversy,[21–23] and it is evident that
extensive research efforts will be necessary to truly under-
stand these and related phenomena.[29] Since the issue of
microwave effects is not the primary focus of this Review, the
interested reader is referred to more detailed surveys and
essays covering this topic.[21–23]

1.3. Processing Techniques

Frequently used processing techniques employed in
microwave-assisted organic synthesis involve solventless
(“dry-media”) procedures where the reagents are preadsor-
bed onto either a more or less microwave transparent (silica,
alumina, or clay)[32] or strongly absorbing (graphite)[33]

inorganic support, which can additionally be doped with a
catalyst or reagent. The solvent-free approach was very
popular particularly in the early days of MAOS since it
allowed the safe use of domestic household microwave ovens
and standard open-vessel technology. Although a large
number of interesting transformations with “dry-media”
reactions have been published in the literature,[32] technical
difficulties relating to non-uniform heating, mixing, and the
precise determination of the reaction temperature remain
unsolved, in particular when scale-up issues need to be
addressed. In addition, phase-transfer catalysis (PTC) has
also been widely employed as a processing technique in
MAOS.[34]

Alternatively, microwave-assisted synthesis can be carried
out in standard organic solvents either under open- or sealed-
vessel conditions. If solvents are heated by microwave

Figure 2. Temperature (T), pressure (p), and power (P) profile for a
sample of methanol (3 mL) heated under sealed-vessel microwave irra-
diation conditions (single-mode heating, 250 W, 0–30 s), temperature
control using the feedback from IR thermography (40–300 s), and
active gas-jet cooling (300–360 s). The maximum pressure in the reac-
tion vessel was ca. 16 bar. After the set temperature of 160 8C is
reached, the power regulates itself down to ca. 50 W.

Table 2: Relationship between temperature and time for a typical first-
order reaction.[a]

T [8C] k [s�1] t (90% conversion)

27 1.55F10�7 68 days
77 4.76F10�5 13.4 h
127 3.49F10�3 11.4 min
177 9.86F10�2 23.4 s
227 1.43 1.61 s

[a] Data from ref. [18]; A=4F1010 mol�1 s�1, Ea=100 kJmol�1.
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irradiation at atmospheric pressure in an open vessel, the
boiling point of the solvent (as in an oil-bath experiment)
typically limits the reaction temperature that can be achieved.
In the absence of any specific or nonthermal microwave
effects (such as the superheating effect at atmospheric
pressure which has been reported to be up to 40 8C)[24] the
expected rate enhancements would be comparatively small.
To nonetheless achieve high reaction rates, high-boiling
microwave-absorbing solvents such as DMSO, N-methyl-2-
pyrrolidone (NMP), 1,2-dichlorobenzene (DCB), or ethylene
glycol (see Table 1) have been frequently used in open-vessel
microwave synthesis.[6] However, the use of these solvents
presents serious challenges during product isolation. The
recent availability of modern microwave reactors with on-line
monitoring of both temperature and pressure has meant that
MAOS in sealed vessels—a technique pioneered by Strauss in
the mid 1990s[35]—has been celebrating a comeback in recent
years. This is clearly evident from surveying the recently
published literature in the area of MAOS (see Section 2), and
it appears that the combination of rapid dielectric heating by
microwaves with sealed-vessel technology (autoclaves) will
most likely be the method of choice for performing MAOS in
the future.

1.4. Equipment

Although many of the early pioneering experiments in
microwave-assisted organic synthesis were carried out in
domestic microwave ovens, the current trend is undoubtedly
to use dedicated instruments for chemical synthesis. In a
domestic microwave oven the irradiation power is generally
controlled by on/off cycles of the magnetron (pulsed irradi-
ation), and it is typically not possible to monitor the reaction
temperature in a reliable way. This disadvantage, combined
with the inhomogeneous field produced by the low-cost
magnetrons and the lack of safety controls, means that the use
of such equipment can not be recommended. In contrast, all
of todayDs commercially available dedicated microwave
reactors for synthesis[36–38] feature built-in magnetic stirrers,
direct temperature control of the reaction mixture with the
aid of fiber-optic probes or IR sensors, and software that
enables on-line temperature/pressure control by regulation of
microwave power output (Figure 2).
Two different philosophies with respect to microwave

reactor design are currently emerging: multimode and
monomode (also referred to as single-mode) reactors.[17] In
the so-called multimode instruments (conceptually similar to
a domestic oven), the microwaves that enter the cavity are
reflected by the walls and the load over the typically large
cavity. In most instruments a mode stirrer ensures that the
field distribution is as homogeneous as possible. In the much
smaller monomode cavities, the electromagnetic irradiation is
directed through an accurately designed rectangular or
circular wave guide onto the reaction vessel mounted at a
fixed distance from the radiation source, thus creating a
standing wave. The key difference between the two types of
reactor systems is that whereas in multimode cavities several
reaction vessels can be irradiated simultaneously in multi-

vessel rotors (parallel synthesis), in monomode systems only
one vessel can be irradiated at the time. In the latter case high
throughput can be achieved by integrated robotics that move
individual reaction vessels in and out of the microwave cavity.
Most instrument companies offer a variety of diverse reactor
platforms with different degrees of sophistication with respect
to automation, database capabilities, safety features, temper-
ature and pressure monitoring, and vessel design. Impor-
tantly, single-mode reactors processing comparatively small
volumes also have a built-in cooling feature that allows for
rapid cooling of the reaction mixture with compressed air
after completion of the irradiation period (see Figure 2). The
dedicated single-mode instruments available today can proc-
ess volumes ranging from 0.2 to about 50 mL under sealed-
vessel conditions (250 8C, ca. 20 bar), and somewhat higher
volumes (ca. 150 mL) under open-vessel reflux conditions. In
the much larger multimode instruments several liters can be
processed under both open- and closed-vessel conditions.
Continuous-flow reactors are nowadays available for both
single- and multimode cavities that allow the preparation of
kilograms of materials by using microwave technology (see
Section 2.10).[36–38]

2. Literature Survey

2.1. Scope and Organization of the Review

This Review highlights recent applications of controlled
microwave heating technology in organic synthesis. The term
“controlled” here refers to the use of a dedicated microwave
reactor for synthetic chemistry purposes (single- or multi-
mode). Therefore, the exact reaction temperature during the
irradiation process has been adequately determined in the
original literature source. Although the aim of this Review is
not primarily to speculate about the existence or non-
existence of microwave effects (see Section 1.2), the results
of adequate control experiments or comparison studies with
conventionally heated transformations will sometimes be
presented. The reader should not draw any definitive
conclusions about the involvement or non-involvement of
“microwave effects” from those experimental results, because
of the inherent difficulties in conducting such experiments
(see above). In terms of processing techniques (Section 1.3),
preference is given to transformations in solution under
sealed-vessel conditions, since this reflects the recent trend in
the literature, and these transformations are in principle
scalable in either batch or continuous-flow modes. Sealed-
vessel microwave technology was employed unless otherwise
specifically noted. Most of the examples have been taken
between 2002 and 2003. Earlier examples of controlled
MAOS are limited and can be found in previous review
articles and books.[4–16]

2.2. Transition-Metal-Catalyzed C�C Bond Formations

Homogeneous transition-metal-catalyzed reactions rep-
resent one of the most important and best studied reaction
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types in MAOS. Transition-metal-catalyzed carbon–carbon
and carbon–heteroatom bond-forming reactions typically
need hours or days to reach completion with traditional
heating under reflux conditions and often require an inert
atmosphere. The research groups of Hallberg, Larhed, and
others have demonstrated over the past few years that the
rate of many of those transformations can be enhanced
significantly by employing microwave heating under sealed-
vessel conditions (“microwave flash heating”), in most cases
without an inert atmosphere.[10] The use of metal catalysts in
conjunction with microwaves may have significant advantages
over traditional heating methods, since the inverted temper-
ature gradients under microwave conditions (Figure 1) may
lead to an increased lifetime of the catalyst through elimi-
nation of wall effects.[28,39]

2.2.1. Heck Reactions

The Heck reaction, a palladium-catalyzed vinylic substi-
tution, is typically conducted with alkenes and organohalides
or pseudohalides as reactants. Numerous elegant synthetic
transformations based on C�C bond-forming Heck reactions
have been developed both in classical organic synthesis and
natural product chemistry.[40] Solution-phase Heck reactions
were carried out successfully by MAOS as early as 1996,
thereby reducing reaction times from several hours under
conventional reflux conditions to sometimes less than five
minutes.[41] These early examples of microwave-assisted Heck
reactions have been extensively reviewed by Larhed and will
not be discussed herein.[10]

Scheme 1 shows a recent example of a standard Heck
reaction involving aryl bromides 1 and acrylic acid to furnish

the corresponding cinnamic acids 2.[42] Optimization of the
reaction conditions under small-scale (2 mmol) single-mode
microwave conditions led to a protocol that employed MeCN
as the solvent, 1 mol% Pd(OAc)2/P(o-tolyl)3 as the catalyst
system, and triethylamine as the base. The reaction time was
15 minutes at a reaction temperature of 180 8C. Interestingly,
the authors have discovered that the rather expensive
homogeneous catalyst system can be replaced by 5% Pd/C
(< 0.1 mol% concentration of Pd catalyst) without the need
to change any of the other reaction parameters.[42] The yields
for cinnamic acid derivative 2a were very similar when either
homogeneous or heterogeneous Pd catalysts were used in the
Heck reaction. In the same article[42] the authors also
demonstrate that it is possible to directly scale-up the 2-
mmol Heck reaction to 80 mmol (ca. 120 mL total reaction
volume) by switching from a single-mode to a larger multi-
mode microwave cavity (see also Section 2.10). Importantly,

the optimized small-scale reaction conditions could be
directly used for the larger scale reaction, thus giving rise to
very similar product yields.
In 2002 Larhed and co-workers reported microwave-

promoted Heck arylations in the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim]PF6;
Scheme 2).[43] Among the variety of possible “green” solvent

alternatives for catalytic and other reactions, nonvolatile
room-temperature ionic liquids have attracted a considerable
amount of attention in recent years.[44] Ionic liquids interact
very efficiently with microwaves through the ionic conduction
mechanism (see Section 1.1) and are rapidly heated at rates
easily exceeding 10 8Cs�1 without any significant pressure
build-up. Therefore, safety problems arising from over-
pressurization of heated sealed reaction vessels can be
minimized.[45, 46] In the Heck reactions shown in Scheme 2,
4 mol% of PdCl2/P(o-tolyl)3 was used. Full conversions were
achieved within 5 (X= I) and 20 minutes (X=Br). Trans-
formations that were performed without the phosphane
ligand required 45 minutes. A key feature of this catalyst/
ionic liquid system is the recyclability: the phosphane-free
system PdCl2/[bmim]PF6 was recyclable at least five times.
After each cycle, the volatile product was directly isolated in
high yield by rapid distillation under reduced pressure.[43]

The concept of performing microwave synthesis in room-
temperature ionic liquids has been applied to 1,3-dipolar
cycloaddition reactions,[47] catalytic transfer hydrogena-
tions,[48] ring-closing metathesis,[49] and the conversion of
alcohols into alkyl halides.[50] As an alternative to the use of
the rather expensive ionic liquids as solvents, several research
groups have used ionic liquids as “doping agents” for
microwave heating of otherwise nonpolar solvents such as
hexane, toluene, THF, or dioxane. This technique, first
introduced by Ley et al. in 2001 (see Section 2.9.4),[51] is
becoming increasingly popular, as demonstrated by the many
recently published examples.[52–60] Systematic studies on
temperature profiles and the thermal stability of ionic liquids
under microwave irradiation conditions by Leadbeater and
Torenius[52,53] have shown that addition of a small amount of
an ionic liquid (0.1 mmolmL�1 solvent) suffices to obtain
dramatic changes in the heating profiles by changing the
overall dielectric properties (namely, tand) of the reaction
medium.
Larhed and co-workers have exploited the combination of

[bmim]PF6 and dioxane in the Heck coupling of both
electron-rich and electron-poor aryl chlorides with butyl
acrylate (Scheme 3).[56] Transition-metal-catalyzed carbon–
carbon bond-forming reactions involving unreactive aryl
chlorides have represented a synthetic challenge for a long
time. Only recently, as a result of advances in the develop-

Scheme 1. Examples of Heck Reactions carried out on a 2 and
80 mmol scale.

Scheme 2. Heck reactions in ionic liquids.
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ment of highly active catalyst/ligand systems, have those
transformations been accessible.[61] For the Heck coupling
shown in Scheme 3, the air-stable but highly reactive
[(tBu)3PH]BF4 phosphonium salt described by Netherton
and Fu[62] was employed as a ligand precursor using the
palladacycle trans-di(m-acetato)bis[o-di-o-tolylphosphanyl)-
benzyl]dipalladium(ii)[63] developed by Herrmann et al. as
the palladium precatalyst. Depending on the reactivity of the
aryl chloride, 1.5–10 mol% of Pd catalyst (3–20% of ligand),
1.5 equivalents of Cy2NMe as a base, and 1.0 equivalent of
[bmim]PF6 in dioxane were irradiated at 180 8C under sealed-
vessel conditions (no inert gas atmosphere) with the aryl
chloride and butyl acrylate for 30–60 min. The desired
cinnamic esters were obtained in moderate to excellent
yields under these optimized conditions (Scheme 3).[56]

A synthetically useful application of an intramolecular
microwave-assisted Heck reaction was described by Gracias
et al. (Scheme 4).[64] In their approach toward the synthesis of

seven-membered N-heterocycles, the initial product of an Ugi
four-component reaction was subjected to an intramolecular
Heck cyclization using 5 mol% Pd(OAc)2/PPh3 as the cata-
lytic system. Microwave irradiation at 125 8C in acetonitrile
for 1 h provided 98% yield of the product shown in Scheme 4.
A number of related sequential Ugi reaction/Heck cycliza-
tions were reported in the original publication, also involving
aryl bromides instead of iodides.
A very recent addition to the already powerful spectrum

of microwave Heck chemistry is the development of a general
procedure for carrying out oxidative Heck couplings, that is,
the PdII-catalyzed carbon–carbon coupling of aryl boronic
acids with alkenes using Cu(OAc)2 as a reoxidant (100–
170 8C, 5–30 min).[65]

2.2.2. Suzuki Reactions

The Suzuki reaction (the palladium-catalyzed cross-cou-
pling of aryl halides with boronic acids) is arguably one of the
most versatile and at the same time also one of the most often
used cross-coupling reactions in modern organic synthe-
sis.[66, 67] Carrying out high-speed Suzuki reactions under
controlled microwave conditions can be considered almost a
routine synthetic procedure today, given the enormous
literature precedent for this transformation.[10] Recent exam-
ples include the use of the Suzuki protocol for the high-speed
modification of various heterocyclic scaffolds of pharmaco-
logical or biological interest.[68–74]

A significant advance in Suzuki chemistry has been the
observation that Suzuki couplings can be readily carried out
using water as the solvent in conjunction with microwave
heating.[75–79] Water, being cheap, readily available, nontoxic,
and nonflammable, has clear advantages as a solvent for use
in organic synthesis. With its comparatively high loss factor
(tand) of 0.123 (see Table 1), water is also a potentially very
useful solvent for microwave-mediated synthesis, especially in
the high-temperature region accessible by using sealed vessel
technology. Leadbeater and Marco have recently described
very rapid, ligand-free palladium-catalyzed aqueous Suzuki
couplings of aryl halides with aryl boronic acids
(Scheme 5).[75] Key to the success of this method was the

use of 1.0 equivalents of tetrabutylammonium bromide
(TBAB) as a phase-transfer catalyst. The role of the
ammonium salt is to facilitate the solubility of the organic
substrates and to activate the boronic acid by formation of
[R4N]

+ [ArB(OH)3)]
� . A wide variety of aryl bromides and

iodides were successfully coupled with aryl boronic acids by
using controlled microwave heating at 150 8C for 5 minutes
with only 0.4 mol% of Pd(OAc)2 as catalyst (Scheme 5).

[75]

Aryl chlorides also reacted but required higher temperatures
(175 8C).
The same Suzuki couplings could also be performed under

microwave-heated open-vessel reflux conditions (110 8C,
10 min) on a tenfold scale and gave nearly identical yields
to the closed-vessel reactions.[76,77] Importantly, nearly the
same yields were also obtained when the Suzuki reactions
were carried out in a preheated oil bath (150 8C) instead of
using microwave heating, clearly indicating the absence of
any specific or nonthermal microwave effects (see Sec-
tion 1.2).[76]

The same authors have reported another modification in
which, surprisingly, it was also possible to carry out the Suzuki
reactions depicted in Scheme 5 in the absence of the
palladium catalyst![78,79] These transition-metal-free aqueous
Suzuki-type couplings again utilized 1.0 equivalent of TBAB

Scheme 3. Heck reactions of aryl chlorides with air-stable phosphoni-
um salts as ligand precursors. Electron-rich and electron-poor aryl
chlorides are equally suitable substrates.

Scheme 4. Sequential Ugi reactions and Heck cyclizations for the syn-
thesis of seven-membered N-heterocycles.

Scheme 5. Ligand-free Suzuki reactions with TBAB as an additive.
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as an additive, 3.8 equivalents of Na2CO3 as a base, and
1.3 equivalents of the corresponding boronic acid (150 8C,
5 min). High yields were obtained with aryl bromides and
iodides whereas aryl chlorides proved unreactive under the
conditions used. The reaction is also limited to electron-poor
or electron-neutral boronic acids. While the exact mechanism
of this unusual transformation remains unknown, one possi-
bility would be a radical pathway where the reaction medium,
water, provides an enhanced p-stacking interaction as a result
of the hydrophobic effect.[67]

The large number of boronic acids that are commercially
available makes the Suzuki reaction and related types of
coupling chemistry highly attractive in the context of high-
throughput synthesis and derivatization. In addition, boronic
acids are air and moisture stable, of relatively low toxicity, and
the boron-derived by-products can easily be removed from
the reaction mixture. Therefore, it is not surprising that
efficient and rapid microwave-assisted protocols have been
developed for their preparation. In 2002 FLrstner and Seidel
outlined the synthesis of pinacol aryl boronates from aryl
chlorides bearing electron-withdrawing groups and commer-
cially available bis(pinacol)borane (3), using a palladium
catalyst formed in situ from Pd(OAc)2 and imidazolium
chloride 5 (Scheme 6, X=Cl).[80] The very reactive N-

heterocyclic carbene (NHC) ligand (6–12 mol%) allowed
this transformation to proceed to completion within 10–
20 minutes at 110 8C in THF by using microwave irradiation in
sealed vessels. The conventionally heated process (reflux
THF (ca. 65 8C), argon atmosphere) gave comparable yields,
but required 4–6 h to reach completion. Dehaen and co-
workers subsequently disclosed a complementary approach in
which electron-rich aryl bromides were used as substrates
(Scheme 6, X=Br) and 3 mol% [Pd(dppf)Cl2] (dppf= 1,1’-
bis(diphenylphosphanyl)ferrocene) was used as the cata-
lyst.[81] A somewhat higher reaction temperature (125–
150 8C) was employed to produce a variety of different aryl
boronates in good to excellent yields.[81] High-speed micro-
wave-assisted trifluoromethanesulfonation (triflation) reac-
tions of phenols with N-phenyltrifluorosulfonimide (120 8C,
6 min) have also been reported in the literature.[82]

2.2.3. Sonogashira Reactions

The Sonogashira reaction (palladium/copper-catalyzed
coupling of terminal acetylenes with aryl and vinyl halides)

enjoys considerable popularity as a reliable and general
method for the preparation of unsymmetrical alkynes.[83]

General protocols for microwave-assisted Sonogashira reac-
tions under controlled conditions were first reported in 2001
by ErdMlyi and Gogoll.[84] Typical reaction conditions for the
coupling of aryl iodides, bromides, chlorides, and triflates
involve DMF as the solvent, diethylamine as the base, and
[PdCl2(PPh3)2] (2–5 mol%) as the catalyst with CuI (5 mol%)
as an additive.[84] Gogoll and co-workers later utilized these
protocols in a rapid domino Sonogashira sequence to
synthesize amino ester 6 (Scheme 7).[85]

Essentially the same experimental protocol was employed
by Vollhardt and co-workers to synthesize o-dipropynylated
arene 8, which served as the precursor to tribenzocyclyne 9
through an alkyne metathesis reaction (Scheme 8).[86] In this

case the Sonogashira reaction was carried out in a pre-
pressurized (ca. 2.5 atm of propyne) sealed microwave vessel.
Double Sonogashira coupling of the dibromodiiodobenzene 7
was completed within 3.75 minutes at 110 8C. It is worth
mentioning that the authors have not carried out the
corresponding tungsten-mediated alkyne metathesis chemis-
try under microwave conditions to shorten the exceedingly
long reaction times and perhaps to improve the low yield (see

Scheme 6. Palladium-catalyzed formation of aryl boronates from elec-
tron-rich and electron-poor (hetero)aryl halides.

Scheme 7. Domino Sonogashira sequence for the synthesis of
bis(aryl)acetylenes.

Scheme 8. Double Sonogashira reactions under propyne pressure.
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Scheme 16 for a microwave-assisted alkyne metathesis reac-
tion). Additional examples of microwave-assisted Sonoga-
shira couplings in the derivatization of pyrazinones[70] and
pyrimidine[87] scaffolds have been reported.
As with the Suzuki reaction, there have been two recent

independent reports by the groups of Leadbeater and
Van der Eycken[88] that have shown that it is also possible to
perform transition-metal-free Sonogashira couplings. Again,
these methods rely on the use of microwave-heated water as
the solvent, a phase-transfer catalyst (TBAB or polyethylene
glycol), and a base (NaOH or Na2CO3). So far these metal-
free procedures have been successful for aryl bromides and
iodides, and typical reaction conditions involve heating to
about 170 8C for 5–25 minutes. A recent report by He and Wu
describes a copper-catalyzed (palladium-free) Sonogashira-
type cross-coupling reaction.[89]

2.2.4. Stille, Negishi, and Kumada Reactions

Microwave-assisted Stille reactions involving organotin
reagents as coupling partners were reviewed in 2002.[10] Until
recently, very little work was published on Negishi (organo-
zinc reagents) and Kumada (organomagnesium reagents)
cross-coupling reactions under microwave conditions. There
are two examples in the peer-reviewed literature describing
Negishi cross-coupling reactions of activated aryl bromides[90]

and heteroaryl chlorides[91] with organozinc halides.
A general procedure describing high-speed microwave-

assisted Negishi and Kumada couplings of unactivated aryl
chlorides was recently reported (Scheme 9).[92] This procedure

uses 0.015–2.5 mol% of [Pd2(dba)3] as a palladium source and
the air-stable [(tBu)3PH]BF4 phosphonium salt (see
Scheme 3) as ligand precursor. Successful couplings were
observed for both aryl organozinc chlorides and iodides. By
using this methodology it was also possible to successfully
couple aryl chlorides with alkyl zinc reagents such as n-
butylzinc chloride very rapidly without the need for an inert
atmosphere. The optimized conditions involved the use of
sealed-vessel microwave irradiation at 175 8C for 10 minutes.
Grignard reactions were also carried out successfully by
applying the same reaction conditions (Scheme 9). In the
same article the authors also describe microwave-assisted
methods for the preparation of the corresponding organozinc
and magnesium compounds.[92]

In addition to the classical Negishi cross-coupling in which
organozinc reagents are utilized, the “zirconium version”
involving the coupling of zirconocenes with aryl halides has
also been described by using sealed-vessel microwave tech-
nology. Lipshutz and Frieman have reported the rapid
coupling of both vinyl and alkyl zirconocenes (prepared
in situ by hydrozirconation of alkynes or alkenes, respec-
tively), with aryl iodides, bromides, and chlorides
(Scheme 10).[93] While aryl iodides required only 5 mol%

Ni/C as a ligand-free heterogeneous catalytic system, the
presence of triphenylphosphane as a ligand was necessary to
successfully couple aryl bromides (10 mol%) and chlorides
(20 mol% ligand). Full conversion was achieved under those
conditions within 10–40 min at 200 8C using THF as the
solvent.

2.3. Transition-Metal-Catalyzed Carbon–Heteroatom Bond
Formation

2.3.1. Buchwald–Hartwig Reactions

The research groups of Buchwald[94] and Hartwig[95] have
developed a large variety of useful palladium-mediated
methods for C�O and C�N bond formation. These arylations
have been enormously popular in recent years. Avast amount
of published material is available describing a wide range of
palladium-catalyzed methods, ligands, solvents, temperatures,
and substrates which has led to a broad spectrum of tunable
reaction conditions that allows access to most target mole-
cules that incorporate an aryl amine motif.
In 2002 Alterman and co-workers described the first high-

speed Buchwald–Hartwig aminations by controlled micro-
wave heating (Scheme 11).[96] The best results were obtained
in DMF as the solvent without an inert atmosphere by
employing 5 mol% of Pd(OAc)2 as precatalyst and 2,2’-
bis(diphenylphosphanyl)-1,1’-binaphthyl (binap) as the
ligand. The procedure proved to be quite general and
provided moderate to high yields for both electron-rich and
electron-poor aryl bromides. Caddick and co-workers were
also able to extend this rapid amination protocol to electron-
rich aryl chlorides by utilizing more reactive discrete Pd–N-
heterocyclic carbene (NHC) complexes or in situ generated
palladium/imidazolium salt complexes (1 mol%,
Scheme 11).[97]

Independent investigations by Maes and co-workers have
described the use of 2-(dicyclohexylphosphanyl)biphenyl as a

Scheme 9. Negishi and Kumada cross-coupling reactions.

Scheme 10. Nickel-catalyzed cross-coupling of alkenyl and alkyl zirco-
nocenes with aryl halides.
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ligand for the successful and rapid Buchwald–Hartwig
coupling of (hetero)aryl chlorides with amines under micro-
wave conditions (0.5–2 mol% Pd catalyst).[98] Microwave-
assisted palladium-catalyzed aminations have been reported
on a number of different substrates, including bromoquino-
lines,[99] aryl triflates,[100] intramolecular aminations for the
synthesis of benzimidazoles,[101] and the coupling of aryl
chlorides with sulfonamides.[102]

Direct palladium- or nickel-catalyzed carbon–phospho-
rous couplings of aryl iodides, bromides, and triflates with
diphenylposphane in the presence of a base such as KOAc or
diazobicyclo[2.2.2]octane (DABCO) are also reported to
result in the rapid formation of triarylphosphanes.[103]

2.3.2. Ullmann Condensation Reactions

A recent survey of the literature on the Ullmann and
related condensation reactions has highlighted the growing
importance and popularity of copper-mediated C�N, C�O,
and C�S bond-forming protocols.[104] Scheme 12 shows two

examples of microwave-assisted Ullmann-type condensations
from researchers at Bristol–Myers Squibb. In the first
example, (S)-1-(3-bromophenyl)ethylamine was coupled
with eleven heteroarenes containing N-H groups in the
presence of 10 mol% CuI and 2.0 equivalents of K2CO3
base.[105,106] The comparatively high reaction temperature
(195 8C) and the long reaction times are noteworthy. For the
coupling of 3,5-dimethylpyrazole, for example, microwave
heating for 22 h was required to afford a 49% yield of the

isolated product! The average reaction times were 2–3 h. In
the second example, similar conditions were chosen to react
mainly aromatic thiols with aryl bromides and iodides to
afford aryl sulfides.[107] The same authors have also described
the synthesis of diaryl ethers by copper-catalyzed arylation of
phenols with aryl halides.[108]

2.4. Transition-Metal-Catalyzed Carbonylation Reactions

Larhed and co-workers took advantage of the rapid and
controlled heating made possible by microwave irradiation of
solvents under sealed-vessel conditions and reported a
number of valuable palladium-catalyzed carbonylation reac-
tions (Scheme 13).[109–113] The key feature of all those proto-

cols is the use of molybdenum hexacarbonyl as a solid
precursor of carbon monoxide, which is required in carbon-
ylation chemistry. [Mo(CO)6] liberates enough CO in situ at
150 8C, for example, that rapid aminocarbonylation reactions
take place (at 210 8C, CO is liberated instantaneously). The
initially reported conditions used a combination of the
palladacycle developed by Herrmann and co-workers
(7.4 mol% Pd) and binap as the catalytic system in a
diglyme/water mixture and provided the desired secondary
and tertiary amides in high yield (Scheme 13).[109] As in many
other cases, an inert atmosphere was not required.
Subsequent improvements in the experimental protocol

allowed the use of sterically and electronically more-demand-
ing amines (for example, anilines, unprotected amino acids),
whereby DBU was used as the base and THF as the solvent
for both aryl bromides and iodides.[110] Simple modifications
of the general strategy outlined in Scheme 13 enabled the
corresponding carboxylic acids[109] and esters[111] to be
obtained instead of the amides. Further modifications by
Alterman and co-workers have resulted in the use of DMF as
a source of CO[112] and the use of formamide as a combined
source of NH3 and CO.

[113] The latter method is useful for the
preparation of primary aromatic amides from aryl bromides.
In both cases, strong bases and temperatures around 180 8C
(7–20 min) have to be used to mediate the reaction.
A somewhat related process is the cobalt-mediated syn-

thesis of symmetrical benzophenones from aryl iodides and
[Co2(CO)8] (Scheme 14).

[114] Here, [Co2(CO)8] is used as a
combined activator of the aryl iodide and as CO source. A
variety of aryl iodides with different steric and electronic
properties underwent the carbonylative coupling in excellent
yields when acetonitrile was employed as the solvent.
Remarkably, six seconds of microwave irradiation were in

Scheme 11. Buchwald–Hartwig amination reactions.

Scheme 12. Ullmann-type carbon–nitrogen and carbon–sulfur bond
formations.

Scheme 13. Palladium-catalyzed aminocarbonylations. Diglyme=diethyleneglycol
dimethylether.
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several cases sufficient to achieve full conversion! The use of
an inert atmosphere, bases, or other additives were unneces-
sary. No conversion occurred in the absence of heating,
regardless of the reaction time. However, equally high yields
could also be achieved by heating the reaction mixture in an
oil bath for two minutes.

2.5. Asymmetric Allylic Alkylations

A frequent criticism of microwave synthesis has been that
the typically high reaction temperatures will invariably lead to
reduced selectivities. This is perhaps the reason why com-
paratively few enantioselective processes driven by micro-
wave heating have been reported in the literature. For a
reaction to occur with high enantioselectivity there must be a
large enough difference in the activation energy for the
processes leading to the two enantiomers. The higher the
reaction temperature, the larger the difference in energy
required to achieve high selectivity. Despite these limitations,
a number of very impressive enantioselective reactions
involving chiral transition-metal complexes have been descri-
bed. The research groups of Moberg, Hallberg, and Larhed
reported on microwave-mediated palladium-[115,116] and
molybdenum-catalyzed[117–119] asymmetric allylic alkylation
reactions involving neutral carbon, nitrogen, and oxygen
nucelophiles in 2000. Both processes were carried out under
non-inert conditions and yielded the desired products in high
chemical yield and with typical ee values of > 98%.
More recently, Trost and Andersen have applied this

concept in their approach to the orally bioavailable HIV
inhibitor tipranavir (Scheme 15).[120] Synthesis of the key

chiral intermediate 13 was achieved by asymmetric allylic
alkylation starting from carbonate 11. A 94% yield of the
product was achieved by employing 10 mol% of the molyb-
denum precatalyst and 15 mol% of the chiral ligand 12 with
2.0 equivalents of sodium dimethylmalonate as the additive.
The reaction was carried out under sealed-vessel microwave
heating at 180 8C for 20 minutes. Thermal heating under
reflux conditions (67 8C) required 24 h and produced the same
chemical yield of intermediate 13, albeit in slightly higher
enantiomeric purity (96% ee).
A similar pathway involving a microwave-driven molyb-

denum-catalyzed asymmetric allylic alkylation (160 8C, 6 min,
THF) as the key step was elaborated by Moberg and co-
workers for the preparation of the muscle relaxant (R)-
baclofen.[121] Other enantioselective reactions performed by
microwave heating include asymmetric Heck reactions[122]

and ruthenium-catalyzed asymmetric hydrogen transfer proc-
esses.[123]

2.6. Other Transition-Metal-Mediated Processes

In recent years the olefin metathesis reaction has attracted
widespread attention as a versatile carbon–carbon bond-
forming method.[124] Among the numerous different meta-
thesis methods, ring-closing metathesis (RCM) has emerged
as a very powerful method for the construction of small,
medium, and macrocyclic ring systems.[124] In general, meta-
thesis reactions are carried out at room or at slightly elevated
temperatures (for example, at 40 8C in refluxing CH2Cl2),
sometimes requiring several hours of reaction time to achieve
full conversion. With microwaves, otherwise sluggish RCM
protocols have been reported to be completed within minutes
or even seconds.[49, 55,71,125–128] In 2003, for example, Efskind
and Undheim reported the domino RCM of dienyne 14 with a
Grubbs type II catalyst (Scheme 16).[127] While the thermal
process (toluene, 85 8C) required multiple addition of fresh
catalyst (3 N 10 mol%) over a period of 9 h to furnish a 92%
yield of product 15, microwave irradiation for 10 min at
160 8C (5 mol% catalyst, toluene) led to full conversion. The
authors ascribe the dramatic rate enhancement to the rapid
and uniform heating of the reaction mixture and increased
catalyst lifetime by the elimination of wall effects.[127]

An interesting ring-closing alkyne metathesis reaction
(RCAM) was recently reported by FLrstner et al.
(Scheme 16).[128] Treatment of diyne 16 with 10 mol% of the
catalyst prepared in situ from [Mo(CO)6] and 4-trifluorome-
thylphenol at 150 8C for 5 minutes led to a 69% yield of
cycloalkyne 17, which was further manipulated into a
naturally occurring DNA cleaving agent of the turriane
family. Conventional heating under reflux conditions in
chlorobenzene for 4 h produced a 83% yield of product
under otherwise identical conditions.
The [2+2+1] cycloaddition of an alkene, an alkyne, and

carbon monoxide is often the method of choice for the
preparation of complex cyclopentenones.[129] Groth and co-
workers have demonstrated that such Pauson–Khand reac-
tions can be carried out very efficiently with microwave
heating (Scheme 17);[130] 20 mol% of [Co2(CO)8] was suffi-

Scheme 14. [Co2(CO)8]-mediated synthesis of symmetric diaryl ketones.

Scheme 15. Molybdenum-catalyzed asymmetric allylic alkylation in the
total synthesis of the HIV inhibitor tipranavir. Boc= tert-butyloxycar-
bonyl.
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cient to drive all of the studied Pauson–Khand reactions to
completion under sealed-vessel conditions, without the need
for additional carbon monoxide. Under the carefully opti-
mized reaction conditions utilizing 1.2 equivalents of cyclo-
hexylamine as an additive in toluene, microwave heating for
5 minutes at 100 8C provided good yields of the desired
cycloadducts.[130] Similar results were published independ-
ently by Evans and co-workers.[131]

Another important reaction principle in modern organic
synthesis is C�H bond activation.[132] Bergman, Ellman, and
co-workers have introduced a protocol that allows otherwise
extremely sluggish inter- and intramolecular rhodium-cata-
lyzed C�H bond activation to occur efficiently under micro-
wave heating conditions. In their investigations, they found
that heating the olefin-tethered benzimidazoles 18 in a
mixture of 1,2-dichlorobenzene and acetone in the presence
of 2.5–5 mol% [{RhCl(coe)2}2] (coe= cyclooctene) and 5–
10 mol% PCy3·HCl provided the desired tricyclic heterocyles
19 in moderate to excellent yields (Scheme 18).[133] Micro-
wave heating to 225–250 8C for 6–12 min proved to be the
optimum conditions. The solvents were not degassed or dried
before use, but air was excluded by purging the reaction vessel
with nitrogen.

Other microwave-assisted reactions involving metal cata-
lysts or metal-based reagents are shown in Scheme 19.[60, 134,135]

2.7. Heterocycle Synthesis

The formation of heterocyclic rings by cyclocondensation
reactions is typically a process well-suited for microwave
technology. Many of these condensation reactions require
high temperatures and conventional reaction conditions very
often involve heating the reactants in an oil, metal, or sand
bath for many hours or even days. One representative
example is the formation of 4-hydroxy-1H-quinolin-2-ones
of type 22 from anilines and malonic esters (Scheme 20). The
corresponding conventional, thermal protocol involves heat-
ing the two components in equimolar amounts in an oil bath
at 220–300 8C for several hours (without solvent),[136] whereas
similar high yields can be obtained by microwave heating at
250 8C for 10 minutes.[137] Here it was essential to use open-
vessel technology, since the two equivalents of the volatile by-
product ethanol that formed under normal (atmospheric
pressure) conditions were simply distilled off and therefore

Scheme 16. Ring-closing metathesis reactions of dienynes and alkynes.

Scheme 17. Pauson–Khand [2+2+1] cycloadditions.

Scheme 18. Intramolecular coupling of a benzimidazole ring with an
alkene group under C�H activation.

Scheme 19. Petasis olefination,[60] hydrosilylation of ketones,[134] and
DJtz benzannulation.[135] CAN= cerium ammonium nitrate, TBS= tert-
butyldimethylsilyl, TES= triethylsilyl, TIPS= triisopropylsilyl.
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removed from the equilibrium (Scheme 20).[136] Preventing
removal of ethanol from the reaction mixture, by using a
standard closed-vessel microwave system, leads to signifi-
cantly lower yields (Table 3). These experiments highlight the

importance of choosing appropriate experimental conditions
when using microwave heating technology. In the present
example, scale-up of the synthesis shown in Scheme 20 would
clearly only be feasible by using open-vessel technology.[138]

A related cyclocondensation was recently described by
Besson and co-workers in the context of synthesizing 8H-
quinazolino[4,3-b]quinazolin-8-ones by Niementowski con-
densation reactions (Scheme 21).[139] In the first step of this
multistep sequence, anthranilic acid derivatives 23 were
condensed with formamide (5.0 equiv) under open-vessel
microwave conditions (Niementowski condensation).[140] Sub-
sequent chlorination with excess POCl3, again using open-
vessel conditions, produced the anticipated 4-chloroquinazo-
line derivatives 25, which were subsequently condensed with
23 in acetic acid to produce the tetracyclic target structures 26.
The final condensation reactions were completed within
20 minutes at reflux (ca. 105 8C) under open-vessel condi-
tions, but not surprisingly could also be performed more
rapidly by using sealed-vessel heating at 130 8C. The reaction
depicted in Scheme 21 is one of the growing number of
examples where not only one, often conventionally difficult to
execute transformation has been carried out by microwave
synthesis, but several steps in a sequence have been per-
formed by microwave dielectric heating.
Molteni et al. have described the three-component, one-

pot synthesis of fused pyrazoles by treating cyclic 1,3-

diketones with dimethylformamide dimethylacetal
(DMFDMA) and a suitable bidentate nucleophile such as a
hydrazine derivative (Scheme 22).[141] The reaction proceeds

with initial formation of an enaminoketone as the key
intermediate from the 1,3-diketone and DMFDMA precur-
sors, followed by a tandem addition-elimination/cyclodehy-
dration step. Remarkably, the authors were able to perform
the multicomponent condensation by heating all three build-
ing blocks together with a small amount of acetic acid
(2.6 equiv) in water at 220 8C for 1 minute! Upon cooling the
reaction, the desired products crystallized directly and were
isolated in high purity by simple filtration. Although most of
the starting materials are actually insoluble in water at room
temperature, at 220 8C water behaves similar to an organic
solvent and is therefore able to dissolve many organic
materials that are otherwise not soluble in such a polar
solvent. It should be emphasized that high-temperature water
chemistry at near-critical conditions (ca. 275 8C, 60 bar) has
received considerable attention in recent years,[142] and that
sealed-vessel microwave heating technology appears to be an
ideal tool to rapidly attain this environment.[5,143] Molteni
et al. have successfully used other bidentate nucleophiles such
as amidines and hydroxylamine for the synthesis of related
heterocycles.[141] Numerous reports of the use of DMFDMA
as a building block for the rapid synthesis of a large variety of
heterocyclic ring systems byMAOS have also appeared.[144–147]

The Bohlmann–Rahtz synthesis of trisubstituted pyridines
from b-aminocrotonates and an ethynyl ketone has found
application in the preparation of a variety of heterocycles

Scheme 20. Formation of 4-hydroxy-1H-quinolin-2-one 22 from aniline
20 and malonic ester 21.

Table 3: Yields for 22 on microwave heating under closed- and open-
vessel conditions (Scheme 20).[a,b]

x [mmol][c] Solvent [mL] Yield [%] p [bar]

1 2 76 3.6
2 2 67 5.3
4 2 60 7.4
1 0.5 91 2.0
2 – 92 [d]
4 – 90 [d]

[a] Data from ref. [137]. [b] Microwave heating (250 8C, 10 min) in
dichlorobenzene or without solvent. [c] Reaction quantity. [d] Open
vessel.

Scheme 21. Formation of 8H-quinazolino[4,3-b]quinazolin-8-ones 26 by
Niementowski condensation.

Scheme 22. Three-component condensation of fused pyrazoles in
water.
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containing this structural motif.[148] Bagley et al. have devel-
oped a microwave-assisted modification of this heteroannu-
lation method, which is best conducted in DMSO at 170 8C for
20 minutes, and provides the desired pyridine derivatives in
24–94% yield (Scheme 23).[149] A related protocol involving a
tandem oxidation/heteroannulation of propargylic alcohols
was described by the same authors.[150]

Cycloaddition reactions are clearly very important for the
construction of heterocycles, and numerous examples of
heterocycle synthesis by controlled microwave heating have
been described. For example, nitro alkenes are converted
in situ into nitrile oxides by 4-(4,6-dimethoxy[1,3,5]triazin-2-
yl)-4-methylmorpholinium chloride (DMTMM) and 4-dime-
thylaminopyridine (DMAP, Scheme 24).[151] The generated

1,3-dipoles undergo cycloaddition with the double or triple
bond of an alkene or acetylene dipolarophile (5.0 equiv),
respectively, to furnish 4,5-dihydroisoxazoles or isoxazoles.
Open-vessel conditions were used and full conversion with
very high yields of products was achieved within 3 minutes at
80 8C.
An unusual class of heterocycles are polyketide-derived

macrodiolide natural products. The research groups of Porco
and Panek have recently shown that stereochemically well-
defined macrodiolides can be obtained by cyclodimerization
of nonracemic chiral hydroxy esters (Scheme 25).[152] Prelimi-
nary experiments involving microwave irradiation demon-
strated that exposing dilute solutions of the hydroxy ester
(0.02m) in chlorobenzene to sealed-vessel microwave irradi-
ation conditions (200 8C, 7 min) in the presence of a dis-
tannoxane transesterification catalyst led to a 60% yield of
the 16-membered macrodiolide heterocycle. Conventional

reflux conditions (ca. 135 8C) in the same solvent (0.01m of
hydroxy ester) provided a 75% yield after 48 h.
Multicomponent reactions (MCRs) are of increasing

importance in organic and medicinal chemistry. In times
where a premium is put on speed, diversity, and efficiency in
the drug discovery process, MCR strategies offer significant
advantages over conventional linear-type syntheses.[153] The
Ugi four-component condensation in which an amine, an
aldehyde or ketone, a carboxylic acid, and an isocyanide
combine to yield an a-acylaminoamide is particularly inter-
esting because of the wide range of products obtainable
through variation of the starting materials.[154] The reaction of
heterocyclic amidines with aldehydes and isocyanides in the
presence of 5 mol% Sc(OTf)3 as a catalyst in an Ugi-type
three-component condensation (Scheme 26) generally

requires extended reaction times of up to 72 h at room
temperature for the generation of the desired fused 3-
aminoimidazoles.[155] Tye and co-workers have demonstrated
that this process can be speeded up significantly by perform-
ing the reaction under sealed-vessel microwave conditions.[156]

A reaction time of 10 min at 160 8C in methanol (in some
cases ethanol was employed) produced similar yields of
products than the same process at room temperature, but at a
fraction of the time.
Another important MCR is the Biginelli synthesis of

dihydropyrimidines by the acid-catalyzed condensation of
aldehydes, CH-acidic carbonyl components, and urea-type
building blocks (Scheme 27).[157] Under conventional condi-
tions this MCR typically requires several hours of heating
under reflux conditions (ca. 80 8C) in a solvent such as
ethanol. The ideal microwave heating conditions with respect
to solvent, catalyst type/concentration, irradiation time, and
temperature were rapidly optimized by using the condensa-
tion of benzaldehyde, ethyl acetoacetate, and urea as a model
reaction.[158] Figure 3 shows the time/temperature optimiza-
tion profile for the standard Biginelli reaction using 10 mol%

Scheme 23. Bohlmann–Rahtz synthesis of trisubstituted pyridines.

Scheme 24. Nitrile oxide cycloaddition reactions.

Scheme 25. Formation of macrodiolides by cyclodimerization with a
distannoxane catalyst.

Scheme 26. Ugi-type three-component condensation.
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ytterbium triflate in a acetic acid/ethanol (3:1). An optimum
yield of 92% of isolated dihydropyrimidine (R1=H, Z=O,
R2=Ph, E=CO2Et, R

3=Me) was obtained by heating the
mixture of reactants at 120 8C for 10 minutes. The fact that a
temperature only marginally higher than the optimal reaction
temperature leads to a significantly decreased yield for this
transformation[159] underscores the importance of using con-
trolled microwave irradiation conditions with adequate
temperature control.
Figure 3 illustrates one of the key advantages of high-

speed microwave synthesis, namely the rapid optimization
capabilities that are particularly useful if microwave heating is
coupled with automation.[158] Recent work by researchers
from Arqule and Pfizer has demonstrated how the overall
process can be further improved if rapid testing and tuning of
reaction conditions involving microwave heating is coupled
with statistical experimental design.[160] This is a particularly
valuable method if a large number of reaction parameters
needs to be considered.
The above-mentioned robotics are also useful for prepar-

ing compound libraries through automated sequential micro-
wave synthesis. A diverse set of 17 CH-acidic carbonyl
compounds, 25 aldehydes, and 8 urea/thioureas was used for
the preparation of a dihydropyrimidine library under the
optimized conditions for the Biginelli reaction displayed in
Scheme 27. Out of the full set of 3400 possible dihydropyr-

imidine derivatives, a representative subset of 48 analogues
was prepared within 12 h by automated addition of building
blocks and subsequent sequential microwave irradiation of
each reaction vessel in a single-mode microwave reactor
equipped with suitable robotics.[158]

In a conceptually different approach, NLchter,
Ondruschka et al. presented the parallel generation of a 36-
member library of Biginelli dihydropyrimidines in a suitable
multivessel rotor placed inside a dedicated multimode micro-
wave reactor.[161,162] Given the fact that modern multimode
microwave reactors can operate with specifically designed 96-
well plates under sealed-vessel conditions, the parallel
approach offers a considerable higher throughput than the
automated sequential technique, albeit at the cost of having
less control over the reaction parameters for each individual
vessel/well. One additional limitation of the parallel approach
is that all reaction vessels during library production are
exposed to the same irradiation conditions in terms of
reaction time and microwave power, thus not allowing
specific needs of individual building blocks to be addressed
by varying the time or temperature.
A range of other heterocyclic ring systems synthesized by

microwave-assisted cyclocondensation or cycloaddition pro-
tocols is shown in Schemes 28 and 29.

Scheme 27. Biginelli synthesis of dihydropyrimidines through a three-
component reaction. Tf= trifluoromethanesulfonyl.

Figure 3. Rapid optimization of reaction time and temperature for the
Biginelli condensation of ethyl acetoacetate, benzaldehyde, and urea
(Scheme 27) in AcOH/EtOH (3:1) with 10 mol% Yb(OTf)3 as a cata-
lyst. The optimal conditions (marked in black: 120 8C, 10 min) affords
the product in 92% yield.

Scheme 28. Skraup synthesis of dihydroquinolines,[163] Pictet–Spengler
reaction,[57] Hantzsch–MCR synthesis of dihydropyridines,[164] triazine
synthesis,[165] and Victory reaction.[166]
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2.8.Miscellaneous Solution-Phase Organic Transformations

Since MAOS is becoming an increasingly popular tool for
a steadily growing number of researchers, both in academia
and industry, it becomes evident that, in principle, all chemical
transformations requiring heat can be carried out under
microwave conditions. The following literature survey of
organic chemical transformations carried out in the solution
phase by microwave heating is therefore limited to selected
examples that highlight particularly interesting reactions or
applications.

2.8.1. Rearrangements

Ley and co-workers have described the microwave-
assisted Claisen rearrangement of allyl ether 27 in their
synthesis of the natural product carpanone (Scheme 30).[173] A
97% yield of the rearranged product 28 could be obtained by
three successive 15-minute irradiations at 220 8C using

toluene doped with the ionic liquid [bmim]PF6 as the solvent.
Interestingly, one single irradiation of 45 minutes at the same
temperature gave a somewhat lower yield (86%).
A related Claisen rearrangement, albeit on a much more

complex substrate was reported by the same research group,
again under “pulsed” microwave irradiation conditions.
Heating a solution of the propargylic enol ether 29 in
dichlorobenzene at 180 8C for 15 minutes resulted in a 71%
yield of the desired allene 30 as a single diastereomer, which
was further elaborated into the skeleton of the triterpenoid
natural product azadirachtin.[174] An 88% yield of product
was obtained by applying 15 pulses irradiation of 1 minute
duration. No rationalization for the increased yields in these
“pulsed versus continuous irradiation” experiments can be
given at present. Nordmann and Buchwald recently reported
the diastereoselective Claisen rearrangement of allyl vinyl
ether 31 to aldehyde 32.[175] The product was obtained in 80%
yield with a diastereomeric ratio of 91:9 by microwave heating
at 250 8C for 5 minutes in DMF. Conventional heating at
120 8C for 24 hours provided somewhat higher yields and
selectivities (90% yield, d.r.= 94:6).
In their search for synthetic routes to analogues of the

furaquinocin antibiotics, Trost et al. have utilized a micro-
wave-assisted squaric acid/vinylketene rearrangement to
synthesize dimethoxynaphthoquinone 34, a protected ana-
logue of furaquinocin E (Scheme 31).[176] Since the conven-
tional rearrangement conditions successfully applied in a
closely related series of transformations (toluene, 110 8C) led
to incomplete conversion, the reaction was attempted by
microwave heating at 180 8C; this afforded an acceptable yield
of 34 (58%) after oxidation to the naphthoquinone.

2.8.2. Cycloaddition Reactions

Cycloaddition reactions were among the first transforma-
tions to be studied by using microwave heating technology,[3,7]

and numerous examples have been summarized in previous
review articles and book chapters.[4–16] Conventional cyclo-
addition reactions require, in many cases, the use of harsh
conditions such as high temperatures and long reaction times,
but they can be performed with great success with the aid of

Scheme 29. Synthesis of benzoxazoles,[167] oxazolidines,[168,169] and ben-
zothiazoles,[170] 1,3-dipolar cycloaddition reaction to form triazoles,[171]

and [3+2] cycloadditions of azomethine ylides and maleimide.[172]

DCE=1,2-dichloroethane, DMB=2,4-dimethoxybenzyl.

Scheme 30. Examples of Claisen rearrangements. Bn=benzyl.
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microwave heating. Scheme 32 shows two recent examples of
Diels–Alder cycloadditions performed by microwave dielec-
tric heating. In both cases the diene and dienophile were

reacted neat without the addition of solvent. For the trans-
formation 35!36 described by Trost and Crawley, irradiation
for 20 minutes at 165 8C (or for 60 min at 150 8C) gave the
cycloadduct 36 in near quantitative yield.[177] In the process
reported by de la Hoz and co-workers, open-vessel irradiation
of 3-(2-arylethenyl)chromones with maleimides at 160–200 8C
for 30 minutes furnished the tetracyclic adducts of type 37
along with minor amounts of other diastereoisomers.[178]

Inter- and intramolecular hetero-Diels–Alder cycloaddi-
tion reactions of a series of functionalized 2(1H)-pyrazinones

have been studied in detail by the research group of
Van der Eycken (Scheme 33).[54, 179,180] In the intramolecular
series, cycloaddition of alkenyl-tethered 2(1H)-pyrazinones
38 requires 1–2 days under conventional thermal conditions

(chlorobenzene, reflux, 132 8C). The use of 1,2-dichloro-
ethane doped with the ionic liquid [bmim]PF6 and sealed-
vessel microwave technology at 190 8C enabled the same
transformations to be completed within 8–18 minutes.[54] The
primary imidoyl chloride cycloadducts were not isolated, but
rapidly hydrolyzed by addition of small amounts of water and
microwave irradiation (130 8C, 5 min). The overall yields of 39
were in the same range as reported for the conventional
thermal protocols.[54]

In the intermolecular series, the Diels–Alder cycloaddi-
tion reaction of the pyrazinone heterodiene 40 with ethylene
led to the bicyclic cycloadduct 41 (Scheme 33).[54] Under
conventional conditions, these cycloaddition reactions have to
be carried out in an autoclave at an ethylene pressure of
25 bar before the setup is heated to 110 8C for 12 hours. In
contrast, the Diels–Alder addition of pyrazinone precursor 40
with ethylene in a sealed vessel that had been flushed with
ethylene before sealing was completed after irradiation for
140 minutes at 190 8C. It was however not possible to further
increase the reaction rate by raising the temperature. At
temperatures above 200 8C an equilibrium between the
cycloaddition 40!41 and the competing retro-Diels–Alder
fragmentation process was observed (Scheme 33).[54] Only by
using a microwave reactor that allowed pre-pressurization of
the reaction vessel with 10 bar of ethylene could the Diels–
Alder addition 40!41 be carried out muchmore efficiently at
220 8C within 10 minutes.[179]

2.8.3. Oxidations

The osmium-catalyzed dihydroxylation reaction, the
addition of osmium tetroxide to olefins to produce a vicinal
diol, is one of the most selective and reliable organic
transformations. Recent work by Sharpless, Fokin, and co-
workers has uncovered that electron-deficient olefins can be
converted into the corresponding diols much more efficiently
when the reaction medium is kept acidic.[181] One of the most
useful additives in this context is citric acid (2.0 equiv), which

Scheme 31. Rearrangement of a squaric acid derivative to a vinyl-
ketene, which further reacts to form the tricyclic product 34.

Scheme 32. Examples of Diels–Alder cycloadditions.

Scheme 33. Hetero-Diels–Alder cycloaddition reactions of 1H-pyrazin-
2-ones.
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in combination with 4-methylmorpholine N-oxide (NMO) as
the reoxidant for OsVI and K2OsO2(OH)4 (0.2 mol%) as a
stable, nonvolatile substitute for OsO4, allows the conversion
of many olefinic substrates into their corresponding diols at
ambient temperatures. In specific cases, such as for the
extremely electron-deficient olefin 42 (Scheme 34), the
reaction had to be carried out under microwave irradiation
at 120 8C to produce the pure diol 43 in 81% yield.[181]

Another industrially important oxidation reaction is the
conversion of cyclohexene into adipic acid. The well-known
Noyori method uses hydrogen peroxide, a catalytic amount of
tungstate, and a phase-transfer catalyst to afford the clean
oxidation of cyclohexene to adipic acid. Ondruschka and co-
workers have demonstrated that a modified protocol employ-
ing microwave heating without solvent gave comparable
yields of the desired product, but in a much shorter time.[182]

Rhodium and ruthenium-catalyzed hydrogen transfer type
oxidations of primary and secondary alcohols have also been
reported recently.[183]

2.8.4. Mitsunobu Reactions

The Mitsunobu reaction is a powerful stereochemical
transformation. This reaction is very efficient for inverting the
configuration of chiral secondary alcohols since a clean SN2
process is generally observed (“Mitsunobu inversion”). The
fact that the Mitsunobu reaction is typically carried out at or
below room temperature would suggest that high-temper-
ature Mitsunobu reactions performed under microwave
conditions would have little chance of success. It was
established in 2001 that Mitsunobu reactions can indeed be
carried out at high-temperatures to effect an enantioconver-
gent approach to the aggregation pheromones (R)- and (S)-
sulcatol (Scheme 35).[184] While the conventional Mitsunobu
protocol carried out at room temperature proved to be
extremely sluggish, complete conversion of (S)-sulcatol to the
R acetate (SN2 inversion) using essentially the standard
Mitsunobu conditions (1.9 equiv DIAD, 2.3 equiv Ph3P) was
achieved within 5 minutes at 180 8C under sealed-vessel
microwave conditions. Despite the high reaction temper-
atures, no by-products could be identified in these Mitsunobu
experiments, and the R acetate was formed in > 98% ee.
An application of these rather unusual high-temperature

Mitsunobu conditions for the preparation of conformationally
constrained peptidomimetics based on the 1,4-diazepan-2,5-
dione core was recently disclosed by the group of Taddei and
co-workers.[185] Cyclization of the dipeptide hydroxyhydrox-
amate 44 under the DIAD/Ph3P microwave conditions

(210 8C, 10 min) provided the desired 1,4-diazepan-2,5-dione
45 in 75% yield. Standard room-temperature conditions
(DMF, 12 h) were significantly less efficient and gave only
46% of the desired compound.
Another microwave-mediated intramolecular SN2 reac-

tion results in the formation of one of the key steps in a recent
catalytic asymmetric synthesis of the cinchona alkaloid
quinine by Jacobsen and co-workers.[186] The strategy to
construct the crucial quinuclidine core of the natural product
relies on an intramolecular SN2 reaction/epoxide ring opening
(Scheme 36). After removal of the benzyl carbamate (Cbz)
protecting group with Et2AlCl/thioanisole, microwave heat-
ing of the acetonitrile solution to 200 8C for 20 minutes
provided a 68% yield of the natural product as the final
transformation in a 16-step total synthesis.

2.8.5. Glycosylation Reactions

Glycosylation reactions involving oxazoline donors are
generally rather slow and require prolonged reaction times
because of the low reactivity of the donors. Oscarson and co-
workers have reported the preparation of dimers of N-
acetyllactosamine linked by alkyl spacers by microwave-
assisted glycosylations with oxazoline donors in the presence
of pyridinium triflate as a promoter (Scheme 37).[187] Rapid
and efficient coupling was achieved in dichloromethane with
four different diols using 2.2 equivalents each of the oxazoline
donor and pyridinium triflate promotor. Microwave irradi-
ation at 80 8C for 20 minutes led to moderate to high yields of
the dimers, with yields increased by 12–15% over the
conventional process. Fraser-Reid and co-workers recently
described related saccharide couplings by employing n-
pentenylglycosyl donors and N-iodosuccinimide (NIS) as

Scheme 34. Osmium-catalyzed dihydroxylation of electron-deficient
alkenes.

Scheme 35. Mitsunobu reactions. DIAD=diisopropylazodicarboxylate.

Scheme 36. Intramolecular SN2 reaction in the total synthesis of
quinine.
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the promotor in acetonitrile.[31] Various rapid microwave-
assisted protection and deprotection methods are also known
in the area of carbohydrate chemistry.[188]

2.8.6. Multicomponent Reactions

The Mannich reaction has been known since the early
1900s and has since then been one of the most important
transformations to produce b-amino ketones. Although the
reaction is powerful, it suffers from some disadvantages, such
as the need for drastic reaction conditions, long reaction
times, and sometimes low yields of products. Luthman and co-
workers have reported microwave-assistedMannich reactions
that employed paraformaldehyde as a source of formalde-
hyde, a secondary amine in the form of its hydrochloride salt,
and a substituted acetophenone (Scheme 38).[189] Optimized

reaction conditions utilized equimolar amounts of reactants,
dioxane as solvent, and microwave irradiation at 180 8C for 8–
10 minutes to produce the desired b-amino ketones in
moderate to good yields. Importantly, in several examples
the reaction was performed both on a 2-mmol scale using a
single-mode microwave reactor and also on a 40-mmol scale
using a dedicated multimode instrument. As seen with other
transformations described earlier (Scheme 1), all the micro-
wave-assisted Mannich reactions studied proved to be
“directly scalable”: nearly identical yields were obtained on
a 2-mmol and 40-mmol scale without the need for reoptim-
ization of the reaction conditions.[189]

The research group of Leadbeater reported a different
type of Mannich reaction, which involved condensation of an
aldehyde (1.5 equiv) with a secondary amine and a terminal

acetylene in the presence of CuCl (10 mol%) to activate the
terminal acetylene (Scheme 38).[58] Optimum yields of prop-
argylamines 46were obtained by microwave irradiation of the
three building blocks with the catalyst in dioxane doped with
an ionic liquid at 150 8C for 6–10 minutes. A high-speed
microwave approach also exists for the Petasis multicompo-
nent reaction (boronic-Mannich reaction)[190] and for the
Kindler thioamide synthesis (the condensation of an alde-
hyde, amine, and sulfur).[191]

2.8.7. Nucleophilic Aromatic Substitution

An alternative to the palladium-catalyzed Buchwald–
Hartwig reactions and the related copper-catalyzed methods
for C(aryl)�N, C(aryl)�O, and C(aryl)�S bond formations
(Section 2.3) are nucleophilic aromatic substitution reactions.
A benzene derivative substituted by a leaving group may be
treated, for example, with an amine, but here the benzene
derivative must generally also contain an electron-withdraw-
ing group. Such nucleophilic aromatic substitution reactions
are notoriously difficult to perform and often require high
temperatures and long reaction times. A number of publica-
tions report efficient nucleophilic aromatic substitutions
driven by microwave heating involving either halogen-
substituted aromatic[192,193] or heteroaromatic sys-
tems.[72,73,194–196] Scheme 39 summarizes some heteroaromatic

systems and nucleophiles along with the reaction conditions
that have been developed by Cherng for microwave-assisted
nucleophilic substitution reactions.[194–196] In general, the
microwave-driven processes provide significantly higher
yields of the desired products in much shorter reaction times.

2.8.8. Radical Reactions

There are only a limited number of examples in the
literature that involve radical reactions under controlled
microwave heating conditions.[197] Wetter and Studer have
described radical carboaminoxylations of various nonacti-
vated olefins and difficult radical cyclizations (Scheme 40).[198]

Scheme 37. Microwave-assisted glycosylation reactions.

Scheme 38. Examples of Mannich condensations and related reac-
tions. Scheme 39. Nucleophilic aromatic substitution reactions involving

halo-substituted N-heterocycles. DMPU=N,N’-dimethyl-N,N’-propyl-
ene urea, HMPA=hexamethyl phosphoramide.
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The thermally reversible homolysis of alkoxyamine 47 gen-
erates the stable radical 2,2,6,6-tetramethylpiperidinyl-1-ol
(TEMPO) and a stabilized transient malonyl radical, which
subsequently reacts with an alkene to afford the carboami-
noxylation product 48. These radical addition processes take
up to three days under conventional conditions (DMF, sealed
tube, 135 8C), while the same transformation was complete
after microwave heating at 180 8C for 10 minutes in a sealed
vessel; higher yields were also obtained in all but one
example.
Several other selected examples of microwave-assisted

organic transformations are summarized in Schemes 41 and
42.

2.9. Combinatorial and High-Throughput Methodologies
2.9.1. Solid-Phase Organic Synthesis

Solid-phase organic synthesis (SPOS) exhibits several
advantages compared with classical protocols in solution.
Reactions can be accelerated and driven to completion by
using a large excess of reagents, as these can easily be
removed by filtration and subsequent washing of the solid
support. In addition, SPOS can easily be automated by using
appropriate robotics and applied to “split-and-mix” strat-
egies, useful for the synthesis of large combinatorial libra-
ries.[208] However, SPOS also exhibits several shortcomings, as
a result of the inherent nature of the heterogeneous reaction
conditions; nonlinear kinetic behavior, slow reactions, solva-
tion problems, and degradation of the polymer support,
because of the long reaction times, are some of the problems
typically experienced in SPOS. A technique such as micro-
wave-assisted synthesis which is able to address some of these
issues is therefore of considerable interest, particularly for
research laboratories involved in high-throughput synthesis.
As far as the polymer supports for microwave-assisted SPOS
are concerned, the use of cross-linked macroporous or
microporous polystyrene resins has been most prevalent. In
contrast to the common belief that the use of polystyrene

Scheme 40. Radical carboxaminations with malonyl radicals.

Scheme 41. Oxidation of thiazolidines,[199] electrophilic nitration,[200]

amination,[201] iodination,[87] bromination,[73] and dealkoxycarbonylation
reactions.[202] NBS=N-bromosuccinimide.

Scheme 42. Aziridine[203] and cyclopropane ring-opening,[204] double
Michael addition,[205] lactam formation,[206] and reduction of a nitro
group by catalytic transfer hydrogenation.[207] Ts= toluenesulfonyl.
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resins limits the reaction conditions to temperatures below
130 8C, it has recently been amply demonstrated, both in
microwave-assisted SPOS and in the use of polymer-sup-
ported reagents and catalysts (see Section 2.9.4), that these
resins can withstand microwave irradiation for short periods
of time even at temperatures above 200 8C.
Early examples of SPOS under controlled microwave

conditions[12] typically involved the use of microwaves in one
single step to either attach or cleave material onto or off the
resin. A study published in 2001 demonstrated that high-
temperature microwave heating (200 8C) can be effectively
employed to attach aromatic carboxylic acids to chlorome-
thylated polystyrene resins (Merrifield and Wang) by the
cesium carbonate method (Scheme 43).[209] Significant rate

accelerations and higher loadings were observed when the
microwave-assisted protocol was compared to the conven-
tional thermal method. Reaction times were reduced from
12–48 hours with conventional heating at 80 8C to 3–
15 minutes with microwave heating at 200 8C in NMP in
open glass vessels. A comparison of the kinetics of the
thermal coupling of benzoic acid to the chlorinated Wang
resin at 80 8C with the microwave-assisted coupling at the
same temperature demonstrated the absence of any micro-
wave effects.
Peptide synthesis has long been one of the cornerstones of

solid-phase organic synthesis, and attempts to speed up the
rather time-consuming process by microwave heating were
made as early as 1992.[210] ErdMlyi and Gogoll recently applied
controlled microwave irradiation to the synthesis of a small
tripeptide containing three of the most hindered natural
amino acids (Thr, Val, Ile; Scheme 44).[211]

A variety of common coupling reagents have been
investigated for the synthesis of this rather difficult peptide
sequence on standard Rink polystyrene resin. The coupling of
the activated amino acids under microwave conditions was
completed in a few minutes (1.5–20 min) without the need for
double or triple coupling steps as in conventional protocols.
Most of the coupling reagents used showed increased
coupling efficiency up to 110 8C, with O-(7-azabenzotriazol-
1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate

(HATU) being the most effective, and allowed complete
coupling within 1.5 minutes at 110 8C. Decomposition of the
reagents was indicated by a color change of the reaction
mixtures above this temperature. However, no degradation of
the solid support was observed. Furthermore, both LC-MS
and 1H NMR spectroscopic analysis confirmed the absence of
racemization during the high-temperature treatment, despite
the presence of the diisopropylethylamine base.
The formation of a number of related peptide bonds have

been reported under optimized microwave conditions.[212] In
fact, specialized equipment dedicated specifically to micro-
wave-assisted solid-phase peptide synthesis is commercially
available.[36]

As in solution-phase chemistry (see Sections 2.2 and 2.3),
many transition-metal-catalyzed transformations have been
conducted successfully on a solid phase by using microwave-
assisted techniques. Examples include solid-phase Suzuki-,[213]

Stille-,[213] and Sonogashira couplings,[214] Negishi reactions,[92]

Mo-catalyzed allylic alkylations,[117] aminocarbonylations,[110]

cyanation reactions,[215] trifluoromethanesulfonations,[82]

Buchwald–Hartwig aminations,[216] and Cu-catalyzed Ull-
mann-type C-N arylations.[217]

An interesting example of a transition-metal-mediated
microwave-assisted SPOS involving either CuII- or PdII-
mediated cyclizations of 2-alkynylanilides to indoles has
been studied by Dai et al. (Scheme 45).[218] The required
alkynylanilide precursor 52 was constructed on Rink resin
following standard SPOS procedures. The desired cyclization
step 52!53 was extremely sluggish under conventional
thermal conditions and only partial ring closure was observed
(80 8C, 4–5 h). In contrast, dielectric heating with microwaves
for 10 minutes at 160 8C in THF in the presence of 20 mol%
of [PdCl2(MeCN)2] afforded indole 53 (Ar=p-CF3C6H4, n=

Scheme 43. Attachment of aromatic carboxylic acids to chlorinated
polystyrene Wang resin.

Scheme 44. Synthesis of a tripeptide. a) deprotection with piperidine at
RT; b) coupling reagent, Fmoc-protected amino acid, iPr2NEt, DMF,
MW, 110 8C, 20 min; c) TFA, RT, 2 h. Fmoc=9-fluorenylmethoxycar-
bonyl, TFA= trifluoroacetic acid.

Scheme 45. Pd- or Cu-mediated ring closure of resin-bound 2-alkynyl
anilides to indoles.
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8) in 75% yield and 94% purity after cleavage.
Alternatively, the equivalent CuII-mediated process
(1 equiv of Cu(OAc)2, NMP, 200 8C, 10 min) also
provided the desired indoles in similar yields and
purities. The authors specifically note that no
decomposition of the resin was observed even at
200 8C.
A related indole synthesis on Rink resin based

on the Pd-catalyzed cyclization of propargylamines
to iodoanilines was published by Berteina-Raboin
and co-workers.[219] In this case, open-vessel micro-
wave technology was used for all the three steps of
the synthesis (< 15 min, < 140 8C) as well as for the
final cleavage reaction, which was carried out at
room temperature. Higher yields of final products
were achieved in much shorter reaction times by
using the microwave protocol as compared to
conventional heating.
An interesting multicomponent reaction is the

Gewald synthesis of 2-amino-3-acylthiophenes. Ear-
lier reports of the classical Gewald synthesis had
described the rather long reaction times required by
conventional heating and the laborious purification
of the resulting thiophenes. In view of these issues, research-
ers from Morphochem investigated a “one-pot” microwave-
assisted Gewald synthesis on a commercially available
cyanoacetylated Wang resin as the solid support
(Scheme 46).[220] The overall two-step reaction procedure,

including the acylation of the initially formed 2-aminothio-
phenes, could be performed in less than one hour. This
process is an efficient route to 2-acylaminothiophenes which
requires no filtration between the two reaction steps. Various
aldehydes, ketones, and acylating agents have been employed
to generate the desired thiophene products in high yields (81–
99%) and in generally good purities.
Kappe and co-workers have reported a multistep solid-

phase synthesis of bicyclic pyrimidine derivatives by a
Biginelli muticomponent reaction combined with multidirec-
tional cyclative cleavage reactions (Scheme 47).[221] This
approach required the synthesis of the 4-chloroacetoacetate
resin as the key starting material, which was prepared by
microwave-assisted acetoacetylation of hydroxymethyl poly-

styrene resin. In analogy to earlier work,[222] this transester-
ification was best carried out under open-vessel conditions in
1,2-dichlorobenzene (170 8C) to allow the formedmethanol to
be removed from the equilibrium (see also Scheme 20). This
resin precursor was subsequently treated with urea and
various aldehydes in an acid-catalyzed Biginelli multicompo-
nent reaction (dioxane, 70 8C) to afford the corresponding
resin-bound dihydropyrimidinones. The desired furo[3,4-
d]pyrimidine-2,5-diones were obtained by cyclative release
in DMF at 150 8C. Pyrrolo[3,4-d]pyrimidine-2,5-diones were
also synthesized using the same pyrimidine resin precursor,
which was first treated with a representative set of primary
amines to substitute the chlorine atom. Subsequent cyclative
cleavage was carried out at temperatures between 150 and
250 8C and led to the corresponding pyrrolopyrimidine-2,5-
dione products in high purity. The synthesis of pyrimido[4,5-
d]pyridazine-2,5-diones was carried out in a similar manner,
by employing hydrazines for the nucleophilic substitution
prior to cyclative cleavage. A number of related microwave-
assisted cyclative-release protocols have been reported.[223,224]

Apart from traditional cross-linked polystyrene resins a
number of different supports and formats have been used in
microwave-assisted SPOS. These include tentagel
resins,[117, 213,214,225] cellulose membranes (SPOT synthe-
sis),[226,227] cellulose beads,[228] and glass surfaces.[229] Janda
and co-workers have described the use of JandaJel as the
support in the solid-phase synthesis of oxazoles
(Scheme 48).[230] In this case, resin-bound a-acylamino-b-
ketoesters 54 were treated with Burgess reagent to form
oxazoles 55, which were then cleaved from the resin by using a
diversity-building amidation reaction. The conditions for the
key cyclization step 54!55 were carefully optimized with
microwave dielectric heating and by monitoring the reaction
by on-bead IR spectroscopy. The best conditions utilized
3.0 equivalents of the Burgess reagent and 20 equivalents of
pyridine in chlorobenzene (100 8C, 15 min). Interestingly,

Scheme 46. Gewald synthesis of 2-acylaminothiophenes through a
three-component reaction.

Scheme 47. Preparation of various bicyclic dihydropyrimidinones by cyclative cleavage.
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conventional thermal heating at 80 8C for 4 hours was used for
the production of the final library since it provided con-
versions as high as the 15 minutes microwave run.
One reason why microwave-assisted SPOS has not been

as powerful a technique as it perhaps could be is the lack of
suitable technology that would allow the combination of
sealed-vessel microwave heating and bottom filtration (or
related) methods for automated removal of excess reagents or
solvents and for performing the required washing steps.[231]

Currently such vessel equipment is not generally available,
and therefore the advantages of SPOS in conjunction with
microwave technology can not be fully exploited. Additional
examples of SPOS with controlled microwave heating are
found in ref. [232].

2.9.2. Liquid-Phase Synthesis on Soluble Polymer Supports

Besides solid-phase organic synthesis (SPOS) involving
insoluble cross-linked polymer supports, chemistry on soluble
polymer matrices, sometimes called liquid-phase organic
synthesis, has emerged as a viable alternative.[233] Problems
associated with the heterogeneous nature of the ensuing
chemistry and on-bead spectroscopic characterization in
SPOS have led to the development of soluble polymers as
alternative matrices for the production of combinatorial
libraries. Synthetic approaches that utilize soluble polymers
couple the advantages of homogeneous solution chemistry
(high reactivity, lack of diffusion phenomena, and ease of
analysis) with those of solid-phase methods (use of excess
reagents and easy isolation and purification of products).
Separation of the functionalized matrix is achieved by either
solvent or heat precipitation, membrane filtration, or size-
exclusion chromatography.[233]

A variety of successful microwave-assisted transforma-
tions involving soluble polymers such as polyethylene glycol
(PEG) have been reported since 1999,[234] and most recently
by Sun and co-workers using controlled open-vessel micro-
wave conditions.[235, 236] In the example shown in Scheme 49
polyethylene glycol of molecular weight 6000 (PEG 6000) was
used as a support for the synthesis of a small library of
thiohydantoins.[235] In the first step Fmoc-protected amino
acids (3.0 equiv) were loaded onto the support by standard
peptide coupling with classical DCC/DMAP activation. The
coupling was carried out in dichloromethane and required

14 minutes of microwave irradiation under open-vessel reflux
conditions. Following deprotection with 10% piperidine in
dichloromethane at room temperature, various isothiocya-
nates (3.0 equiv) were introduced by heating under reflux
conditions (7 min), again in the same solvent. The cyclization/
traceless cleavage step was completed under mildly basic
conditions (K2CO3) within 7 minutes and provided the
desired thiohydantoins in high overall yield and purity.
Although the authors did not report any reaction temper-
atures apart from “reflux conditions” they noted that control
experiments under conventional reflux conditions required
significantly longer reaction times, which would indicate the
presence of a specific microwave effect (namely, a super-
heating effect at atmospheric pressure).

2.9.3. Reactions in Fluorous Phases

Tagged fluorous substrates, reagents, catalysts, and scav-
engers are becoming increasingly popular in organic syn-
thesis, particularly since the advent of high-speed purification
techniques such as fluorous solid-phase extraction (F-
SPE).[237] The first reports on fluorous synthesis under micro-
wave conditions date back to 1997 and involved Stille
coupling reactions with fluorous tin reagents.[238] This was
later followed by examples of radical reactions initiated by
fluorous tin hydrides.[197] More recently there have been
reports on very efficient Pd-catalyzed cross-coupling reac-
tions of perfluoroalkylsulfonates with thiols,[239] and on the
use of fluorous-tagged bidentate ligands in microwave-
assisted Heck reactions of vinyl triflates with enamides
(Scheme 50).[240] F-SPE was used to remove excess reagents
or ligands, respectively, in the two cases.
An interesting application of the use of fluorous scaveng-

ing in conjunction with microwave synthesis and F-SPE
purification was recently illustrated by Werner and Curran[241]

in their investigation of the Diels–Alder cycloaddition of
maleic anhydride with diphenylbutadiene (Scheme 51). After

Scheme 48. Preparation of oxazoles by cyclization of a-acylamino-b-
ketoesters.

Scheme 49. Preparation of thiohydantoins on a PEG support. All
microwave-assisted steps were carried out under open-vessel condi-
tions.
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performing a microwave-assisted cycloaddition (160 8C,
10 min) with a 50% excess of the diene, the excess diene
reagent was rapidly scavenged by a structurally related
fluorous dienophile under the same reaction conditions.
Elution of the product mixture through a F-SPE column
with MeOH/H2O provided the desired cycloadduct in 79%
yield and 90% purity. Subsequent elution with diethyl ether
furnished the fluorous Diels–Alder cycloadduct.

2.9.4. Polymer-Supported Reagents, Catalysts, and Scavengers

Apart from traditional solid-phase organic synthesis
(SPOS), the use of polymer-supported reagents (PSR) has
gained increasing attention from practitioners in the field of
combinatorial chemistry.[242] The use of PSRs combines the
benefits of SPOS with many advantages of traditional
solution-phase synthesis. The most important advantages of
these reagents are the simplification of reaction work-up and
product isolation, with the former being reduced to simple
filtrations. In addition, PSRs can be used in excess without
affecting the purification step. Reactions can be driven to
completion more easily by using this technique than in
conventional solution-phase chemistry.

The combination of MAOS and PSR technology is a
rapidly growing field.[243] An early example of microwave-
assisted PSR chemistry published by Ley et al. involves the
rapid conversion of amides into thioamides by employing a
polystyrene-supported Lawesson-type thionating reagent.[51]

A range of secondary and tertiary amides was converted
within 15 min with 3–20 equivalents of the PSR into the
corresponding thioamides in high yield and purity by using
microwave irradiation at 200 8C (Scheme 52). These thiona-

tion reactions showed a marked acceleration in the reaction
rate compared to classical reflux conditions, with reaction
times being reduced from 30 hours to 10–15 minutes. Inter-
estingly, heating at these elevated temperatures caused no
damage to the polymeric support. As toluene itself is a less
than optimum solvent for absorption and dissipation of
microwave energy (see Table 1), a small amount of ionic
liquid (1-ethyl-3-methyl-1H-imidazolium hexafluorophos-
phate) was added to the reaction mixture to ensure an even
and efficient distribution of heat.
Isonitriles represent an important class of monomers, and

their unique reactivity in MCRs (see for, example,
Scheme 26) have made them ideal targets for synthesis.
Since the preparation and subsequent purification of the
sometimes unstable isonitriles prepared by solution-phase
methods is not trivial, a process allowing the rapid generation
of isonitriles “on demand” is highly desirable. Two independ-
ent routes to isonitriles involving microwave-assisted PSR
chemistry were reported in 2002 (Scheme 53).[244–246] In the
approach described by Ley and Taylor, a suspension of an
isothiocyanate and a polymer-supported 1,3,2-oxazaphosh-
pholidine reagent (1.5–3.0 equiv) in toluene was heated under
sealed-vessel microwave irradiation conditions at 140 8C. This
method enabled the preparation of primary, secondary,
tertiary and aromatic isocyanides in high yields and puri-
ties.[244] In an alternative method presented by Bradley and
co-workers,[245] formamides (which themselves can be effi-
ciently prepared by MAOS)[246] were treated with a sulfonyl

Scheme 50. Heck vinylation of enamides in the presence of fluorous-
tagged ligands.

Scheme 51. Fluorous dienophiles as diene scavengers in Diels–Alder
cycloadditions.

Scheme 52. Thionation of amides using a polymer-supported thiona-
tion reagent.

Scheme 53. Preparation of isonitriles by using polymer-bound
reagents.
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chloride resin (3.0 equiv) and pyridine (50 equiv) in dichloro-
methane. The optimum conditions involved heating the
mixture at 100 8C for 10 minutes and provided the desired
isonitriles in moderate to high yields.[245,246]

Very recently, Porcheddu et al. described an attractive
“resin capture and release” strategy for the preparation of
libraries of 2,4,5-trisubstituted pyrimidines (Scheme 54).[247]

The key to the success of the “traceless” synthesis of the
pyrimidines is the capturing of b-ketoesters or b-ketoamides
on a solid-supported piperazine. Heating a mixture of the
piperazine resin, N-formylimidazole dimethyl acetal, and the
1,3-dicarbonyl compound in DMF in the presence of
10 mol% camphersulfonic acid (CSA) at 80 8C for 30 minutes
provided resin-bound enaminones in high yields. As in earlier
examples described in this Review (see Schemes 20 and 47), it
was found to be advantageous to work under open-vessel
conditions to allow the removal of the formed methanol from
the equilibrium. The desired pyrimidines were then released
from the resin by heating the resin-bound enaminones in the
presence of 1.0 equivalent of guanidinium nitrates (prepared
by a MAOS method) at 130 8C for 10 minutes. A 39-member
library of pyrimidines was prepared in excellent overall yields
and purities. Related microwave-assisted capture and release
strategies have been reported by Turner and co-workers.[248]

Some other applications of microwave-assisted PSR chemis-
try are summarized in Scheme 55.
A truly remarkable combination of polymer-bound

reagents, catalysts, and scavengers was used by Ley and co-
workers in their total synthesis of the natural product (+)-
plicamine (Scheme 56).[254] Microwave dielectric heating was
used as the primary means of accelerating a number of slow
reactions to maximize the quantities of intermediates that
could be progressed through the synthetic sequence. The
rapid optimization and screening of reaction conditions
permitted by the adoption of automated microwave synthesis
was crucial to the successful completion of this synthesis.
Further details are found in the original references.[254]

The methodical examination of microwave-assisted scav-
enging techniques has only been explored recently. An
appealing sequence of microwave-assisted synthesis and
scavenging was reported by Ellman and co-workers

(Scheme 57).[255] The authors used microwave heating in the
first step of their asymmetric synthesis of a-substituted
amines to facilitate the formation of an imine intermediate
from chiral 2-methylpropan-2-sulfinamide and an aldehyde
precursor. Optimized conditions involved heating the sulfi-
namide with the aldehyde (1.2 equiv) in the presence of the
Lewis acid and water scavenger Ti(OEt)4 (2.2 equiv) in
dichloromethane at 90–110 8C for 10 minutes. Excess titanium
reagent was removed by treatment of the crude mixture with
water-saturated diatomaceous earth and subsequent filtration
through silica gel. The nucleophilic addition of organomag-
nesium reagents to sulfinylimines proceeded with high
diastereoselectivity at �48 8C. Finally, cleavage of the sulfinyl
group with concomitant capture using a macroporous sulfonic
acid resin in the presence of catalytic amounts of ammonium
chloride (110 8C, 10 min) provided the desired amine tightly
bound to the acidic ion-exchange resin. After washing the
resin with methanol and dichloromethane, elution with
ammonia furnished the chiral amines in high overall yield
and purity.
A related, microwave-assisted scavenging process involv-

ing the rapid sequestration of amines by a high-loading Wang

Scheme 54. Resin capture and release strategy for the solid-phase syn-
thesis of pyrimidine libraries.

Scheme 55. Examples of resin-bound reactions: synthesis of 1,3,4-oxa-
diazoles using Burgess reagent,[249] Wittig reactions with triarylphos-
phanes,[250] catalytic transfer reaction involving formate,[251] O-alkylation
with O-alkyl isoureas,[252] and formation of amide bonds with carbodi-
imide.[253] HOBt=1-hydroxybenzotriazole.
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aldehyde resin was reported byMesseguer and co-workers,[256]

and a systematic kinetic study on microwave-assisted scav-
enging techniques involving various types of supports was
published in 2003.[257]

A recent review has highlighted the growing importance
of utilizing immobilized catalysts (namely, nanopalladium
species) in conjunction with microwave dielectric heating.[258]

2.10. Scale-Up Problems

It has to be noted that, with very few exceptions, most
examples of microwave-assisted synthesis discussed in this

Review were performed on a
less than 1 g scale (typically
1–5 mL reaction volume).
This is in part a consequence
of the recent availability of
single-mode microwave reac-
tors that allow the safe proc-
essing of small reaction vol-
umes under sealed-vessel
conditions by microwave irra-
diation (see Section 1.3).[36,38]

While these instruments have
been very successful for
small-scale organic synthesis,
it is clear that for microwave-
assisted synthesis to be
become a fully accepted tech-
nology in the future there is a
need to develop larger scale
MAOS techniques that can
ultimately provide products
routinely on a multikilogram
scale (or even higher).
Two different approaches

to closed-vessel microwave
synthesis on a larger scale (>
100 mL processing volume)
have emerged that have
taken into consideration the
physical limitations of micro-

wave dielectric heating.[259] While some research groups have
employed larger batch-type multimode[35,42,46,137,189,200,260] or
monomode reactors,[261] others have used continuous-flow
techniques (multi- and monomode)[59, 262] to overcome the
inherent problems associated with scaling-up MAOS.
Modern single-mode microwave technology allows the

performance of MAOS in very small reaction volumes
(0.2 mL).[263] Several authors have reported independently
the feasibility of directly scaling reaction conditions from
small-scale single-mode (typically 0.5–5 mL) to larger scale
multimode batch microwave reactors (10–500 mL) without
reoptimization of the reaction conditions.[42, 131,137,189,200] In
particular, volumes of up to 1000 mL have been reported to
be processed successfully in open-vessel environments under
microwave conditions.[46] The preferable option for processing
volumes of > 1 L seems to be a continuous-flow technique,
although here the number of published examples using
dedicated microwave reactors is limited.[59,262] At the present
time there are no documented published examples of the use
of microwave technology for organic synthesis on a produc-
tion-scale level (> 1000 kg), which is a clear limitation of this
otherwise so successful technology.[26]

3. Summary and Outlook

The examples provided in Section 2 of this Review should
make it clear that many types of chemical transformations can
be carried out successfully under microwave conditions. This

Scheme 56. Total synthesis of (+)-plicamine.[243]

Scheme 57. Preparation of chiral amines from sulfinylimines.
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does not necessarily imply that dramatic rate enhancements
compared to a classical, thermal process will be observed in
all cases,[264] but the simple convenience of using microwave
technology will make this nonclassical heating method a
standard tool in the laboratory within a few years. In the past,
microwaves were often used only when all other options for
performing a particular reaction have failed, or when exceed-
ingly long reaction times or high temperatures were required
to complete a reaction. This practice is now slowly changing
and, as a result of the growing availability of microwave
reactors in many laboratories, routine synthetic transforma-
tions are also now being carried out by microwave heating.
The benefits of controlled microwave heating, in particular

in conjunction with using sealed-vessel systems, are manifold:
* Most importantly, microwave processing frequently leads
to dramatically reduced reaction times, higher yields, and
cleaner reaction profiles. In many cases the observed rate
enhancements may be simply a consequence of the high
reaction temperatures that can rapidly be obtained by
using this nonclassical heating method, or may result from
the involvement of so-called specific or nonthermal
microwave effects (Section 1.2).

* The choice of solvent for a given reaction is not governed
by the boiling point (as in a conventional reflux setup) but
rather by the dielectric properties of the reaction medium
which can be easily tuned by, for example, addition of
highly polar materials such as ionic liquids.

* Themonitoring mechanisms for temperature and pressure
in modern microwave reactors allow for an excellent
control of reaction parameters (Figure 2), which generally
leads to more reproducible reaction conditions.

* The overall process is more energy efficient than classical
oil-bath heating, since direct “in-core” heating of the
medium occurs (Figure 1).

* Microwave heating can rapidly be adapted to a parallel or
automatic sequential processing format. In particular, the
latter technique allows for the rapid testing of new ideas
and high-speed optimization of reaction conditions (see
Figure 3). The fact that a “yes or no answer” for a
particular chemical transformation can often be obtained
within 5 to 10 minutes (as opposed to several hours in a
conventional protocol) has contributed significantly to the
acceptance of microwave chemistry both in industry and
academia. The recently reported incorporation of real-
time, in situ monitoring of microwave-assisted reactions
by Raman spectroscopy will allow a further increase in
efficiency and speed in microwave chemistry.[265]

Apart from traditional organic and combinatorial syn-
thesis protocols covered in this Review (see Section 2), more
recent applications of microwave chemistry include biochem-
ical processes such as a high-speed polymerase chain reaction
(PCR),[266] rapid enzyme-mediated protein mapping,[267] and
general enzyme-mediated organic transformations (biocatal-
ysis).[268] Furthermore, microwaves have been used in con-
junction with electrochemical[269] and photochemical proc-
esses,[270] and are also employed in polymer chemistry[271] and
material science applications,[272] such as the fabrication and
modification of carbon nanotubes or nanowires.[273]

So why isnDt everybody using microwaves? One of the
major drawbacks of this relatively new technology is equip-
ment cost. While prices for dedicated microwave reactors for
organic synthesis have come down considerably since their
first introduction in the late 1990s, the current price range for
microwave reactors is still many times higher than that of
conventional heating equipment.[36–38] As with any new
technology, the current situation is bound to change over
the next several years, and less expensive equipment should
become available. Microwave reactors will then truly have
become the “Bunsen burners of the 21st century”[274] and will
be standard equipment in every chemical laboratory.

Addendum

Many additional applications of controlled microwave-
assisted organic synthesis have appeared in the literature
since the submission of the original manuscript. A selection is
described below.
A series of air- and moisture-stable [Pd(allyl)Cl(NHC)]

complexes with N-heterocyclic carbene ligands has been
shown by Nolan and co-workers to catalyze Suzuki–Miyaura
cross-coupling reactions of aryl chlorides with boronic
acids.[275] This catalytic system is compatible with microwave
conditions and rapid couplings were observed within
1.5 minutes at 120 8C. The conventionally heated reactions
(60 8C) required several hours to reach completion. The same
article also reports on microwave-assisted dehalogenations of
aryl chlorides by using the same catalytic system.
Alterman and co-workers have employed a tandem

carbonylation/lactonization sequence for the synthesis of
phthalides.[276] Optimum conditions involved the use of
[Mo(CO)6] as a solid source of CO, and Pd(OAc)2/dppf as a
catalyst (5 mol%) at 180 8C. The microwave-assisted carbon-
ylation/cyclization method was also applied for the synthesis
of other scaffolds, such as dihydroisocoumarins, dihydroisoin-
dones, and phthalimides.
Harmata et al. have disclosed an efficient protocol for the

Pd-catalyzed N-arylation of enantiopure sulfoximines with
aryl chlorides.[277] Optimal results were achieved by using
Pd(OAc)2 as the Pd source in combination with rac-binap or
PtBu3 as ligands under microwave irradiation conditions. The
corresponding benzothiazines were obtained with aryl chlor-
ides bearing ortho-carbonyl substituents.
Hydrozirconation is a mild method for the selective

preparation of functionalized organometallic compounds, and
its compatibility with a range of common protecting groups
represents a considerable advantage of these species over
traditional organometallic reagents. Wipf et al. recently
reported that the hydrozirconation of alkynes with
[Cp2Zr(H)Cl] can be greatly accelerated by microwave
irradiation.[278] A synthetically useful one-pot method for
the preparation of allylic amides was elaborated where an
alkyne was first hydrozirconated by microwave irradiation,
followed by rapid addition of imines in the presence of
dimethylzinc.
Several research groups have reported other high-speed

microwave-assisted transition-metal-catalyzed transforma-
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tions, such as Suzuki,[279] Heck,[280] Sonogashira,[281]

Negishi,[282] and Liebeskind–Srogl reactions, [283] Buchwald–
Hartwig aminations,[284] and related reactions.[285]

Bahn and Adolfsson have demonstrated that functional-
ized 2,5-dihydropyrroles can be obtained by microwave-
mediated ruthenium-catalyzed ring-closing metathesis
(RCM).[286] The required olefin precursors were conveniently
obtained from aza-Baylis–Hillman adducts. Microwave irra-
diation for 1–2 minutes at 100 8C of a dilute solution of the
diene with 5mol% Grubbs II catalyst in dichloromethane
produces the desired dihydropyrroles in high yield. Micro-
wave-assisted enyne-RCM chemistry has been reported by
Brown and co-workers.[287]

A simple, high-yielding synthesis of 2,4,5-trisubstituted
imidazoles from 1,2-diketones and aldehydes in the presence
of ammonium acetate was recently reported by Wolkenberg
et al.[288] Alkyl-, aryl-, and heteroaryl-substituted imidazoles
were formed in very high yields ranging from 76–99% by
utilizing microwave irradiation. Further microwave-assisted
alkylation of 2,4,5-trimethylimidazole with benzyl chloride in
the presence of base led to the alkaloid lepidiline B in 43%
overall yield.
Wellner and co-workers have made extensive use of

microwave chemistry in the preparation of cyclic thioureas
and guanidines.[289] It was possible to assemble all intermedi-
ates and target molecules by MAOS without any need for
activation or protecting groups, thus reducing reaction and
workup times to a minimum. A variety of other heterocycle
syntheses based on microwave protocols have also been
published.[290]

A recent publication by the research group of Baran
reports the total synthesis of ageliferin, an antiviral agent with
interesting molecular architecture.[291] Just one minute (!) of
microwave irradiation of sceptrin, another natural product, at
195 8C in water under sealed-vessel conditions provides
ageliferin in 40% yield, along with 52% of recovered starting
material. Remarkably, if the reaction is performed without
microwaves at the same temperature only starting material
and decomposition products are observed.
Moody and co-workers have employed a “biomimetic”

hetero-Diels–Alder/aromatization sequence for the construc-
tion of the pyridine ring in amythiamicin D.[292] The key
cycloaddition reaction between the azadiene and enamine
component was carried out by microwave irradiation at
120 8C for 12 hours and gave the required 2,3,6-tris(thiazo-
lyl)pyridine intermediate in moderate yield. Coupling of the
remaining building blocks then completed the first total
synthesis of the thiopeptide antibiotic amythiamicin D.
The synthesis of fully N-differentiated heparin oligosac-

charides has been demonstrated by Lohman and Seeberger.
One of the many synthetic steps involves the simultaneous
installment of an N,N-diacetate and O-acetyl functionality in
a trisaccharide building block.[293] Microwave irradiation of a
solution in isopropenyl acetate in the presence of p-TsOH at
90 8C for 5 hours led to the desired product in 86% yield. This
transformation could not be achieved under a variety of
thermal conditions, with only poor yields achieved even after
several days.

Vasudevan and Verzal have found that terminal alkynes
can be hydrated under neutral conditions in the absence of
metal compounds (such as AuBr3) in distilled water.

[294]

Extension of this methodology led to a one-pot conversion
of alkynes into imines (hydroamination).
A recent report by Takvorian and Combs discloses the

rapid synthesis of 2-amino-substituted purines by rapid,
microwave-assisted nucleophilic aromatic substitution
(SN2Ar).

[295] Importantly, the authors also describe the use
of small-scale reaction vessels (0.2 mL) for optimization of
reaction conditions under optimal reaction concentrations.
Fukase and co-workers have reported the solid-phase

synthesis of indol-2-ones (four diversity centers) by a radical
cyclization pathway.[296] The key cyclization step was carried
out by using Bu3SnH and azodiisobutyronitrile (AIBN) in
DMF under microwave irradiation conditions and provided a
small library of 40 compounds. Interestingly, the related
radical cyclization in the solution phase was considerably
less effective.
A recent publication by Blackwell and co-workers reports

the multistep synthesis of a spatially addressed pyrimidine
library on planar membrane supports (SPOT synthesis).[297]

Microwave irradiation was used to speed up all three steps of
the synthesis on the planar support. Importantly, microwave
irradiation did not affect the integrity of the cellulose support
and the reaction could be easily scaled up by employing other
(nonplanar) types of cellulose supports.
A study by Zhang and co-workers describes a new

strategy for improving the efficiency of Suzuki coupling
reactions by combining rapid microwave synthesis with
fluorous separation techniques (F-SPE).[298] The aryl per-
fluorooctylsulfonate precursors for Suzuki-type couplings
were readily prepared from phenols and commercially
available perfluorooctylsulfonyl fluoride. Subsequent Suzuki
reaction with aryl boronic acids in the presence of a suitable
Pd catalyst provided the desired biaryls in high yield. Work-
up simply involved filtration of the reaction mixture through a
F-SPE cartridge. The same authors have also recently
reported on the deoxygenation reactions of aryl perfluorooc-
tylsulfonates.[299]

Lei and Porco have demonstrated the usefulness of a
thermally stable polymer-supported anthracene derivative for
scavenging dienophiles under microwave conditions.[300] This
strategy was used successfully to rapidly sequester reactive
dienophiles from reaction mixtures containing Diels–Alder
cycloadducts prepared by microwave-assisted Diels–Alder
reaction of flavonoid dienes. Diels–Alder reactions under
microwave conditions have also been used to modify single-
wall carbon nanotubes (SWNT).[301]

Two recent review articles highlight the importance of
microwave chemistry for carbohydrate chemistry.[302]
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A solvothermal route based on met-
al(iii) trimeric secondary building units
(SBUs) is reported along with methods allowing
the crystal structures of hybrid organic–inorganic structures to be
predicted. The association of a chromium(iii) trimeric SBU and 1,3,5-
benzenetricarboxylate gives a micro- and mesoporous solid. The
simulated crystal-structure solution matches the experimental X-ray
pattern. For more information see the Communications by C. Serre, C.
Mellot-Draznieks, G. F-rey, and co-workers on the following pages.
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Nanoporous Materials

A Route to the Synthesis of Trivalent Transition-
Metal Porous Carboxylates with Trimeric
Secondary Building Units**

Christian Serre,* Franck Millange, Suzy Surbl�, and
G�rard F�rey

Porous solids with either purely inorganic[1] or organic–
inorganic hybrid skeletons[2] are currently very topical,[3–7]

owing to their applications in ion exchange, gas separation,
catalysis, and more recently in hydrogen storage.[8–10] The
recent introduction of transition metals in the framework has
increased the range of possible applications by exploiting
their electronic and magnetic properties.[11–13] However, most
hydrothermal or solvothermal syntheses are based on “trial
and error” but with some successes with divalent (e.g., Co, Ni,
Cu) or trivalent cations (V, Cr),[11, 13,14] The most important
goal in the field is always to reach a real “design” of hybrid
porous solids, that is, the way to obtain tailor-made solids with
the required structures and properties starting from well-
characterized inorganic and organic species. From this point
of view, the number of synthetic routes that use a controlled
approach based on secondary building units (SBUs) is still
scarce. If some relative successes have been achieved in the
past decade with the use of por-
phyrin building blocks[15] or by the
combination of zinc, bypiridine,
and SiF6

2� ions,[16, 17] then the most
efficient synthetic route was devel-
oped by Yaghi and co-workers
with the use of tetrameric Zn4O
zinc clusters.[18] A few solids were
also obtained recently with
dimeric[19] or trimeric zinc
SBUs.[20–22] Thus, a large number
of hybrid solids with pore sizes up
to 27 = and very high surface areas
(� 4500 m2 g�1) have been pre-
pared. However, in the cases men-
tioned above their synthesis con-
ditions are not a complete SBU
approach. Soluble monomeric zinc
precursors and defined synthesis
conditions are used either to allow

the formation, with reasonable stability, of these building
units in solution prior to the reaction with carboxylate
moieties, or to allow the cooperative formation of the building
unit in the presence of the carboxylates moieties.

We report herein a new and “controlled SBU” approach
for trimeric inorganic species (three metallic octahedra
shared by m3-O), which keeps the integrity of the inorganic
precursor during the formation of the solid. The approach
involves acetates of trivalent transition metals (e.g., Fe, Cr, V,
Ru, Mn, Co),[23,24] as precursors, which are trimeric. The
trimeric acetate building unit is first prepared, then intro-
duced into the reaction media in the presence of the
dicarboxylic acid and finally, by increasing the temperature
and in the presence of base, a direct exchange between the
monocarboxylate (acetate) and the dicarboxylate moieties
occurs to produce a 3D solid in which the trimeric SBU
remains intact. We also report the successful use of these
SBUs in the rational synthesis of two new open-framework
iron(iii) dicarboxylates. This paper deals with the synthesis,
characterization and the structure determination from X-ray
powder data of two new 3D open-framework iron(iii)
dicarboxylates: FeIII

3O(CH3OH)3{
�O2C-(CH)n-CO2

�}3·
X�·(CH3OH)m ; X�= CH3CO2

� , n= 2, m� 4.5 (MIL-88 ; see
Figure 1) or X = Cl� n= 4, m� 6 (MIL-89).

MIL-88 exhibits a 3D structure built up from trimers of
iron(iii) octahedra linked to fumarate dianions to create a 3D
framework (Figure 2). This structure delimits both a 1D pore-

channel system along the c axis (Figure 2a), which is filled
with solvent molecules, and cages, which are filled with
acetate groups (Figure 2b). The free methanol molecules that
are present within the pores interact both through hydrogen
bonds with oxygen atoms of the inorganic trimers and through
Van der Waals interactions with the -CH3 groups of both the
free and bound methanol molecules. It should be noticed that
during the determination of the structure, a partial-site
occupancy was applied (see Supporting Information) for the
disordered free methanol (C(4)-O(6) and C(7)-O(5)) and
acetate groups (C(5), C(6) and O(7)).

Figure 1. Schematic representation of the synthetic route involving trimeric SBUs with MIL-88 given
as an example.
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UMR CNRS 8637
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In the case of MIL-89, only the structure of the high-
temperature form of MIL-89 labeled MIL-89ht (ht signifies
high temperature) or FeIII

3O(CH3OH)3{
�O2C-C4H4-

CO2
�}3·Cl� has been determined (see Experimental Section).

MIL-89ht also exhibits a 3D structure built up from trimers of
iron(iii) octahedra. The trimers are related together by trans,
trans muconate moieties, which ensures the three-dimension-
ality of the framework (Figure 3); small channels are also
present along the c axis and are filled with terminal methanol
groups and chloride ions. As previously observed for MIL-88,
a partial occupancy was found for a carbon atom (C(11)) of
one terminal methanol molecule (C(11)-O(7)).

In both structures, iron atoms are situated within an
octahedral environment of four oxygen atoms from the
bidendate dicarboxylates, one m3O atom, and one oxygen
atom from the terminal methanol group. Octahedra are
related through the m3O oxygen atom to form the trimeric
building units. Interatomic distanes and angles are generally
well defined with Fe�O, C�O, and C�C bond lengths within
1.83–2.04, 1.26–1.50, and 1.37–1.40 =, respectively, for MIL-
88 and 1.88–2.23, 1.27–1.50 A, 1.37–1.48 =, respectively, for
MIL-89ht. Bond-valence calculations indicate that iron atoms
in both structures are in a trivalent state. MIssbauer experi-
ments indicate that both solids have only octahedral iron(iii)
centers in a high-spin state; these results will be reported soon
in a full paper with a detailed study of the thermal behavior
and the sorption capacities of these solids.[25]

Despite the presence of the same SBUs in both MIL-88
and MIL-89ht, their structures have significant differences.
First, the position of the counteranion (Figure 4): in MIL-88,
the counterions are disordered acetate groups located at the
centre of cages and surrounded by five trimers and six organic
chains. MIL-88 can thus be considered as being built up from
successive layers of trimers alternating with acetate groups in
the (010) plane; the three-dimensionality is ensured by the
fumarate moieties along the c axis. In MIL-89ht, the packing
of trimers in the (010) plane is much denser and thus the
chloride counterion is now located between the layers within
the small channels along the c axis, delimited by six different
alkenes chains and six iron trimers. These differences could
come from the presence of free solvent in MIL-88, whereas
solvent from MIL-89ht has been removed; it is likely that
MIL-89 increases its cell volume when filled with methanol as
this phenomenon occurs with MIL-88 (cell volume increase
> 50 %) when filled with methanol. This “breathing” is
probably accompanied by a displacement of the anions in
both cases; these results will be reported soon.[25]

As described above, two new open-framework iron(iii)
dicarboxylates have been obtained through the “controlled
SBU” approach with retention of the initial trimeric SBU.
However, it cannot be proven experimentally whether the
trimeric SBU precursor remains intact throughout the syn-
thesis or whether it breaks up and reforms. In the presence of

Figure 2. View of the structure of MIL-88: a) along the c axis; b) along
the b axis. Iron octahedra, oxygen and carbon atoms are represented
in white, white and black respectively. For a better understanding, free
methanol molecules and acetate groups have been removed from (a)
whereas carbon atoms from the acetate are in gray in (b).

Figure 3. View of the structure of MIL-89ht : a) along the c axis;
b) along the b axis. Key: Fe octahedra white; O atoms white; C atoms
black; Cl atoms gray.
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terephthalic acid and with the same trimeric SBU precursor
under similar solvothermal conditions, a partial destruction of
the SBU occurred during the synthesis. The resulting solid,
MIL-85, was built up from both trimeric SBUs and monomers
and even some of the acetate ligands present in the initial
precursor were retained.[26] The presence of both trimers and
acetate moieties within MIL-85 indicates that part of the
trimeric precursor is probably kept during the synthesis.

Trivalent metal dicarboxylate (MIL-59) built up from
trimers of octahedra has been reported recently by our group
by using a vanadium(iii) complex and isophtalic acid under
hydrothermal conditions following the “trial and error”
method. In this case, a cubic structure with cuboidal cages
filled with solvent and chloride ions was observed.[14] This is
the only case of trimeric transition-metal carboxylate
obtained to date under hydrothermal conditions that exhibit
trimeric SBU.

Finally, our method is a new synthetic route that favors the
synthesis of open framework transition-metal carboxylates
with the trimeric SBUs.

These results show also that despite the presence of
identical trimeric SBUs, the structural type in the final solids
strongly depends on the nature of the organic linker, thus
demonstrating the structural richness of this synthetic route.
This successful use of predetermined SBUs in the synthesis of

metal carboxylates also opens the way for the “design” of
hybrid solids by using the simulation tool.[27–29] This is also the
first SBU route that involves trivalent cations; the number of
hybrid solids based on trivalent transition or p-block metals is
still scarce.[11–14,30–32]

In addition, as clusters of trimeric metal acetates with
various physical properties can be obtained with a large
number of transition metals, such as chromium, iron, vana-
dium, ruthenium, manganese, or cobalt,[23,24] there is a the
potential to synthesize open-framework trivalent metal poly-
carboxylates with different pore shapes and sizes as well as
unique physical properties. Several other porous hybrid solids
based on these trimeric SBUs with various trivalent cations
have been synthesized and will be soon reported, thus
enlarging the field of hybrid phases based on trimeric
transition-metals SBU.

Experimental Section
Synthesis: The trimeric iron(iii) acetate SBU was first prepared
according to Dziobkowski et al.[33] Subsequently, iron(iii) acetate,
fumaric acid (HO2C-C2H2-CO2H; Acros, 99%) or trans,trans-
muconic acid (HO2C-C4H4-CO2H; Aldrich, 98%), sodium hydroxide
(Aldrich, 97%), deionized water, and methanol (Prolabo, 99%) were
mixed in the following ratios: 1:3:1.5:50:1000 (based on one trimer).
The resulting orange gels were aged at 100 8C for 3 days in a teflon-
lined Parr bomb and cooled down to room temperature. The light-
orange solids are filtered, washed with methanol and acetone, and
dried at room temperature.

General analysis: Structure determination of MIL-89 was carried
out only on the high-temperature form MIL-89ht ; general analysis
was carried out on the room-temperature form that contains free
solvent molecules.

Thermal gravimetric analysis (TGA): TGA were performed in air
on both solids (MIL-88 and MIL-89) by using a TA-Instrument type
2050 analyzer. The results from both samples showed several weight
losses in the range from 273 to 873 K (see the Supporting Informa-
tion). The residual solid was identified as Fe2O3. MIL-88 exhibits two
weight losses of � 19.5 and 49%, the first within the range of 373–
423 K, which corresponds to the departure of the free methanol
groups followed by the departure of bound methanol; the second
within the range of 673–773 K, which corresponds to the loss of the
dicarboxylate and the anionic group. The same behavior is observed
for MIL-89 with two losses of � 20% and 56 %. In the analysis of
both samples, Fe2O3 crystallizes at higher temperatures. The losses
generally agree with the theoretical values (MIL-88 : free solvent:
17.3%, bound solvent plus organic fraction plus anion: 53.8%; MIL-
89 : free solvent: 20.7%, bound solvent plus organic fraction plus
anion: 53.7%). In the case of MIL-89, the best matching between
observed and calculated TGA losses has been reached for a content
of six free methanol groups per trimer of iron octahedra.

Elemental analysis: Iron, carbon, and chlorine contents were
determined at the C.N.R.S. Central Laboratory of Analysis of
Vernaison (France). Elemental analysis (%) calcd for MIL-88 :
C 31.04, Fe 20.2; found: C 24.0, Fe 21.8, Cl trace. Elemental analysis
(%) calcd for MIL-89 : C 34.9, Fe 18.1, Cl 3.83; found: C 28.12,
Fe 20.22, Cl 3.92. The deficit in observed carbon content comes in
both cases from the rapid loss of free methanol at room temperature
(MIL-88 : � 3–4 days; MIL-89 : < 1 day), which automatically
decreases the carbon content observed by quantitative analysis.

Density measurements: To avoid problems of free methanol
desorption at room temperature, an experiment performed on a fresh
sample of MIL-88 by using a Micromeretics apparatus, Accupyc 1330.

Figure 4. View of the cages delimiting the anionic moieties in MIL-88
(a) and MIL-89ht (b). Key: same as that Figure 3 except C atoms from
the acetate and Cl atoms are in gray.
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A volumic density of 1.55 gcm�3 corresponds reasonably well with the
calculated one (1.73 gcm�3).

Infrared spectroscopy: The infrared spectra of the title com-
pounds clearly shows in both cases the presence of the vibrational
bands characteristic of the -(O-C-O)- groups around 1550 and
1430 cm�1, thus confirming the presence of the dicarboxylate within
the solids. Large bands around 3500 cm�1 also confirmed the presence
of OH groups in both solids.

Structure determination: All attempts at obtaining single crystals
failed in both cases. The powder X-ray diffraction pattern of MIL-88
was collected on a D5000 (q-2q mode) Siemens diffractometer with
l(CuKa1,Ka2) = 1.54059, 1.54439 =. In the case of MIL-89, due to the
rapid evolution of the pattern at room temperature as well as a
decrease in the crystallinity (see Supporting Information), a temper-
ature in situ data collection was performed at 373 K by using a D5000
(q-2q mode) Siemens diffractometer equipped with an Anton Paar
HTK1200 oven. The pattern of MIL-88 was indexed in the hexagonal
space group P6̄2c (no. 196) by using the Dicvol program,[34] with the
following cell parameters a= 11.04(1) =, c= 14.80(1) =. The pattern
of MIL-89ht was indexed in the orthorhombic space group Pbnn
(no. 52) with a= 9.135(1) =, b= 16.137(1) =, c= 19.968(1) =. Then,
direct methods were realized by using the Expo program to localize
the iron atoms and some of the oxygen atoms.[35] Due to poor quality
of the data in the case of MIL-89ht, a combination of the Expo and
the Cerius programs was used,[36] which allows the manipulation of
the whole trimeric building block and based on the position of the
iron atoms found by Expo, Cerius allowed us to place the whole
inorganic SBU and the first carbon atoms of the muconate moieties at
a position compatible with the direct-method findings and the
experimental X-Ray diffraction pattern. Finally, free and bound
methanol molecules and the anionic counterions were located by
successive Fourier difference by using Shelxtl.[37] In the case of MIL-
88, disorder was present for the methanol groups and for the acetate
anion and half occupancies were applied during the refinement. For
MIL-89ht, the carbon atom of one of the terminal methanol groups
was also placed with a half occupancy. Finally, both structures were
refined by using Fullprof[38] and its Winplotr program.[39] Full details
of the structure determination are reported in the Supporting
Information.

The formula deduced from the structure determinations for MIL-
88 and MIL-89ht are: FeIII

3O(CH3OH)3{O2C-C2H2-CO2}3·(CH3-
CO2)·nCH3OH (n= 4.5) and FeIII

3O(CH3OH)3{O2C-C4H4-CO2}3·Cl.
The final agreement factors[40] were satisfactory for MIL-88: Rp =
11.9%, RBragg = 8.3% and RF = 7.7%. In the case of MIL-89ht, factors
are higher because of the poor quality of the X-ray data (Rp = 13.7%;
RBragg = 15.6%, RF = 9.7%) and only an approached structure of
MIL-89ht is proposed for the moment; better X-ray data will be
collected soon on the wet phase by using capillaries to determine
more precisely the structure of MIL-89. Final Rietveld plots, atomic
coordinates, and principal interatomic distances are given in the
Supporting Information.
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Molecular Modeling

Hybrid Organic–Inorganic Frameworks: Routes
for Computational Design and Structure
Prediction**

Caroline Mellot-Draznieks,* Julien Dutour, and
G�rard F�rey

The controlled synthesis of materials with very large pores is
an ongoing challenge in the area of materials science.
Research into large-pore materials is fueled by their use in
catalysis, gas storage, and separation.[1] After intense devel-
opment of inorganic frameworks in the early 1990s,[2] the
subsequent discovery of hybrid porous solids, in which the
connection of inorganic moieties is ensured by organic
functionalized N-donor or O-donor molecules, paved the
way for the rational design of hybrid frameworks.[3–11] A new
class of materials has emerged at the crossroads of inorganic
materials science and coordination chemistry. Among the
most illustrative examples of open frameworks are the zinc
carboxylate series by Yaghi, O+Keeffe, and co-workers, and
the transition-metal terephtalates that have remarkable
methane- and hydrogen-storage properties,[12] together with,
for example, a recent series of 3d transition-metal[13a,14] and
rare-earth[15]-based hybrids that exhibit interesting magnetic
properties.[13a] The richness of this area lies in the diversity of
topologies (from molecular to 3D) and properties, which is
conveyed in the wide choice of metal atoms that are available,
combined with a virtually infinite choice of organic counter-
parts (e.g., carboxylates, phosphonates, polyamines).

In the current search for new and interesting hybrid open
frameworks, the predictability of the framework architecture
and the control of its dimensionality are essential, even if one
is confronted with the underlying issue of polymorphism.[6]

The possibility of rational design with these types of solids has
rapidly emerged through the use of topological and chemical
considerations on existing networks.[7] The concept of rational
design is rooted in the fact that topochemically selected
reactions govern the construction process of the hybrid
framework under hydrothermal conditions. Although metal-
containing secondary building units (SBUs) may not be

isolated, their recurrence in a large number of structures
suggests that the targeted inorganic subunit already exits in
solution before their condensation into the framework
structure and thus may be obtained under appropriate
synthetic conditions. For example, this aspect is apparent
through the iso-reticular synthesis of IRMOFs1–16[12b]

derived from the prototypic MOF-5 structure.[12a]

In this context, structural prediction is an important issue.
It is crucial to consider how systematic approaches might be
computationally developed for producing new hybrid frame-
works, with the desire of developing virtual libraries that
might be accessible by rational synthesis.

It is worth underscoring here that crystal-structure
prediction is now routinely explored in organic chemistry
and polymer science,[16,17] in which candidate structures may
be predicted by assembling molecular entities through hydro-
gen-bond intermolecular interactions. In contrast, such devel-
opments have only been recently reported for inorganic
crystal structures, which are extremely difficult to predict due
to their infinite lattices. Pioneered by Newsam et al. in the
field of zeolites,[18] crystal-structure prediction[18–28] and
rational design[29–31] are now at work in the field of open
frameworks. Due to their ability to cross hypersurface energy
barriers and search for low-energy regions, global optimiza-
tion techniques are intensively used to predict atomic-scale
arrangements of infinite lattices and are able to handle the
assembly of atoms, ions,[20, 22–25] or predefined building units in
three dimensions.[21, 27,28]

We have introduced the concept of building units for the
computational prediction of crystal structures with the
AASBU method (automated assembly of secondary building
units).[21,27,28] This method explores the possible ways of
assembling predefined inorganic building units, and focuses
on the topology of network-based structures.

Inspired by these recent developments, we present herein
the extension of the AASBU method to the realm of hybrid
organic–inorganic frameworks and demonstrate its capacity
to produce hybrid candidate crystal structures that are built
from predefined organic and inorganic counterparts. To our
knowledge, no systematic computational strategy has been
reported in this field so far.

Indeed, hybrid frameworks offer ideal features for
computational developments: although the isolated metal
ion, taken alone, lacks directional information, the inorganic
unit derived from the metal atom and the organic ligand does
(Figure 1). Once the inorganic and organic units are defined,
one may assume that there are a limited number of arrange-
ments that are compatible with periodicity and symmetry.
With predefined organic and inorganic building units,
AASBU simulations are used here to perform their auto-
mated assembly in three dimensions, thus exploring the
possibilities of connection. The simulations yield a virtual
library of candidate hybrid frameworks that are assorted by
their space group, cell parameters, and atomic positions.

Our initial efforts were aimed at validating the AASBU
approach in the field of hybrid frameworks by simulating
existing architectures. In the second instance, we aimed at
predicting structures that have not yet been synthesized, both
to tackle the issue of polymorphism by limiting the domain of

[*] Dr. C. Mellot-Draznieks, J. Dutour
Institut Lavoisier–UMR CNRS 8637
Universit# de Versailles St. Quentin
45 Avenue des Etats-Unis, 78035 Versailles Cedex (France)
Fax: (+33)1-3925-4358
E-mail: mellot@chimie.uvsq.fr

Prof. G. F#rey
Institut Universitaire de France
Institut Lavoisier
Universit# de Versailles St. Quentin
45 Avenue des Etats-Unis, 78035 Versailles Cedex (France)

[**] This work was supported by Centre National de la Recherche
Scientifique. We thank C. Serre and F. Millange for useful assistance
and discussions.

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

Communications

6290 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200454251 Angew. Chem. Int. Ed. 2004, 43, 6290 –6296



structures that are possible for a given metal–organic-ligand
pair, and to aid the often-difficult task of crystal-structure
determination.

In the computational approach that we have developed,
the inorganic and organic counterparts may be treated as two
different building units, or encapsulated in a single hybrid
building block. Both approaches were explored. The prelimi-
nary step consists of the elaboration of a suitable library of
SBUs, which we directly extracted from known and typical
hybrid frameworks (Figure 1). The inorganic unit is modeled
by a rigid body, ({MxL

inorg
y }; M: metal centers; Linorg: ligand

atoms of the inorganic units). The organic unit is treated as a
flexible body, (CnL

org
m ; C: carbon skeleton, Lorg: ligand atoms

of the organic units such as oxygen atoms of carboxylate
functions). The computational assembly is further controlled
through the use of predefined “sticky-atoms”: all ligand atoms
on both the organic and inorganic units, Linorg and Lorg, are
defined as equally possible linkage points.

The rules that control the possible assembly of the organic
and inorganic building units during the subsequent simulation
steps are encapsulated in a forcefield that includes “sticky-
atom” pairs. They are parameterized on an atom–atom basis
by a simple Lennard–Jones expression for the energy of
interaction between pairs of atoms i and j, as defined in
Equation (1):

Eij ¼ eij ½ðr*ij=rijÞ12�2 ðr*ij=rijÞ6� ð1Þ

The Lorg···Linorg sticky-atom pairs are those that form the
organic–inorganic linkages, parameterized as a highly attrac-
tive potential well with a minimum at very short Lorg···Linorg

separations. Similarly, Linorg···Linorg sticky-atom pairs are those
that form inorganic–inorganic clusters. A repulsive potential
between Lorg···Lorg pairs avoids overlapping or connections of
organic molecules to one another (Table 1). This potential
serves simply to “glue” together organic and inorganic units
according to general criteria. The total cost or energy of a
given arrangement of organic and inorganic building units in a
unit cell, Etotal, is calculated as the sum over the set of building
units of the Lennard–Jones terms [Eq. (1)] that involve

Figure 1. Left: Examples of mono-(a), di-(b), and tetrameric (c) metal clusters and organic carboxylate ligands commonly found in hybrid frame-
works. Right: For each organic/inorganic combination, an example of existing very open framework is shown. (*) The lattice energy of HKUST-1
could not be easily estimated due to the Cu�Cu metal bond and therefore the difficulty of estimating partial charges on Cu atoms.

Table 1: Lennard–Jones (L.–J.) parameters used in the AASBU simula-
tions for assembling BDC and octahedral metal centres {ML6}.

[a]

Atom pairs L.–J. potential eij [kcalmol�1] rij [I]

Linorg···Lorg attractive 1000 0.2
Linorg···Linorg attractive 1000 0.2
Lorg···Lorg repulsive 1 2.2

[a] The potential parameters that ensure the intramolecular flexibility
(bond, angle, torsions) of the organic ligand during the AASBU
simulations are given in the Supporting Information.
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dissimilar pairs of atoms, plus a term relating to the intra-
molecular energy of the flexible organic unit, as defined in
Equation (2):

Eorganic ¼
X

atoms ðEbond þ Eangle þEtorsionÞ with

Ebond ¼
1
2
kij ðrij�roÞ2, Eangle ¼

1
2
kijk ðqijk�qOÞ2, Etorsion

¼ 1
2

X
nB ð1�dcosðnfijklÞÞ

ð2Þ

The cost function used here is not an expression of the
internal energy of the system, but simply evaluates its degree
of connectivity.

Minimal amount of input data is required for a given
simulation: the number of organic units per asymmetric unit,
the number of inorganic units per asymmetric unit (alter-
natively the number of hybrid building blocks), and optionally
the space group, as in the most general case simulations may
be performed in P1. The simulations are not constrained by
the cell dimensions. The number of independent entities
(organic versus inorganic) is the key input parameter
restricting the subsequent search within structures that have
the desired metal:organic ratio. This method is therefore
adequate for searching polymorphs of hybrid frameworks.

The computational steps for generating candidate peri-
odic hybrid structures are performed by using the AASBU
method.[27] The main steps are summarized below, further
details may be found in reference [27]: 1) periodic trial
arrangements of organic and inorganic units are generated
by using a simulated annealing Monte Carlo procedure within
the imposed space group and the imposed number of organic
and inorganic units per asymmetric unit. At this stage, the
stored configurations correspond to unconnected organic and
inorganic units in 3D space. 2) Each unique arrangement is
minimized with respect to the total cost function [Eqs. (1) and
(2)]. This is a key step at which the assembly of inorganic and
organic units (or alternatively hybrid building blocks) through
the predefined linkage points is performed, which possibly
leads to periodic connected hybrid arrangements. At this step,
the flexibility of the organic unit is crucial to make adequate
connections to the inorganic units. 4) Sticky-atom pairs,
Lorg···Linorg and Linorg···Linorg, are reduced to a single atom.
Realistic predictions of crystal structures are thus produced.
The symmetry of each candidate hybrid structure is redeter-
mined by using the Find_Symmetry algorithm.[32]

The AASBU simulation steps were performed by using
the Polymorph Predictor of the Cerius2 program.[33] The
simulations are left with a list of candidate hybrid structures
(space group, cell, atomic positions). A typical calculation
requires from around 2 h for “mixing” one simple inorganic
unit and one organic molecule per asymmetric unit up to
more than 16 h for assembling a more-complex hybrid
building block on an Octane SGI R12000 workstation
operating at 300 MHz.

As a final step to estimate the stabilities of the hybrid
candidates, lattice-energy minimizations were performed on
each candidate crystal structure. Short-range interactions
were calculated by using the UFF forcefield.[34] The electro-
static contribution was calculated with an Ewald summation

by using partial charges obtained from the charge-equilibra-
tion method.[35]

With the purpose of demonstrating the viability of our
approach in the area of hybrid frameworks, we first focused
our efforts on the simulation of existing and well-character-
ized hybrid frameworks. A limited number of very-large-pore
hybrids were chosen as prototypic structures, such as MIL-53
(M(OH)(BDC), BDC= benzene-1,4-dicarboxylate, M=

V3+,[36a] Cr3+ [36b] or Al3+ [36c]), HKUST-1 (Cu3(BTC)2(H20)3;
BTC= benzene, 1,3,5 tricarboxylate),[37] and MOF-5
(Zn4O(BDC)3)

[12a] (Figure 1), that is, with the specific aim of
predicting their full crystal structure by using the related
inorganic unit (monomer, dimer, tetrameric respectively) and
organic ligand.

A first possible approach consists in computationally
assembling independent organic and inorganic units. This
mixture approach was explored in the case of the monomeric,
trimeric, and tetrameric metal clusters. In the case of the
dimeric metal cluster an approach with a hybrid building
block is presented below. For example, a series of AASBU
simulations were performed with one single octahedron per
asymmetric unit, in which the six ligand atoms were possible
linkage points, together with one BDC molecule per asym-
metric unit in which the four oxygen atoms were defined as
possible linkage points thus ensuring a 1:1 metal:organic
ratio. Various space groups were sampled: P1, P1̄, Cc, Pna21,
P3, P3̄, P4, P4̄, P6, and P6̄. The MIL-53 topology was
produced in space group Cc among a list of 54 candidates,
with the final high symmetry, Imma, in excellent agreement
with that of the experimental structure, (Imcm)[36c](See
Figure 1a). Interestingly, MIL-53 belongs to the class of
flexible networks that exhibit a very large breathing effect
upon water adsorption/removal, which results in important
changes in the symmetry and cell size (hydrated:C2/c ;
calcined:Imcm).[36c] Interestingly, the simulations performed
here in the absence of extraframework species (i.e., water)
yield theMIL-53 topology in its high symmetry form, which is
indeed the symmetry of the experimental calcined (water-
free) structure.

When this method was adopted for each inorganic and
organic units in the required ratio, the expected metal–
organic frameworks were generated (Table 2, Figure 1, and
Figure 2). An illustrative example was tackled with the
tetrameric units found in the prototypic MOF-5 (Figure
1b).[12a] AASBU simulations were performed by mixing one
single tetrameric unit, {M4(m3-O)(L3)4}, defined with 12 pos-
sible linkage points, and 3 BDC molecules per asymmetric
unit, defined with 3 O 4 possible linkage points. During the
simulations steps, only connections between the inorganic
unit and the BDC molecules were allowed, while preventing
inorganic–inorganic connections with repulsive parameters.
The MOF-5 topology was predicted successfully and
appeared in space group Aba2, which was ranked the
lowest-energy structure among a list of 115 candidates.
Indeed, only the first two candidates corresponded to
plausible inorganic–organic frameworks: the framework
adopts the topology in which {M4(m3-O)(L3)4} tetramers are
connected through twelve Linorg···Lorg interactions to six
carboxylates in the octahedral directions to form the expected
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porous cubic structure. The lattice energy minimizations, the
simulated cell parameter, and symmetry (25.3 P, Fm3̄m) of
the first candidate are in excellent agreement with the
experimental findings (25.67 P, Fm3̄m).

An interesting alternative to the computational mixture of
independent organic and inorganic units (see above) is to
consider a single hybrid building block and to allow its self-
assembly during the subsequent simulation steps. This
approach, which has the advantage of being directly inspired
by the concept of secondary building blocks used by synthesis
chemists for the design of targeted networks, was explored
with a paddle-wheel cluster that is known in many com-
plexes[38] and was involved in the synthesis of hybrid frame-
works.[7a,37] We started from the SBU proposed by Williams
and co-workers in the description of the 3D hybrid frame-
work, HKUST-1.[37] As illustrated in Figure 2, the {Cu2}
dimers were placed at the vertices of an octahedral unit
while being interconnected through BTC molecules placed at
four of the eight triangular faces of the octahedron. During

the AASBU simulations, this
hybrid building block was allowed
to self-assembly by direct edge
sharing at the Cu�Cu metal bond.
By using two building blocks per
asymmetric-unit, we successfully
simulated and energy minimized
the expected HKUST-1 structure
in the initial space group C2, which
lead to a crystal structure with the
expected symmetry Fd3̄m and cell
parameters (asim = 26.134 P/aexp =

26.343 P).
When compared to the first

approach, which mixes independ-
ent organic and inorganic units, the
hybrid building block inherently
contains additional structural
information on organic–inorganic

connections. While obviously requiring an advanced knowl-
edge of the system under study, this approach should in
principle allow a more restricted (i.e., more rapid) production
of viable hybrid candidates.

An attractive feature of the simulations is indeed the
generation of new topologies. Typically, while assembling one
{MO6} octahedron and one BDC molecule (section above),
not only the experimentally known MIL-53 structure was
predicted but also a series of not-yet-synthesized topologies
ranging from lamellar to 3D extended structures. Figure 3
shows a selection of three hypothetical structures chosen for
their serendipitous topological relationships. The three struc-
tures derive from the same layer (Figure 3a) and differ only
by the degree of “condensation” of the sheets: the stacking of
unconnected sheets builds the first structure (Figure 3b),
while the second (Figure 3c) shows stacking of dimerized-
planes. The third structure has a 3D network (Figure 3d) that
results from the infinite stacking of the planes. Another
interesting 3D hexagonal structure was produced (Figure 4a),
which exhibits large tunnels (1= 15,6 P). These candidates
illustrate how simulations may be a valuable tool for high-
lighting topological relationships.

On the other hand, the number of hybrid structures that
contain trimeric metal clusters formed by the assembly of
three vertex-sharing octahedra is very scarce.[7b,39] For this
reason, our group has recently focused on their chemical
condition of existence in hydrothermal synthesis.[40] By using
our computational approach to encapsulate the trimeric metal
cluster and BDC (or BTC) molecules in a hybrid building
block, we simulated a whole series of plausible and very open
frameworks.

Figure 4b–c show two hypothetical topologies generated
by using a building block that contains BDC and trimeric
metal clusters. These topologies represent cubic polymorphs
with large cell volumes, 23579 P3 and 64524 P3, and have
central cages with an internal diameter of 25 P, accessible
through “four rings” of trimers. A detailed study on this new
family of polymorphs will be published elsewhere. [41]

Most interestingly, one of the trimeric BTC-based hybrid
polymorph (Table 2) has a giant unit cell and exhibits a

Table 2: AASBU simulations of experimentally known hybrid frameworks.

Organic and
inorganic units

Organic/inorganic
ratio imposed

Initial space
group[a]

Predicted
structure

Final space
group[a]

Ref.

BDC + {ML6} 1:1 Cc MIL-53 Imma [36]
BDC + {M4(m3-O)L12} 3:1 Aba2 MOF-5 Fm3̄m [12a]

Hybrid building-block Organic/inorganic
ratio imposed

Initial space
group[a]

Predicted
structure

Final space
group[a]

Ref.

{M6(BTC)4}
[b] 3:2 C2 HKUST-1 Fm3̄m [37]

{M6(BTC)4}
[b] 3:2 Fd3̄m MIL-100 Fd3̄m [41]

[a] We make a distinction between the space group as imposed during the AASBU simulations
themselves (initial space group) and the space group as obtained from the final symmetry analysis of
the simulated structures (final space group). They may be different as arrangements of higher symmetry
than that imposed may be produced. [b] The building blocks are built with 12 metal centers (4 trimeric
clusters or 6 dimers). However, each dimeric (or trimeric) metal cluster is parameterized to be half-
shared with another building block, hence the reported composition of 6 metal centers per building
block.

Figure 2. Left: Hybrid building blocks derived from
[{Cu3(BTC)2(H2O)3}n] .

[37] This is an octahedral unit where {Cu2} dimers
are placed at the six vertices. The four BTC molecules are placed at
four of the eight triangular faces of the octahedron. Right: The
expected HKUST-1 structure was computationally generated by self-
assembling the hybrid building block (different colors are used for
each building block).
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Figure 3. Topological relationships between three simulated hybrids that were obtained by assembling one BDC molecule and one octahedron per
asymmetric unit. The three structures are built from the same plane (top and side view in a), which range from lamellar (b and c) to 3D networks
(d). I : intensity (arbitrary units).

Figure 4. Hypothetical very-open hybrid frameworks, simulated by assembling BDC with a single octahedron (a), and with trimeric metal clusters
(b) and (c).
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simulated diffraction pattern that exactly matched the
experimental pattern of a new phase synthesized in our
group, MIL-100. Thus we obtained the solution of its direct-
space structure and ensured a valid model for subsequent
structure refinement.[42]

In conclusion, this work addresses the computational
prediction of hybrid organic–inorganic extended lattices. The
production of candidates of crystal structures was successfully
performed by direct-space assembly of building units by the
AASBU method, either through mixing independent organic
and inorganic units or by assembling predefined hybrid
building blocks. Hybrid candidates that are compatible with
the imposed metal:organic ratios were generated with their
cell parameters, space group, atomic positions, along with
their simulated diffraction pattern and an estimate of their
lattice energies. Since no explicit limit regarding the nature,
number, and size of the inorganic and organic units, or hybrid
building block is involved, the method offers boundless
potential for exploring hybrid frameworks in terms of the
topological diversity.

The most appealing development arises from the com-
puter-assisted design of hybrid frameworks. Indeed, in a
significant number of systems, it is well-known that controlled
synthesis conditions can promote the occurrence of specific
building units, which serve to “propagate” the infinite crystal
structure. We believe that the computational approach
presented herein is valuable to create virtual libraries of
viable hybrid polymorphs. Furthermore, AASBU simulations
have proven to be, for the first time in the realm of hybrids, a
tangible route towards structure solution in direct space.[42]

This challenging area is of crucial interest when high quality
diffraction data are not available or when very large cell sizes
are involved. The development of a structural model in direct
space, starting with minimal knowledge such as the metal:
organic ratio, is shown to be possible. With such a method in
hand, formerly intractable structural problems when using
methods based on conventional reciprocal space become
feasible in direct space.

We believe this approach serves a step forward in the
computational anticipation and structure solution of hybrid
frameworks. It should allow one to tackle the issue of
polymorphism, while opening up the field of synthesis of
new hybrid frameworks and structure solution for compounds
that have not yet been characterized.

Received: March 12, 2004 [Z54251]
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Molecular Modeling

A Hybrid Solid with Giant Pores Prepared by a
Combination of Targeted Chemistry, Simulation,
and Powder Diffraction

G�rard F�rey,* Christian Serre, Caroline Mellot-
Draznieks, FranckMillange, Suzy Surblé, Julien Dutour,
and Ir ne Margiolaki

Molecular gigantism is very topical in inorganic chemistry.[1–5]

Inorganic and hybrid nanoporous solids, and keplerates[5]

provide illustrations of this trend. Beside its academic
interest, this research is motivated by the numerous applica-
tions related to this gigantism, such as their use as possible
nanoreactors, or in catalysis,[6] gas separation,[7] and gas
storage.[8] Besides the systematic chemical search of new
systems, two main topological concepts were applied to reach
a possible design of porous solids: “scale chemistry”[9] for
inorganics and “reticular synthesis from augmented
nets”[3,10,11] for metal–organic frameworks (MOFs). These
two concepts have however limitations: they cannot always
provide polymorphs; their topological predictions rapidly
lead to complex structures that are almost impossible to solve
in the absence of single crystals. We shall prove in the
following that, in the domain of MOFs, the introduction of
computer simulation beside targeted chemistry of the inor-
ganic moiety push forward these limits. It leads to a new
crystalline MOF (MIL-100) with a giant cubic cell, the volume
of which is close to 380000 33. It exhibits a hierarchy of
micro- (1� 6.5 3) and mesopores (1� 25–30 3) and a large
sorption capacity (3100 m2g�1).

The dream of the solid-state chemist is the synthesis of
“tailor-made” compounds with predicted structures and
properties. Forbidden in the case of high-temperature syn-
thesis, which is governed by diffusion processes, the synthesis
of tailor-made solids is indeed on the way to being realized in
the ever growing domain of MOFs, the synthesis of which
gives solids by precipitation of the species from solution. In
three main seminal articles,[3, 11,12] Yaghi, O7Keeffe, and co-
workers progressively defined the concept of reticular
chemistry with the chemical and topological rules that
govern this possible design. This concept starts from the
existence in solution of well defined and rigid inorganic and
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organic building blocks, which must maintain their structural
integrity throughout the construction process of the solid. The
proper choice of these inorganic and organic building blocks
and their assembly by strong bonding must lead to predeter-
mined ordered structures, reminiscent of the topology of
dense structures. Numerous examples in the literature
illustrate this concept.[9,12]

However, one of the limitations of this approach concerns
the enumeration of the possible predetermined frameworks
accessible from predefined building blocks. So far, what is
usually called “design” is the realization of a reasonable
expectation of a given structural arrangement. Indeed, the
idea of a framework resulting from the connection of building
blocks refers only to the most probable organization, based on
an initial intuition strengthened by topological symmetry
rules.[12] Keeping in mind the principles of reticular chemistry,
we applied our new concept to crystal structures of MOFs
with the aim of exploring all possible combinations of
connections between inorganic and organic building blocks
in the system experimentally under study by using original
global optimization simulations.[13] This computational
approach takes advantage of our previous AASBU
method,[14] based on the concept of secondary building units
(SBU), to assemble organic and inorganic units. It explores
the whole space of configurations with the corresponding cell
parameters, space groups, and theoretical atomic coordinates;
it classifies the different solutions by their relative energies
and therefore gives the most likely arrangements. The validity
of the method was first proved by finding hybrid structures
that are already known, built from different types of inorganic
and organic building units. Moreover, unknown topologies
with reasonable relative “energies” appeared during the
calculations for all the inorganic and organic building units
considered. Finally, the calculated X-ray powder-diffraction
pattern for each candidate topology may be directly com-
pared to patterns obtained experimentally, thus allowing the
rapid identification of new phases. The efficiency of this
method relates to the way that it is carried out, but requires
that the inorganic building block be present at an early stage
of the reaction.

We recently developed separately the computational[13]

and experimental[15] aspects of our concept. Among the best
identified inorganic building blocks, our attention focused on
the determination of the chemical conditions leading to
trimers that are formed by the assembly of three octahedra
sharing a common vertex m3-O,[15] because known examples
are scarce.[3, 16] The conditions used to synthesize the inorganic
building units depend on the nature of the cation. Although
we initially focused on complexes of Fe3+ ions,[15] the search
was extended to complexes of Cr3+ ions. The combination of
Cr3+ ions with trimesic acid (benzene-1,3,5-tricarboxylate;
BTC) under hydrothermal conditions leads to a new pow-
dered chromium hybrid solid (MIL-100).

MIL-100 is a highly crystalline and pure green solid, a
chromium trimesate of chemical composition
Cr3F(H2O)3O[C6H3-(CO2)3]2·nH2O (n ~ 28). Its resulting pat-
tern is so complicated (Figure 1) that, in the absence of single
crystals, the knowledge of the related structure is ruled out.
Consequently, our new simulation method[13] dedicated to the

prediction of MOFs is used to predict candidate crystal
structures of MIL-100. Candidates polymorphs for the [Cr–
BTC] system are simulated as follows. Based on the
assumption that there are inorganic trimers (Figure 2a) in
the new hybrid MIL-100, as highly suggested by our previous
results,[15] and that these trimers are linked to the constitutive
organic ligand (BTC), possible hybrid building blocks are
computationally designed and auto-assembled. Indeed, the
arrangement of BTC and inorganic trimers into a large super
tetrahedron (ST) was considered as a possible hybrid building
block (Figure 2b) and was selected for its compatibility with
the chemical composition (metal:organic ratio) of MIL-100.
The ST is built in such a way that the four vertices of the ST
are occupied by the trimers while the organic linker is located
at the four faces of the ST. The connection of the ST is
established through vertices to ensure a 3D network of
“corner-sharing” super tetrahedra. At this stage, three
interesting candidates of likely crystal structures were iden-
tified and assorted with their full crystallographic parameters
together with their simulated X-ray powder patterns. Strik-
ingly, all three candidates are upper homologues of zeotype
architectures,[19] that is, MEP, MTN and a new hexagonal type,
referred to hereafter as HEX, in which each tetrahedral

Figure 1. a) Comparison of the simulated X-ray pattern predicted for
MIL-100 (full lines) with that of the experimental (circles). b) Final
Rietveld plot of the as-synthesized MIL-100. In both figures, the differ-
ence spectrum appears at the bottom. I = intensity.
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center (TO4), typical of zeolites, is occupied by one super
tetrahedron. The corresponding structures, described with
more details below (Table 1) illustrate the concept of “scale
chemistry”.[9] They represent polymorphs with cell volumes in
the range 120000–360000 33. Two of them are cubic (MEP,

MTN; space group Fd3̄m, Pm3̄n, respec-
tively), the third is hexagonal (HEX, space
group P63/mmc). From this point of view, our
computational approach is able to create the
potential upper homologues of numerous
silicates and zeolites with ST instead of small
tetrahedra.

Interestingly, the simulated pattern of the
MTN-type hybrid structure matches the
targeted experimental pattern of MIL-100
(Figure 1a), thus yielding the solution of the
direct-space structure of the new phase and
ensuring a valid model for subsequent struc-
ture refinement. The diffraction pattern
calculated from the MTN-type computed
model corresponds exactly to the position of
the Bragg peaks of the new structure. The
only difference (Figure 1a) concerns the
discrepancy between simulated and exper-
imental intensities; the simulated pattern
obtained from the computed model corre-
sponds only to the skeleton whereas the
experimental pattern also takes into account
the contribution of the occluded species.
Owing to the large cell volumes involved, the

challenge was then to consider the possibility of a Rietveld
refinement of the structure, which required first a very good
collection of powder data by using synchrotron radiation (see
Experimental Section). Finally, the atomic coordinates and
cell parameters of MTN-type model predicted from the

simulations were used to perform the Riet-
veld refinement of the synchrotron diffrac-
tion pattern of MIL-100. Surprisingly,
despite the large number of parameters (67
independent framework atoms,
� 170 parameters, in a cell volume of
387000 33), the refinement converges
toward good R values and improves the
prediction by locating the position of
inserted species, which are free water mol-
ecules in the case of MIL-100. The final
Rietveld plot is represented on Figure 1b.
The refinement correctly converged towards
the general formula Cr3F(H2O)3O[C6H3-
(CO2)3]2·nH2O (n� 28), which is in agree-
ment with the chemical analysis. Extra
framework water molecules were localized
by using Fourier-difference maps (45 inde-
pendent water molecules). Full details are
given in the Supporting Information.

This is the first time, in the field of hybrid
solids, that a rational simulation approach
provides a solution of the crystal structure
constructed only from topological criteria,
which matches the experimental X-ray dif-
fraction pattern of the solid (Figure 1). It is a
new method in which conventional direct- or
reciprocal-space methods cannot be used in
the structure-solution process. The very-

Figure 2. a) The original building block with a trimer of metal octahedra chelated by three carboxylic
functions. b) The ST formed by using trimesic acid, which occupies the faces of ST. c) Ball-and-stick
view of a unit cell of MIL-100; one supertetrahedron is represented by using octahedra for a better
understanding. Free water molecules have been omitted for clarity.

Table 1: Simulation of Cr–BTC hybrid frameworks: Selected structural features of three candidate
polymorphs.

[a]MTN
cubic Fd3̄m BTC
a [I] 71.26
V [I3] 361774
No. of independent positions per asymmetric unit 68
Densitycalcd [gcm

�3][b] 0.7843

Supertetrahedron
Edge length [I] (between m3O) 9.40
No. of atoms of the wall 24 Ocarboxy+36 CBTC +12 M
Internal diameter [I] 6.64
(Recall for C84:18.96–2.80=16.16 I)

Pentagonododecahedral cages (20 vertices)
Coordinates of the centroid 0,0,0 (16c positions of Fd3̄m

with origin at 0,0,0)
Accessible diameter [I] 24.6 with Rvdw

c :1.40 I

Large cages (28 vertices)
Coordinates of the centroid 1/8,1/8,1/8 (8a positions of

Fd3̄m with origin at 0,0,0)
Accessible diameter [I] 31.0 with Rvdw

c :1.40 I

[a]MEP
cubic Pm3̄n BTC
a [I] 49.27
V [I3] 119635
No. of independent positions per asymmetric unit 82
Densitycalcd [gcm

�3][b] 0.8022
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large cell volume involved in our results opens the window to
the discovery of numerous new solids with huge potential
applications. In the absence of single crystals, such solids
could never be tackled before owing to the extreme complex-
ity of the corresponding structures. They now become
accessible.

In the supertetrahedra (see Supporting Information), all
the bond lengths are in the usual range (1.81–2.18 3 for Cr�O,
1.37–1.64 3 for C�C; 1.23–1.37 3 for C�O). Moreover,
valence-bond calculations show that in the trimer the terminal
oxygen atom is from a water molecule. The aromatic ring of
BTC occupies the center of the faces of the ST. Within the ST,
the cage, which has 24 oxygen atoms and carbon 36 atoms and
an internal diameter of 6.6 3. This dimension corresponds to
the domain of micropores, in the same range as zeolites.

More interestingly, the corner sharing of the ST delimits a
framework with two types of cages (Figure 3), whose dimen-
sions are now typically in the range of mesopores. The
smallest cage, which has 20 ST, has an internal diameter of

� 25 3. The polyhedron obtained
by joining the centers of the ST is a
pentagon dodecahedron (the free
opening of the pentagonal win-
dows: (� 4.8 J 5.8 3) being rather
small because the terminal water
molecules of the trimer point
toward the center of the
window). The centers of the
dodecahedra, are in the (0,0,0)
16c positions of the space group
Fd3̄m (origin choice 2). The sub-
network that joins these centers
forms corner-linked tetrahedra as
in the pyrochlore structure.[17] The
dodecahedra share faces and form
(see the Supporting Information)
infinite linear rodlike chains,[18]

which cross orthogonally to each
other through common faces to
ensure the 3D network. This con-
nection creates larger cavities,
which have 28 ST. These cages
are centered on the (1/8,1/8,1/8)
8a sites of the space group Fd3̄m.
The polyhedron determined by
the centers of the ST has now
12 pentagonal and 4 hexagonal
faces. The aperture of the large
hexagonal windows is � 8.6 J
8.6 32 and the internal diameter
becomes close to � 29 3. In the
as-prepared materials, the cavities
are occupied only by water mole-
cules. The location of the fluoride
counterions within MIL-100 could
not be determined due to the
similar diffusion factors of
oxygen and fluorine atoms; thus,
these anions may be either located

in terminal position bound to chromium atoms or within cages
as they are in previous structures based on iron trimers.[15]

In inorganic chemistry, such dimensions of pores are
mostly reached with mesoporous solids, which, in contrast to
the compounds presented herein, have amorphous walls.
Thus, MIL-100 provides the first example of a porous solid
with crystalline walls, with a unique hierarchical system of
three types of cages of different dimensions. Indeed, this solid
may have applications in the domain of adsorption/separation
of species.

The two other polymorphs found by our computer
simulations have the same relative “energy” cost as MIL-
100 (see Table 1). Both of them have infinite chains of face
sharing pentagon dodecahedral cages, already described for
MIL-100. In the cubic structure (Pm3̄n), the corresponding
rods cross in three directions of space, thus creating larger
cages, this time with 24 vertices instead of 28 and the resulting
framework is an upper homologue of zeolite MEP.[19] The
topology of the hexagonal polymorph (P63/mmc), hitherto

Supertetrahedron
Edge length [I] (between m3O) 9.40
No. of atoms of the wall 24 Ocarboxy+36 CBTC +12 M
Internal diameter [I] 6.64 with Rvdw

c :1.40 I

Pentagonododecahedral cages (20 vertices)
Coordinates of the centroid 0,0,0 (2a positions of Pm3̄n

with origin at 0,0,0)
Accessible diameter [I] 24.5 with Rvdw

c :1.40 I

Large cages (24 vertices; ovoidal)
Coordinates of the centroid 1/2,0,3/4 (12f positions of

Pm3̄n with origin at 0,0,0)
Accessible diameter [I] 29.2–20.2 with Rvdw

c :1.40 I

[a]NEW HEX
hexagonal P63/mmc BTC
a [I] 50.17
c [I] 82.12
V [I3] 179179
No. of independent positions per asymmetric unit 245
Densitycalcd [gcm

�3][b] 0.7918

Supertetrahedron
Edge length [I] (between m3O) 9.40
No. of atoms of the wall 24 Ocarboxy+36 CBTC +12 M
Internal diameter [I] 6.64 with Rvdw

c :1.40 I

Pentagonododecahedral cages (20 vertices)
Coordinates of the centroid 0.8495, 0.1701, 0.2439 (24l

positions of P63/mmc (194)
with origin at 0,0,0)

Accessible diameter [I] 25 with Rvdw
c :1.40 I

Large cages (28 vertices)
Coordinates of the centroid 1/3,2/3,0.40 (4f positions of

P63/mmc (194) with origin
at 0,0,0)

Accessible diameter [I] 29.7 with Rvdw
c :1.40 I

[a] MTN, MEP refer to a zeolitic structure type (see Atlas of Zeolites, http://www.iza-structure.org/);
NEWHEX does not correspond to any known structural type. [b] Densities are estimated by using the Cr
form of the simulated topologies.

Table 1: (Continued)
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unknown, corresponds to intersecting rods at 608 to each
other, and the larger cages are the same as those in MIL-100.

The thermal behavior and the sorption properties ofMIL-
100 were investigated. First, the thermal gravimetric analysis
carried out in air (see Supporting Information) reveals an
interesting stability of the title phase up to 275 8C. X-ray
thermodiffractometry shows that the evacuation of the guests
does not affect the topology of the skeleton; only the intensity
of some Bragg peaks change, otherwise the pattern fits with
that predicted. Second, the title material takes up gases
readily. The gaseous N2 sorption isotherm on the fully
evacuated samples (Figure 4) is between type I and IV with

a slight secondary uptake, which is indicative of the presence
of both micro- and mesopores. No hysteresis is observed.
Using the Dubinin-Raduskhvich equation, we found a pore
volume of around 1.16 cm3g�1 for MIL-100. For a monolayer
coverage of N2 (which may not be strictly correct with such
large cavities), we estimate the apparent Langmuir surface
area to be 3100(40) m2g�1, which is close to the highest values
known.[20]

In conclusion, we have shown from a straightforward
example the strength of the combined chemistry–simulation
approach for obtaining new materials. The resulting hybrid
chromium carboxylate, MIL-100, has an eye-catching struc-
ture that has a hierarchical pore system (micro: � 5–9 3;
mesoporous: � 25–30 3) with a very-high surface area
(� 3100 m2g�1). While tackling the polymorphism of MOFs
by limiting the domain of structures that are possible for a
given metal–organic ligand pair, we found that simulations
applied to hybrids is a tangible route towards structure
solution in direct space. This new approach has the advantage
that single crystals are not required for the resolution of the
structures, which can be done from Rietveld refinements of
powder-diffraction data. This represents a useful tool to
bridge a gap because many solids, previously isolated by
several groups, were abandoned owing to the lack of single
crystals and the complexity of the powder patterns. Inciden-
tally, the results obtained here open a window of opportunity
to search for new porous solids with giant pores, which
represent the upper homologues of numerous well-known
zeolites. This work provides a new example of the possibilities
of the concept of “scale chemistry”: the increase of the size of
the ST generates larger pores, which open the way to new
applications for MOF porous solids. Finally, the question may
be posed as to whether structures such asMIL-100 arise from
design. The answer is clearly no because in design, one must
first imagine something then realize it afterwards. In our
approach, the first step does not involve imagination (which is
a creative act), but is the result of a computational prediction.
For this reason, we prefer to suggest that the label of
“simulation assisted chemical structures” (SACS) is the best
description for solids obtained by using our method.

Experimental Section
Syntheses and chemical analyses: Metallic chromium (52 mg, 1 mmol;
Aldrich, 99%) was dispersed into an aqueous solution of 5m
hydrofluoric acid (0.4 mL, 2 mmol). After the addition of 1,3,5-
benzene tricarboxylic acid H3BTC (150 mg, 0.67 mmol; Aldrich,
99%) and H2O (4.8 mL, 265J 10�3 mol), the mixture was heated in a
hydrothermal bomb at a rate of 20.0 8Ch�1 to 220 8C, kept at this
temperature during 96 h, then cooled at a rate of 10.0 8Ch�1 to room
temperature. The resulting green powder was washed with deionized
water and acetone and dried in air. The yield of the reaction was
� 45% based on chromium.

Chemical analyses: These were performed at the National Center
of Analysis of the CNRS in Vernaison (France). As the amount of
water present in the samples is very sensitive to the temperature (see
TGA), only the C:Cr and F:Cr ratios are significant. They agree well
with the formula deduced from the structure (C:Crexp calcd 6.0,
found 6.75; F:Cr calcd 0.33, found 0.31).

TGA measurements: A crystalline sample was heated from 25 to
600 8C in air at a constant rate of 2 8Cmin�1. Two weight-loss steps

Figure 4. Nitrogen gas sorption isotherm at 78 K for MIL-100 degased
overnight at 100 8C. P/P0 is the ratio of gas pressure (P) to saturation
pressure (P0=750 torr). V is the adsorbed volume (cm3g�1).

Figure 3. Top: Schematic view of the 3D organization of the structure
of MIL-100 with the medium (green) and large (red) cages delimited
by the vertex sharing of the ST (the vertices represent the centers of
each ST). Bottom: View and dimensions of the two different cages
(green, 20 tetrahedra; red, 28 tetrahedra). The medium cages share
faces and form interconnected rods (in green) in the interstices of
which are located the large cages.
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were observed: the first (35% of initial weight) occurred between 25
and 250 8C and is attributed to the loss of guest water molecules (calcd
40%); the second (44% of initial weight) is due to the removal of
fluoride ions and the decomposition of the framework and occurred
between 275 and 400 8C.

Sorption measurements: Experiments were performed on a
Micromeritics ASAP 2010 with nitrogen as the adsorbed gas. MIL-
100 was dehydrated under vacuum overnight at 150 8C.

Crystallographic study: Powder X-ray diffraction data were
collected at the high resolution beamline ID31 of the European
Synchrotron radiation Source (ESRF), Grenoble (France), from a
sample contained in a 1 mm diameter capillary. ID31 beamline
receives X-rays from the synchrotron source (which operates with an
average energy of 6 GeV and a current beam of typically 200 mA)
from an ondulator device. The incident X-ray wavelength was
1.55075 3. Data collection was performed over the angular range
1–978 2V, with a step 0.0058 at 80 K by using a cryostream (cold
nitrogen gas blower). Cubic cell, a= 72.906 3 (MIL-100) with
adequate figures of merit was found. Systematic absences were
consistent with the space group Fd3̄m (no. 227). After the pattern had
been matched, the structure refinement was initiated by using the
atomic positions obtained from the simulations. The final agreement
factors (Figure 1b) were satisfactory: Rp = 5.48%, Rwp = 7.61%, and
RBragg = 9.28%. For details see the Supporting Information.

The Supporting Information accompanying this paper contains
crystallographic and TGA data.

Received: May 7, 2004
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Valence Tautomerism

Chemical Control of Valence Tautomerism of
Nickel(ii) Semiquinone and Nickel(iii)
Catecholate States**

Hideki Ohtsu and Koji Tanaka*

Transition-metal complexes with dioxolene ligands have been
attracting much attention because of their characteristic
ligand-localized redox reactions among the three redox
states of quinone (Q), semiquinone (SQ), and catecholate
(Cat) in addition to metal-centered redox reactions.[1] Interest
has especially been paid to interconversion of valence
tautomers in the metal–dioxolene framework.[1] Valence
tautomers are characterized by displacement of electron
density to one redox center or the other, for example, MII-SQ
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and MIII-Cat compounds, which interconvert by intramolec-
ular electron transfer between the two redox centers. Knowl-
edge gathered for a number of metal complexes with
dioxolene[2] and other redox-active ligands[3–5] showing
valence-tautomeric behavior greatly aids in exploiting this
phenomenon for molecular switching devices.[6] However,
neither nickel dioxolene complexes exhibiting interconver-
sion of valence tautomers nor control of valence tautomerism
by modification of electron-donor ability of ligands to central
metal atoms has been reported so far.

We report herein the synthesis and characterization of
nickel(ii) semiquinonato and nickel(iii) catecholato com-
plexes containing bidentate ligands with modulated nitro-
gen-donor ability,[7] namely, [NiII(PyBz2)(tBu2SQ)]PF6 (1) and
[NiIII(MePyBz2)(tBu2Cat)]PF6 (2) as the first example for
successful control of valence tautomerism between the NiII-
SQ and NiIII-Cat frameworks by fine-tuning of the donor
ability of the bidentate ligands to the nickel ion (Scheme 1).

The NiII semiquinonato complex of PyBz2, 1, was obtained
by mixing PyBz2, tBu2CatH2, and NiII(ClO4)2·6 H2O in a 1:1:1
ratio in acetonitrile and subsequent addition of 2 equivalents
of Et3N and 1 equivalents of ferrocenium hexafluorophos-
phate (FcPF6). The NiIII catecholato complex, 2, was prepared
in a similar manner to 1 by using MePyBz2 in place of PyBz2.
Solutions of 1 in CH2Cl2 are blue, whereas those of 2 are
brown (see Scheme 2).

The X-ray molecular structure of 1[8] is shown in Figure 1.
The nickel ion in 1 has a tetracoordinate square-planar
environment formed by the pyridine N atom, tertiary amine N
atom, and the two O atoms of the dioxolene ligand. The C(1)�
O(1) and C(2)�O(2) bond lengths of the dioxolene ligand in 1
are 1.305(5) and 1.294(5) ?, respectively. These C�O bond
lengths are consistent with those of nickel(ii) semiquinonato
complexes reported so far.[9] Although many attempts to
prepare single crystals of 2 suitable for X-ray structure
determination failed, its coordination geometry is safely
concluded to be distorted square-planar on the basis of
EPR measurements.

The EPR spectrum of 1 in CH2Cl2 at 77 K (Figure 2 a)
exhibits a sharp isotropic signal with a g value of 2.0066,[10]

close to the free-spin value (g= 2.0023), which can safely be

assigned to a ligand-centered radical species composed of
low-spin d8 NiII (S= 0) and the semiquinone (S= 1/2) frame-
work. Indeed, the C�O bond lengths of 1 determined by X-
ray analysis agree well with those of semiquinone radicals (see

Scheme 1. Structures of bidentate ligands and dioxolene redox forms.

Scheme 2. Synthesis of 1 and 2.

Figure 1. ORTEP view of 1. Hydrogen atoms and counteranion are
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths [@] and angles [8]: Ni�N(1) 1.858(3), Ni�
N(2) 1.918(3), Ni�O(1) 1.860(3), Ni�O(2) 1.843(3), C(1)�O(1)
1.305(5), C(2)�O(2) 1.294(5); N(1)-Ni-N(2) 86.7(1), N(1)-Ni-O(1)
172.8(1), N(1)-Ni-O(2) 93.6(1), N(2)-Ni-O(1) 93.9(1), N(2)-Ni-O(2)
175.1(1), O(1)-Ni-O(2) 86.5(1).

Figure 2. EPR spectra of a) 1 (10�3
m) and b) 2 (10�3

m) in CH2Cl2 at
77 K.
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above). In contrast to 1, an anisotropic signal (g?= 2.29, gk=
2.20, giso = 2.26) is observed in the EPR spectra of 2
(Figure 2b).[10] The significantly larger g value of 2 (giso =

2.26) compared with that of 1 (g= 2.0066) apparently results
from an unpaired electron localized on the metal center. Thus,
the electronic structure of 2 is explained by a combination of
low-spin d7 NiIII (S= 1/2) and catecholate (S= 0). Further-
more, the EPR parameters (g?= 2.29, gk= 2.20) provide
valuable information about the coordination environment of
the nickel(iii) ion, which is a distorted square-planar structure
with a dz2 ground state.[11] The oxidation states of nickel in 1
and 2 were further confirmed by X-ray photoelectron spectra.
The observed binding energy of the Ni 2p3/2 signals at 854.9 (1)
and 856.1 eV (2) is consistent with oxidation states of NiII and
NiIII, respectively.[12]

Such a drastic difference in the electronic states of 1 and 2
can be ascribed to the steric effect induced by the o-methyl
group[13–15] in the MePyBz2 ligand. This group weakens the
coordination of the pyridine moiety to the nickel ion
compared with the unsubstituted PyBz2 ligand. As a result,
the dioxolene ligand of 2 binds to the nickel ion more strongly
than that of 1, and this results in the displacement of electron
density to form the NiII-SQ and NiIII-Cat frameworks in 1 and
2, respectively.

Experimental Section
The complexes were synthesized under nitrogen atmosphere.

1: Ni(ClO4)2·6H2O (0.366 g, 1.0 mmol) was added to a solution of
PyBz2 (0.288 g, 1.0 mmol) and tBu2CatH2 (0.222 g, 1.0 mmol) in
acetonitrile (20 mL), and triethylamine (0.202 g, 2.0 mmol) was then
added to the resulting solution. FcPF6 (0.331 g, 1.0 mmol) was added
to the mixture, and the solution was stirred for 2 h at room
temperature. After removal of the solvent under reduced pressure,
the resulting residue was dissolved in dichloromethane, and ammo-
nium hexafluorophosphate (0.326 g, 2.0 mmol) was added to the
solution. The mixture was stirred overnight at room temperature, and
insoluble material was removed by filtration. Addition of pentane to
the filtrate gradually gave a blue powder that was collected by
filtration and recrystallized from dichloromethane/pentane. Yield:
0.380 g (53.4%). Elemental analysis (%) calcd for C34H40F6N2O2-
Ni1P1: C 57.33, H 5.66, N 3.93; found: C 57.14, H 5.62, N 3.90. ESI-MS:
m/z : 566 [M�PF6]

+.
Complex 2 was prepared in the same manner as 1 by using

MePyBz2 instead of PyBz2. Yield: 0.259 g (35.7%). Elemental
analysis (%) calcd for C35H42F6N2O2Ni1P1·0.5CH3CN: C 57.89, H
5.87, N 4.69; found: C 57.63, H 6.04, N 4.51. ESI-MS: m/z : 580
[M�PF6]

+.
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Metallic Nanomagnets Randomly Dispersed in
Spherical Colloids: Toward a Universal Route for
the Preparation of Colloidal Composites
Containing Nanoparticles**

Pedro Tartaj,* Teresita Gonz�lez-Carre�o,
Maria L. Ferrer,* and Carlos J. Serna

The fabrication of colloids with desired properties has been
the aim of many recent investigations.[1] Their modification
with metallic nanoparticles is a particularly suitable tool to
modulate their optical, catalytic, and mechanical properties.[2]

Of special interest for biotechnology and data storage
applications, as well as for fundamental studies in the areas
of physics and physical chemistry, is the modification of
colloids with metallic nanomagnets (MNMs).[3] The proper-
ties of these composites in particular, and magnetic compo-
sites in general, strongly depend on the size of the nano-
particles, the distance between them, and the nature of the
nanoparticle–colloidal matrix interaction.[4] Thus, the devel-
opment of methods able to fine-tune the size of MNMs, their
interparticle distance, and their particle composition (e.g.,
preparation of multicomponent alloys), while readily modify-
ing the composition of the colloidal matrixes, could help us to
produce materials with a highly predictable magnetic
response and/or showing unusual magnetic phenomena of
interest, for example, in recording applications.[4c] Herein, we
report a synthetic route for the preparation of MNMs
randomly dispersed in inorganic spherical colloids, which
have potential interest in biotechnology.[5] Random distribu-
tion, instead of the typical confined distribution obtained in
the widely used surface template methods, helps to screen
magnetic dipolar interactions.[6] Even though we have focused
on the preparation of MNMs randomly dispersed in spherical
colloids, the adaptability of the synthetic strategy reported
here could allow its use in the fabrication of spherical colloids
containing nanoparticles of very different nature and proper-
ties.

Aerosol-based processes are convenient routes to prepare
nanoparticles randomly dispersed in spherical colloidal
matrixes.[7] In fact, we recently reported that a-Fe MNMs
dispersed in spherical silica colloids can be produced by
heating, in air and H2, a powder obtained by aerosol pyrolysis
of a methanol solution of iron(iii) nitrate and tetraethoxysi-

lane.[7c] However, the method fails when trying to obtain
MNMs made up of more than one component (alloys)
dispersed in colloidal matrixes, because of differences in the
solubility of the metallic precursors. Compositional homoge-
neity at the particle level in aerosol methods is strongly
dependent on the solubility of the precursors.[7,8] Specifically,
the different solubilities of the metallic precursors during
thermal drying (especially at low-volume-packing fractions)
result in their sequential precipitation within the colloidal
matrix. Thus, at the end of the process, the chemical
composition of each individual MNM is not necessarily
equal to the average of the alloy (compositional inhomoge-
neity at the nanoparticle level).

The approach we used to overcome the problem of
compositional inhomogeneity, and simultaneously to better
control the size of MNMs, was to generate an aerosol from an
aqueous sol of ferritin and a matrix precursor (Figure 1). Our

synthetic route is similar to that used for the preparation of
mesoporous silica (undoped and doped with gold nano-
particles) and titania materials by aerosol evaporation of sols
containing surfactant micelles,[7a,9] though logically we need to
produce nanoparticles not “holes”. In this sense, ferritin
seems an ideal template for reaching our final goal and, more
importantly, ferritin could serve as an ideal model to extend
the synthetic strategy to other ferritin-like systems. For
example, one can easily deduce that the ability of dendrimers
to encapsulate metallic nanoparticles of very different
composition (Au, Pt, Pd, Cu, Ag, Ni)[10] could be used for
the direct fabrication of colloidal composites containing
nanoparticles of very different nature and properties.

Nature has developed a variety of proteins that function
as carriers or storage devices for metal components. Of these
systems, the iron-storage protein ferritin is one of the most
intensively studied.[11] Ferritin consists of a spherical poly-
peptide shell surrounding a ferrihydrite core. Ferritin can
easily be demineralized (apoferritin), to leave an approxi-
mately 8-nm internal cavity that can be used as a template for
the production of nanomaterials containing elements such as
Fe, Mn, U, Co, Ni, and Cr.[11,12] The biological template of
ferritin has also been used to prepare CoPt nanometallic
alloys of interest in data-storage technology, nanoparticles of
Prussian blue ferritin, and very recently to prepare metallic
Pd nanoparticles of interest in catalysis.[13] In addition, Lan

Figure 1. Stepwise fabrication of MNMs randomly dispersed in spheri-
cal colloids.
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et al. demonstrated that it is possible to prepare a sol
containing a silica inorganic component and the protein
ferritin.[14] However, their final goal was to encapsulate
ferritin in a sol–gel-derived silica glass, and not to prepare
metallic nanoparticles dispersed in colloidal matrixes with a
spherical shape.

Therefore, based on previous work carried out with
ferritin, we expected that the internal cavity of ferritin
would allow us to confine the various metallic precursors
(in the form of inorganic nanoparticles), thus avoiding the
problems associated with compositional inhomogeneity in
aerosol processes. Besides, if the right matrix is chosen, the
particle size can easily be controlled by the particle size of the
inorganic component of ferritin. A necessary requirement for
the success of the method is the preparation of an aqueous sol
of ferritin and the matrix precursor. Simple arguments based
on colloid science dictate that both ferritin and the matrix
precursor must be equally charged to avoid heterocoagula-
tion. An additional advantage of using ferritin is that its
protein cage is remarkably stable, and able to withstand
extremes of pH (2–10) and temperature (up to 70 8C).[12] Thus,
the high stability of ferritin allows the use of a wide range of
experimental conditions to prepare stable sols (that is,
compatibility with different matrix precursors).

To probe the reliability of the method in obtaining MNMs
of different size and composition dispersed in spherical
colloids we used ferritin with its internal cavity fully or
partially filled with Fe- and FeCo-containing species. An
amorphous silica sol and a crystalline boehmite (AlOOH) sol
were selected to probe the versatility of the method in
changing the nature of the colloidal matrix. An amorphous
silica sol was selected in the first instance because of the
several benefits that amorphous colloidal silica matrixes with
spherical shape impart to MNMs for applications in biotech-
nology (colloidal stability, functionality, biocompatibility, and
corrosion resistance).[15] The criteria we followed to select a
crystalline boehmite sol were based on the different colloidal
behavior of boehmite and silica (isoelectric points of ca. 9 and
3, respectively) and the different nature of the initial sol
(crystalline versus amorphous).

The aerosol evaporation of a stable aqueous sol contain-
ing commercial ferritin[16] and silica (see Experimental
Section) led to powders that were heated in air (500 8C, 2 h)
to eliminate residual organic matter and hydroxy groups, and
finally reduced in H2 atmosphere (700 8C, 10 h) to produce a-
Fe MNMs randomly dispersed in silica colloids (Figure 2a).
The presence of this phase was confirmed by X-ray diffraction
(XRD, see the Supporting Information).[17] The crystallite size
estimated from the width of the (110) a-Fe reflection was
5.3 nm, which is similar to the diameter obtained by trans-
mission electron microscopy (TEM; 4–6 nm, Figure 2a). This
value is consistent with the expected shrinkage when going
from the ferrihydrite (average size of the ferrihydrite core of
ferritin is about 7 nm)[11] to the a-Fe phase, by considering the
amount of iron in a unit volume of these two phases (that is,
no significant interparticle sintering between MNMs on
heating).

A similar methodology was used for the preparation of
spherical composites with a-Fe MNMs of smaller size (3–

4 nm, Figure 2b), though in this case we started from an
apoferritin reconstituted only with 1000 Fe atoms (for details
of reconstitution, see the Experimental Section). The
decrease in the size of the a-Fe MNMs was also detected by
XRD (see the Supporting Information). Specifically, a
decrease from 5.3 to 3.4 nm was estimated from the width
of the (110) a-Fe reflection. The volume estimated from the
experimental data for a spherical shape (10–35 nm3, 3–4 nm
diameter) is within the margins of experimental error
expected for a cubic cluster of 1000 Fe atoms in the a-Fe
phase (ca. 12 nm3). However, the fact that the 1000-atom
cluster volume is at the lower limit does not allow us to ignore
the possible growth of some nanocrystallites. Finally, FeCo
MNMs (Co content ca. 30 mol%; 3–4 nm) dispersed in silica
colloids (Figure 2c) were also prepared by using a similar
methodology. This particular Co/Fe composition was selected
because it has the highest magnetic moment.[18] In this case,
apoferritin was reconstituted with 670 Fe atoms and 330
Co atoms (see Experimental Section). Energy-dispersive X-
ray (EDX) analyses carried out on the MNMs clearly
indicated that the composition of individual nanomagnets
was the expected one (Co content of ca. 30 mol% in the FeCo
alloy).[19] Thus, we showed the versatility of the method in
preparing spherical composites containing randomly distrib-
utedMNMs of controlled composition and size. An important
point is that the colloids are polydisperse in size (70–400 nm);
however, monodispersity can be achieved with aerosol
techniques by using differential mobility analyzers.[20]

We also used a crystalline boehmite sol (see Experimental
Section) to probe the versatility of the method in changing the
nature of the colloidal matrix. Specifically, the use of a
boehmite sol (no ferritin added) resulted in a porous matrix
(Figure 3a), which was not ideal for stabilizing small MNMs
(< 5–6 nm) against corrosion. Thus, the results for boehmite
probe the benefit of the confinement effect of ferritin in
controlling chemical composition at the nanoparticle level
(that is, preparation of multicomponent MNMs) even in
porous matrixes. The aerosol evaporation of an aqueous sol of

Figure 2. TEM pictures of powders showing random distributions of
MNMs in spherical silica colloids: a) from ferritin; b) from Fe-reconsti-
tuted apoferritin; c) from FeCo-reconstituted apoferritin. The lower pic-
tures are magnified to enhance the visual resolution of the MNMs
(dark spots). The higher concentration of MNMs in (a) reflects the
higher number of Fe atoms in commercial ferritin with respect to the
reconstituted apoferritin. The pictures were computer-enhanced to
improve the MNM contrast.
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apoferritin (after reconstitution with 670 Fe atoms and 330
Co atoms) and boehmite, followed by thermal annealing first
in air and then in H2, produced powders made up of FeCo
MNMs dispersed in g-Al2O3 colloids (Figure 3b). After the
thermal treatment boehmite transformed to g-Al2O3, as
evident by XRD analysis. EDX analyses clearly indicate
that we were successful in controlling the chemical compo-
sition at the nanomagnet level even in a porous matrix. An
increase in MNM size was produced when silica was replaced
by alumina (ca. 15 nm versus ca. 3–4 nm, Figure 3b and 2c).
Thus, no temperature was found that reduced the porosity of
the alumina matrix while avoiding sintering between MNMs
(small MNMs cannot be stabilized against oxidation). Finally,
similar results were obtained in the case of MNMs made up of
Fe atoms, which additionally confirmed the benefit of the
silica matrixes in providing protection against corrosion.

In summary, metallic nanomagnets (MNMs) of different
size and composition randomly dispersed in spherical colloids
have been prepared by the aerosol evaporation of an aqueous
sol containing mineralized ferritin and a colloidal matrix
precursor. Essential to the success of the method is the
template effect provided by ferritin. Its internal cavity offers
the ideal environment for the encapsulation of multicompo-
nent MNM precursors with the simultaneous control of size.
Moreover, the high stability of the ferritin cage allows
compatibility with different matrix precursor sols (that is,
the nature of the colloidal matrix can be changed). Our results
indicate that this synthetic strategy could be extended to other
ferritin-like systems, for example, metals encapsulated in
dendrimers.

Experimental Section
Aerosol generation: The aerosol device used for the preparation of
the spherical composites containing nanoparticles is described else-
where.[8b] It essentially consists of two furnaces that could be set at
different temperatures for drying (first furnace) and thermal decom-
position (second furnace). In our experiments we set the temperature
of the two furnaces at 400 8C (aerosol evaporation). The aqueous sol
containing the ferritin and matrix precursor was atomized at
1.6 mLmin�1 with an air pressure of 1.7 kgcm�2 to give different
spherical colloidal composites. The particles obtained were collected
with an electrostatic filter (8 kV). Experiments carried out with a
freshly prepared sol and a sol aged for 6 h led to similar results, which

confirms the reproducibility during the aerosol experiment (typically
2 h).

Ferritin reconstitution: A dispersion of apoferritin (Sigma;
75 mL, 1.46 mm) in NaCl (0.1m) and 3-(N-morpholine)propanesul-
fonic acid (MOPS) buffer (50 mm, pH 6.5) was reconstituted by the
controlled addition of a deaerated FeSO4 solution (25 mm, pH 2) at a
rate of 0.1 mmolmin�1 until completion of the calculated loading of
1000 Fe atoms per unit of protein. The method is similar to that
described by Chasteen and co-workers.[11c,d] In our case the rate of
addition was slower and reconstitution was restricted to 1000 atoms to
assure complete mineralization inside the protein. No iron(iii)
hydroxide sediment or deposit was found after centrifuging at
4000 rpm (rmax = 12 cm, rotor angle= 308) for 5 minutes and then
filtering through a 0.1-mmMillipore filter, which further suggests that
the formation of iron(iii) hydroxide did not take place outside the
protein.

To prepare the FeCo-reconstituted apoferritin, an apoferritin
dispersion (75 mL, 1.46 mm) in NaCl (0.1m) andMOPS buffer (50 mm,
pH 6.5) was reconstituted by the controlled addition of a deaerated
FeSO4 solution (25 mm, pH 2) at a rate of 0.1 mmolmin�1 until
completion of the calculated loading of 670 Fe atoms per molecule of
protein. Again following this protocol, we did not find any evidence of
the formation of iron(iii) hydroxide outside the protein. The
dispersion was dialyzed (12-kDa cutoff membrane) against aqueous
NaCl solution (0.1m) to eliminate unwanted ions and then 330
Co atoms per protein unit were added by controlled addition of
Co(NO3)2 (25 mm, 0.125 mmolmin�1) and H2O2 (25 mm, 0.125 mmol
min�1) to the partially filled apoferritin dispersion (75 mL, 50 mm

3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic
acid (AMPSO) buffer, pH 8.5). The method is a combination of the
one reported by Chasteen and co-workers for iron mineralization[11c,d]

and that reported by Douglas and co-workers for cobalt mineraliza-
tion.[12d,e] Since ferritin has more affinity for iron than for cobalt, we
added the iron atoms first. In this way, nucleation of cobalt atoms
inside the ferritin core was favored by the presence of the Fe-
containing nuclei. The high compositional homogeneity of the
nanoparticles dispersed in the colloidal matrixes suggests that
cobalt was indeed mineralized in the ferritin cores containing iron
atoms. To avoid mineralization outside the protein, we only filled the
apoferritin with a total of 1000 Fe atoms.

Before mixing with the matrix precursor sol both the Fe- and
FeCo-reconstituted apoferritin dispersions were dialyzed against
water to avoid excess electrolyte, which can induce coagulation.

Preparation of aqueous sol containing ferritin and silica: Horse
spleen ferritin dispersion (2 mL, Sigma Aldrich, type I, 102 mgmL�1)
in NaCl (0.15m) was diluted with water to 96 mL and mixed with a
silica sol (2 mL). The clear silica sol stock dispersion was prepared by
mixing tetramethoxysilane (2.95 mL, Aldrich, 99%), water (1.4 mL),
and HCl (0.04 mL, 0.04m) at 4 8C with strong agitation for 15 minutes.
Use of this procedure to prepare the silica sol allows the amount of
alcohol present in the system to be reduced as much as possible, thus
avoiding the possible denaturation of the protein ferritin.[14] When
reconstituted apoferritin was used instead ferritin, silica sol (2 mL,
pH 5.5) was added to reconstituted apoferritin dispersion (75 mL). At
this pH value both ferritin (isoelectric point 4–5) and silica (iso-
electric point ca. 3) are negatively charged, so heterocoagulation is
avoided. The order of addition of the protein, water of dilution, and
silica sol was important for the stability of the system. Coagulation of
the protein was observed if the silica sol (2 mL) was added to water
(96 mL) and followed by ferritin (2 mL).

Preparation of aqueous sol containing ferritin and boehmite: A
stable boehmite sol was prepared by following a standard method-
ology.[21] HCl (final concentration 0.02m) was added to an aqueous
suspension of aluminum isopropoxide (0.25m, Aldrich) which had
been previously heated at 80 8C for 1 h. The vessel was opened at
90 8C for 2 h to allow evaporation of the isopropanol generated from
the alkoxide hydrolysis. Finally, the suspension was refluxed at 90 8C

Figure 3. TEM pictures of powders obtained after aerosol evaporation
of an aqueous sol of a) boehmite and b) FeCo-reconstituted apoferritin
and boehmite with further heating in air (500 8C, 2 h) and H2 (800 8C,
10 h).
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for 16 h to produce a stable sol. For the preparation of the aqueous sol
containing apoferritin and boehmite, the reconstituted apoferritin sol
(60 mL) was added to boehmite sol (40 mL, 0.25m). The pH value of
the resulting sol was 3.5, which assures compatibility between
apoferritin and boehmite. In this case both colloids are below their
isoelectric points (that is, positively charged).

The morphology of the powders was examined by TEM (2000
FX2, Jeol). Chemical analyses at the particle level were carried out
with an EDX spectrometry analyzer (QX 2000, Oxford Link)
integrated in the transmission electron microscope. The different
phases present in the solids were detected by X-ray diffraction (XRD,
PW1710, Philips).
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Organic Zeolites

Dipeptides as Microporous Materials**

Dmitriy V. Soldatov,* Igor L. Moudrakovski, and
John A. Ripmeester*

The synthesis and characterization of hydrophobic porous
frameworks designed for a variety of applications has
attracted significant research efforts over the last few
years.[1] The key idea in such studies is to design building
elements which allow for controllable assembly and disas-
sembly, and which may be extensively replaced and modified
to give porous frameworks with various topologies and
functions. The natural world often provides excellent exam-
ples of how to proceed with the design of materials; for
example, the initial experiences with natural zeolites has led
to very successful efforts to produce a wide variety of
industrially relevant synthetic materials.[2] Recently, supra-
molecular architectures based upon weaker interactions have
motivated a number of studies;[3] polypeptides that can build
tubular and helical structures, frequently referred as nano-
tubes, have attracted considerable attention because of their
biological relevancy as ion channels, membrane pores, etc.[4]

These naturally occurring and artificially created materials
reveal a sophisticated complexity and are often difficult to
characterize in detail. Thus, the lower oligomeric peptides,
being both simpler model systems and cheaper, would appear
to be useful as practical porous materials, especially since
some dipeptides demonstrate the ability to host small organic
molecules.[5] Moreover, the ability of single crystals of the
dipeptides to sustain guest solvent exchange and removal was
reported.[5d] Herein we examine the structure and sorption
properties of the two closely related dipeptides l-alanyl-l-
valine (AV) and l-valyl-l-alanine (VA; Scheme 1), and show
that these lower oligomers have considerable promise as
novel porous materials. Moreover, the wide variety of amino
acids available should allow the assembly of materials with
quite diverse structural motifs containing significant void
space.

The two dipeptides AV and VA are microporous crystal-
line materials. Hexagonal prisms of the dipeptides were
grown from water and characterized by single-crystal X-ray
diffraction (XRD) analysis at room temperature (Table 1).[6–8]

Both crystals are hexagonal with a P61 space group and lattice
parameters that are nearly identical. Each dipeptide assem-
bles through hydrogen bonds as a 61 spiral to form a channel
(Figure 1). Mapping out the channel diameter along the z axis
(Figure 2) shows that the channels have a smooth, constant-
diameter shape similar to that of urea[10] (a well-known and
extremely versatile host material) with an average diameter
of 5.13 and 4.90 8 for AVand VA, respectively. A feature that
distinguishes AVand VA from most other tubulates, however,
is that their channels are essentially chiral.[11] The center of
the channel is displaced from the 61 axis by 0.60 and 1.05 8 for
AV and VA, respectively, and rotates around the axis in a
right-handed fashion (Figure 3). It should be noted that chiral
sorbents are important and challenging targets in crystal
engineering. While researchers resort to subtle strategies to
induce chirality into novel, artificially created porous materi-
als,[12] the peptides form an endless source of naturally chiral
building blocks ideally suited to this task.

Another distinction of the materials studied is the
remarkable stability of their porous frameworks. The majority
of hosts known to date collapse into a dense form once the
stabilizing guest template is removed; only a few may exist in
a porous form as a result of their kinetic stability with respect
to the dense, thermodynamically stable polymorph.[13] To
check for possible polymorphism, AV and VA samples were
obtained from different commercial sources, and were

Scheme 1. Dipeptides studied.

Table 1: Single-crystal XRD analysis of guest-free AV and VA.

Compound AV VA

temperature [K] 293 293
empirical formula C8H16N2O3 C8H16N2O3

formula weight 188.2 188.2
crystal system, space group hexagonal, P61 hexagonal, P61
a [+] 14.462(2) 14.461(2)
c [+] 10.027(1) 10.083(1)
V [+3] 1816.2(4) 1826.1(4)
Z 6 6
total data collected 21480 15948
data unique (I>2s(I)) 2189 1954
refined parameters 142 122
calculated density [gcm�3] 1.033 1.027
final R1 (I>2s(I)) 0.048 0.057
wR2 (I>2s(I)) 0.103 0.116
max peak and hole [e+�3] +0.17, �0.15 +0.15, �0.14
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examined both as received and after recrystallization under a
variety of conditions.[6] Only the porous forms of the materials
were obtained in every case, as determined by powder XRD
(PXRD). This observation reflects the fact that the structural
motifs are governed by strongly directional H-bonding
interactions rather than close packing. Therefore, dense
forms of the materials are not easily obtained, or may not
exist at all.

As materials that have permanent void space, it is
worthwhile comparing AV and VA with the many varieties
of zeolites—a large family of covalently bonded aluminosi-
licates assembled from a limited number of basic structural
units.[14] Zeolites are kinetically stable with respect to the
thermodynamically stable dense form, and they are widely
used as sorbents, with porosities varying from about 18%
(8 cm3 g�1) for analcime to about 53 % (28 cm3 g�1) for
faujasite.[2a] The porosity of the dipeptide materials was
determined by comparing the density measured by He
pycnometry with the density calculated from XRD unit cell
measurements.[15] According to these determinations the
volume fractions in the materials accessible to He gas were
11.7(3)% and 11.3(2)% for AV and VA, respectively. Similar
values (11.4% and 10.4 %) were calculated from the XRD

results.[16] Taking into account the much lower density of the
dipeptides, the capacity of the materials of about 11 cm3 g�1

falls into the range of values observed in practically useful
zeolite materials.

A well-utilized property of zeolites is their ability to
behave as molecular sieves, that is, they can distinguish
between sorbate molecules differing in size as a result of the
characteristic apertures that define the access to the internal
void space. The channels in AV and VA, with average
diameters of 5.13 and 4.90 8, possess rather minor surface
irregularities and are essentially hydrophobic, and therefore
may exhibit a molecular-sieving effect. Since the materials

Figure 1. Spiral assembly of AV (left) and VA (right) dipeptide molecules that form a channel (van der Waals dimensions).

Figure 2. Channel diameter (1) along the z axis in AV (c=10.027 +),
VA (c =10.083 +), and urea (c =11.017 +).

Figure 3. The channel shape in AV (left) and VA (right) shown as a set
of inscribed disks threaded on a sixfold screw axis. Two c-translation
periods are shown for each dipeptide.

Angewandte
Chemie

6309Angew. Chem. Int. Ed. 2004, 43, 6308 –6311 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


displayed a high affinity towards Xe gas, we used it as the
sorbate species to investigate the sorption behavior of the
dipeptide materials.

The Xe adsorption isotherms were measured at room
temperature for both AV and VA by using a combination of
standard volumetric techniques and 129Xe NMR spectros-
copy.[17] It is quite remarkable that the two materials with such
similar channel sizes show markedly different behavior
towards Xe gas (Figure 4). Although the calculated sorption

capacities are very similar (0.525(9) and 0.525(8) mol Xe
per mol dipeptide for AV and VA, respectively), the sorption
constants differ by a factor greater than four (0.120(5) and
0.52(2) bar�1 for AV and VA, respectively). The difference, in
this case, should be attributable to a tighter binding between
the host channel and the guest atom. With a van der Waals
diameter of 4.4 8, a Xe atom can interact more efficiently
with the smaller channel in VA (4.90 8) than with the larger
channel of AV (5.13 8). Although this size difference seems
rather minor, it clearly has major consequences, and repre-
sents an example of molecular recognition based primarily on
size-matching between the host and guest.

The observed sorption capacity implies ideal composi-
tions of AV�0.5Xe and VA�0.5Xe, that is, three Xe atoms
per unit cell, or three Xe atoms per one c-translation. Taking
the volume of a Xe atom to be 44.6 83, the packing efficiency
of the Xe atoms in the channels are 64.6 and 70.4 % for AV
and VA, respectively. The total gas storage capacity of the
materials is about 60 mL g�1. For comparison, the gas storage
capacity of a variety of recently designed metal-organic and
organic sorbents is 9–52 mL g�1.[18]

The studied materials showed significant thermal stability,
as demonstrated by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) experiments.[19] The
dipeptides showed no decomposition, phase transitions, or

mass loss up to their melting points of 238 8C (AV) and 213 8C
(VA), followed by quantitative evaporation up to 270 8C.

Other potential applications of the current and related
materials assembled from lower peptides are connected to
their relevance to biological materials. Surprisingly, very few
molecules, such as urea, gossypol, and deoxycholic acid,
amongst the vast number of compounds utilized as hosts are
known to arise from living organisms.[20] Dipeptides may be
generated to form the entire family of bioorganic hosts and
microporous solids:[5,21] The peptide materials are nontoxic
and may be used in biological and medical contexts, such as in
chiral recognition/separation or preservation/storage of drugs.
Also, they may be extensively utilized to model, for example,
transmembrane pores and ion channels,[4d] or the NMR
spectroscopic signals of laser-polarized noble gases in proteins
and living tissues.[22]

In conclusion, the dipeptides studied in this work have
robust porous frameworks with a high capacity and the
capability of preferential sorption, even towards chemically
inert species such as Xe. Moreover, the new sorbents studied
are constructed from natural organic materials and pose no
environmental problems. This study suggests that a diverse
variety of lower peptides with a propensity for forming
frameworks with voids of different geometry should be
considered as a promising new class of materials for potential
applications where selective sorption/release or gas storage is
important.
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Peptide Solution Structures

Are NMR-Derived Model Structures for b-
Peptides Representative for the Ensemble of
Structures Adopted in Solution?**

Alice Gl�ttli and Wilfred F. van Gunsteren*

Connecting an NMR observable q!obs, such as an interproton
distance derived from nuclear Overhauser effect (NOE)
intensity or a 3J-coupling constant, with the underlying
conformational ensemble { r!} is a long-standing problem for
the structure determination of peptides, proteins, and other
biomolecules in solution.[1–9] In particular, for flexible mole-
cules such as peptides the assumption that all NMR signals
originate from the same predominant conformer may not
hold.[10–13] In that case conventional NMR structure refine-
ment procedures are not sufficient for the correct interpre-
tation of the experimental data.

Molecular dynamics (MD) simulation can often
complement the experimental tools for biomolecular
structure determination such as NMR and circular
dichroism spectroscopy.[8, 9, 11,14,15] A sufficiently accu-
rate simulation for comparison with and interpretation
of experimental data requires:
1) the choice of the essential degrees of freedom

appropriate to model the system of interest and to
calculate the desired experimental observable,

2) a physically calibrated force field to describe the
interactions along and between the chosen degrees
of freedom,

3) equations of motion or a sampling method that generates
a Boltzmann-weighted ensemble of conformers, and

4) the knowledge of the relation q!( r!) between the
experimental observable q! and the molecular structure
r! of the system of interest.

If the molecular model and the atomic interaction
function (i.e. the force field) were perfect, and if a simulation
could be carried out for an infinitely long time, the generated
ensemble would exactly represent the real molecular system
and there would be no need to carry out an NMR experiment
on the system of interest. Furthermore, the connection

between experimentally measured observables and the under-
lying conformational ensemble would be perfectly under-
stood, provided that the relation q!( r!), which connects the
experimentally measured observables q! to a conformation
r!, is exactly known. In practice, however, none of these
conditions are completely fulfilled. Despite the enormous
increase in computation power in recent years, the time
required to sample the complete populated conformational
space of a biomolecule is still beyond affordable simulation
(sampling) for all but the shorter peptides. Additionally, even
though current force fields for biomolecules are steadily
improving in correctly modeling the structure, dynamics, and
energetics of biomolecular systems,[16] they are based on
various approximations concerning polarizability, many-body
interactions, quantum effects, etc. On the other hand, conven-
tional structure determination makes use of force fields
because the number of experimental observables is generally
too small to uniquely derive the underlying set of conforma-
tions. Here, we compare two methods for the conformational
interpretation of the NMRdata of a b-hexapeptide (Figure 1):

firstly, conventional structure determination by simulated
annealing in vacuo applying NOE distance and dihedral-
angle restraints using a simple force field widely employed for
structure determination of polypeptides, and secondly, free
(unrestrained) MD simulation, which inherently generates
Boltzmann-weighted ensembles, using a physically, thermo-
dynamically calibrated force field and explicit treatment of
solvent degrees of freedom. We show that the two methods
yield rather different results and that the former one may lead
to erroneous interpretation of NMR experiments.

The b-hexapeptide under investigation has been sug-
gested by conventional NMR structure refinement to adopt a
(P)-28-helical conformation in solution

[17] (Figure 2), repre-
senting the first example of the fourth helical secondary
structure element adopted by b-peptides. By forming intra-
molecular hydrogen bonds, b-peptides adopt secondary
structure elements that are very similar to those found in a-
peptides and proteins,[18, 19] namely left- and right-handed
helices (314-,

[20–22] 2.512-,
[23] 10/12-,[24] and the previously

mentioned 28-helix
[17]), turns, and sheets.[25] Starting from a

fully extended conformation, the b-hexapeptide displayed in
Figure 1 was simulated in explicit methanol solution at two
different temperatures (298 K and 340 K) and at constant
pressure (1 atm) using the GROMOS simulation package[26,27]

and the GROMOS biomolecular force field (ver-
sion 45A3[26,28]). For simulation details, see the Supporting
Information. The ensembles of structures from the two 100-ns

Figure 1. Chemical formula of the hydroxy b-hexapeptide studied. The peptide
is protected by a tert-butoxycarbonyl group (N-Boc) at the N terminus and by
a carbobenzoxy group (Z) at the C terminus. The hydroxy groups are attached
to the Ca atoms and the side chains to the Cb atoms of the backbone.

[*] A. Gl%ttli, Prof. W. F. van Gunsteren
Laboratorium f,r Physikalische Chemie, ETH
ETH H/nggerberg, HCI, 8093 Z,rich (Switzerland)
Fax: (+ 41)1-632-1039
E-mail: wfvgn@igc.phys.chem.ethz.ch

[**] We thank Prof. D. Seebach for challenging us to simulate the
behavior of the peptide and Dr. K. Gademann for providing us with
the 20 NMR model structures. Financial support from the
Schweizer Nationalfonds (project number 2000-063590.00) and
from the National Center of Competence in Research (NCCR) in
Structural Biology of the Swiss National Science Foundation is
gratefully acknowledged.

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

Communications

6312 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200460384 Angew. Chem. Int. Ed. 2004, 43, 6312 –6316



trajectories were analyzed
regarding the level of agree-
ment with the NMR-derived
data and regarding the confor-
mational space sampled by the
peptide in the simulation com-
pared to the one covered by the
20 NMR model structures
obtained by standard structure
refinement using the program
X-PLOR.[29]

In Figure 3 the simulated
and the NMR-derived data are
compared in terms of 40 NOE
distances and 12 3J-coupling
constants. The average effective
violations of the upper-bound
distances from all recorded
structures in both simulations
and from the 20 X-PLOR struc-
tures are displayed in Fig-
ure 3A–C. The upper-bound
nature of NOE-derived distan-
ces implies that only violations
with positive values are true
violations. Essentially all exper-
imentally observed NOEs are
satisfied both in the X-PLOR
structures and in the simula-
tions at 298 and 340 K. The
ensemble of structures at
298 K marginally violates two
interresidue NOE distances:
HCg(2)/HCb(1) (NOE sequence
number 3) and NH(2)/NH(3)
(NOE sequence number 16) are
both violated by 0.05 nm. The
simulation at 340 K violates
only one NOE distance
(sequence number 3) by

0.03 nm. We also checked whether long proton–proton
distances correspond to the absence of measured NOEs,
although the latter may have other causes such as fast
exchange, a particular overall tumbling time, and extensive
spin–spin splitting. The 12 experimentally measured 3J-
coupling constants are compared to the average 3J-coupling
constants calculated for the trajectory structures from the
simulations at 298 and 340 K and for the 20 X-PLOR
structures using the Karplus relation[30] as shown in Fig-
ure 3D–F. With an average absolute deviation of 0.4 Hz, the
average 3J-coupling constants calculated from the ensemble
of structures generated at room temperature agree very well
with the experimentally measured values. Only one deviation
exceeding 1 Hz, for HN�HCb of residue 1, is observed. The 20
X-PLOR structures agree slightly worse with the experimen-
tal values than the simulation at room temperature with
deviations of more than 1 Hz for the H-Cb-Ca-H torsions of
residues 1 and 4, resulting in an average absolute deviation of
0.6 Hz.

Based on purely geometric criteria, the occurrence of
hydrogen bonds in the 20 X-PLOR structures and in the
ensemble of structures recorded in the simulations at 298 and
340 K has been determined (Table 1). Interestingly, eight-
membered hydrogen-bonded rings (HB8), characteristic for a
(P)-28-helix, appear only at very low percentages in the two
simulations (� 4%), while they are to some extent present in
the X-PLOR bundle of structures. This indicates that the
suggested (P)-28-helix is only scarcely, if at all, populated in
the simulations at 298 and 340 K. The hydrogen-bond analysis
also shows that no regular secondary structure is sampled at
room temperature, while at elevated temperature the occur-
rence of four 12-membered hydrogen-bonded rings hints at
the formation of a (P)-2.512-helix. Additional simulations
starting from either a (P)-2.512-helix or one of the 20 X-PLOR
structure, which are suggested to represent a (P)-28-helix,

[17]

show the (P)-2.512-helical conformation to be stable once the
peptide has adopted it, while the X-PLOR structures are
rather unstable (see the Supporting Information). In addition
to the backbone–backbone hydrogen bonds, various hydro-
gen bonds between the a-hydroxy hydrogen and carbonyl
oxygen atoms are present at the two temperatures. However,
hydrogen bonds of the type OH(i)�O(i) (HB5), proposed to

Figure 2. Superposition of the
20 NMR model structures
with lowest energy from the
ab initio simulated-annealing
structure refinement runs[17]

with the 40 upper-bound dis-
tance restraints and 12 tor-
sional-angle restraints derived
from NMR data at 298 K in
methanol.[17] The simulated
annealing runs were per-
formed using the X-PLOR
program and force field.[29]

The model structures suggest
that the peptide adopts a (P)-
28-helical conformation. The
structures are superimposed
using the backbone atoms of
residues 2–5. The protection
groups are omitted for clarity.
Color scheme: C = yellow,
H= white, N = blue, O = red.

Figure 3. Panels A–C: Average (r�6-averaging) distance violations of
the upper-bound distances over all the recorded structures (2 H 105) in
the MD simulations at 298 (A) and 340 K (B) and the over the 20 X-
PLOR structures[17] (C). The upper-bound distances are inferred from
40 experimental NOE intensities observed in the ROESY NMR spec-
trum at 298 K.[17] Panels D–F: Comparison of the 12 3J-coupling con-
stants (6 HN–HCb, 6 HCb–HCa) extracted from the one-dimensional
1H NMR spectrum measured at 298 K[17] with the corresponding calcu-
lated 3J-coupling constants averaged over all structures from the MD
simulations at 298 K (D) and at 340 K (E) and averaged over the 20 X-
PLOR structures[17] (F). The Karplus equation[30] with a = 6.4 Hz,
b =�1.4 Hz, and c = 1.9 Hz[40] for 3J(HN,HC) and with a = 9.5 Hz,
b =�1.6 Hz, and c = 1.8 Hz[41] for 3J(HC,HC) was used. Tables of the
experimental NOE upper-bound distances and 3J-coupling constants,
of NOE distance bound violations of the r�6-averaged distances and
the calculated 3J-coupling constants averaged over the X-PLOR struc-
tures and the structures from the MD simulations are included in the
Supporting Information.
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stabilize the (P)-28-helical confor-
mation,[17] are observed neither in
the simulations nor in the 20 X-
PLOR structures.

The results of the conforma-
tional clustering analysis over the
combined ensembles (10000 struc-
tures from each simulation (at
298 K and 340 K) and the 500
copies of each of the 20 X-PLOR
structures) are displayed in
Figure 4. The conformational clus-
tering analysis groups the struc-
tures of the ensembles according
to their positional root-mean-
square deviation (rmsd) of the
backbone (N, Cb, Ca, C) atoms
(excluding the first and last residue
with the protecting groups)
between each other structure
favoring the most populated clus-
ter.[31] When a rather stringent
rmsd similarity criterion of
0.04 nm is used (Figure 4A), the

three ensembles do not share any part of conformational
space; each cluster is populated by members of only one of
the three ensembles. With a larger rmsd criterion of 0.08 nm
the ensembles slightly overlap at their peripheries (Fig-
ure 4B). Cluster 8 represents the only cluster containing
structures from all three ensembles (MD at 298 K: 12%; MD
at 340 K: 12%; X-PLOR: 76%). Figure 4 also illustrates that
the Boltzmann-weighted ensembles generated by free (unre-
strained) molecular dynamics simulations bear a much larger
conformational variability than the bundle of structures
obtained by restrained simulated annealing.

Summarizing, we find that even though the 20 model
structures obtained from simulated annealing and the two
ensembles generated by free MD simulations show different
hydrogen-bond patterns and access different parts of the
conformational space of the peptide, they all agree with the
available NMR data. First, this indicates that for a given set of
experimental observables, depending on the structural prop-
erties of a peptide, more than one solution structure is
possible. Consequently, a single structure may not be
representative for the ensemble of structures in solution.

Figure 4. Conformational clustering analysis combining the “ensemble” of 500 copies of each of the
20 NMR model structures (i.e. equally weighing each NMR model structure) with the ensembles of
10000 structures each (1 per 10 ps) sampled in the MD simulations at 298 and at 340 K. The plots
show the population in percentage per cluster (conformers) and the portion of structures per cluster

belonging to the “ensemble” of NMR model structures (black) and to
the ensemble of structures generated at 298 K (blue) and at 340 K
(red) by unrestrained MD simulation. In order to illustrate the confor-
mational spread of the various ensembles, two different rmsd-similar-
ity criteria are used: A more stringent one of 0.04 nm (A) and the stan-
dard criterion for a b-hexapeptide of 0.08 nm (B). With the first crite-
rion a total of 2772 clusters are found, of which clusters 1–20 repre-
sent more than 50%, clusters 1–120 more than 75%, clusters 1–625
more than 90%, and clusters 1–1272 more than 95% of the total pop-
ulation. With the second criterion a total of 237 clusters are found, of
which clusters 1–4 represent more than 50%, clusters 1–10 more than
75%, clusters 1–28 more than 90%, and clusters 1–51 more than
95% of the total population. For both rmsd criteria, only the popula-
tions of the first 60 most populated clusters are shown.

Table 1: Occurrence of intramolecular hydrogen bonds. A hydrogen
bond is considered to exist when the donor-hydrogen-acceptor angle is
larger than 1358 and the hydrogen–acceptor distance is less than
0.25 nm. The hydrogen bonds are grouped according to the type of
hydrogen-donor (NH or OH group) and the size (in terms of number of
atoms) of the resulting hydrogen-bonded ring (e.g. a hydrogen bond
between NH of residue i and C=O of residue (i�2) results in an eight-
membered hydrogen-bonded ring, denoted as HB8). O(0) corresponds
to the carbonyl oxygen of the Boc protecting group. Only hydrogen bonds
with a population larger than 10% in one of the sets of structures are
shown.

Occurrence of hydrogen bonds [%]
MD simulation Refinement

Donor–Acceptor 298 K 340 K X-PLOR

NH(i)–O(i�2) [HB8]
NH(3)–O(1) 0 1 20
NH(4)–O(2) 0 1 25
NH(5)–O(3) 2 4 10
NH(i)–O(i�3) [HB12]
NH(3)–O(0) 0 30 0
NH(4)–O(1) 0 26 0
NH(5)–O(2) 0 35 0
NH(6)–O(3) 1 18 0
NH(i)–O(i + 1) [HB10]
NH(2)–O(3) 11 0 0
NH(5)–O(6) 11 1 0
OH(i)–O(i�1) [HB7]
OH(6)–O(5) 0 14 0
OH(i)–O(i�2) [HB11]
OH(4)–O(2) 0 8 10
OH(5)–O(3) 1 22 0
OH(6)–O(4) 1 10 0
OH(i)–O(i�3) [HB15]
OH(4)–O(1) 1 26 0
OH(5)–O(2) 0 10 0
OH(i)–O(i + 2) [HB13]
OH(3)–O(5) 38 0 0
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Second, this study demonstrates that unbiasedMD simulation
using a thermodynamically calibrated force field reproduces
experimental NMR data such as NOE upper-bound distances
and 3J-coupling constants just as well or even better than a set
of NMRmodel structures derived by classical single-structure
simulated-annealing refinement techniques using a simple
force field in vacuo and the NOE upper bounds and J-value
derived torsional-angle values as restraints. The fact that the
MD simulations using the GROMOS force field do not need
40+ 12 restraints to satisfy the NMR data on the peptide
demonstrates the accuracy of this force field and of the
inclusion of explicit solvent compared to results from the use
of the X-PLOR force field in vacuo. Therefore, standard
NMR refinement procedures for flexible molecules such as
small peptides as well as for proteins should be revised by
completing the refinement process with molecular dynamics
simulation in explicit solvent with a thermodynamically
calibrated force field in order to generate a proper Boltz-
mann-weighted ensemble of structures. This should lead to a
more reliable structural interpretation of the experimentally
measured NMR observables. In the present case of the b-
hexapeptide the MD simulations show that a (P)-28-helical
conformation is not stable and therefore probably not
representative for the ensemble of solution structures. It
cannot be excluded that the finding that the simulation using
the GROMOS force field prefers the formation of a (P)-2.512-
helix over a (P)-28-helix might be an artifact of the force field.
Yet, the simulations agree with the experimental data and the
GROMOS force field has very well reproduced experimental
findings in previous peptide folding investigations.[11,14,15,31–39]

Finally, we note once more that the comparison of modeling
or simulation results with experiment should always be done
with primary, measured data such as NOE intensities, and
maybe distances, or 3J-values and not only with secondary,
derived data such as molecular structures and torsional-angle
values in order to avoid spurious conclusions regarding
(dis)agreement with experimental data.

Received: April 20, 2004
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Mixed-Valence Compounds

Large Lattice Responses in a Mixed-Valence
Prussian Blue Analogue Owing to Electronic and
Spin Transitions Induced by X-ray Irradiation**

Serena Margadonna,* Kosmas Prassides, and
Andrew N. Fitch

Mixed-valence metal cyanides with general formula AxM
II
y-

[M’III(CN)6]·nH2O (where A is an alkali-metal cation, and M
and M’ are divalent and trivalent transition-metal cations,
respectively) have attracted considerable interest because of
their unusual electronic and magnetic properties.[1] In addi-
tion to molecular-based ferromagnetic properties with Curie
temperatures higher than room temperature,[2–4] the avail-
ability of degenerate or quasidegenerate electronic states has
made them ideal systems with which to explore switching
phenomena at the molecular level.[5] For example, in some of
these materials visible-light irradiation at low temperatures
can drive optically controlled phase transitions to long-lived
metastable states where the optical and/or magnetic proper-
ties change dramatically, thereby raising the potential of
applications in memory devices and magneto-optical switch-
ing.[6–10] Metal-to-metal electron transfer was also induced by
X-ray irradiation at very low temperatures in the Prussian
blue analogue, Rb1.8Co4[Fe(CN)6]3.3·13H2O with the resulting
phase transformation monitored by energy-dispersive syn-

chrotron X-ray diffraction.[11] Herein, we show that X-ray
irradiation can also induce interconversion between the
ground and excited states in another such compound 1, over
a broad temperature range (between room temperature and
10 K). Depending on the experimental conditions, a variety of
internal charge-transfer processes and spin transitions are
triggered resulting in either continuous or abrupt phase
transformations that are accompanied by large lattice relax-
ations and can be accurately monitored by high-resolution
angle-dispersive synchrotron X-ray diffraction.

Rb0:7MnII
1:15½FeIIIðCNÞ6� � 2 H2O 1

Important information concerning the thermo- and
photoinduced magnetization/demagnetization behavior of
transition-metal cyanides has been recently obtained by
studying the cubic RbMnII[FeIII(CN)6] system.[12] At room
temperature, the MnII ions are in their high-spin (HS, t2g

3eg
2,

S= 5/2) state and the FeIII ions in the low-spin (LS, t2g
5eg

0, S=

1/2) state, and these ions couple antiferromagnetically. Cool-
ing induces a charge transfer from manganese to iron leading
to MnIII in the HS (t2g

3eg
1, S= 2) and FeII in the LS state

(t2g
6eg

0, S= 0) and is accompanied by a cubic–tetragonal phase
transition, driven by the Jahn–Teller distortion of the MnIIIN6

octahedra[13,14] and the appearance of ferromagnetism at
approximately 10 K.[15] Green light irradiation at low temper-
atures induces the reverse electron transfer and the low lying
MnII–FeIII excited state can then be populated.[16] Herein, we
report on the internal redox reactions triggered by synchro-
tron X-ray radiation as a function of temperature and time in
the related mixed-valence metal cyanide, 1. As excited
metastable electronic and spin states are populated and
evolve with illumination time at different temperatures, the
angle-dispersive synchrotron X-ray diffraction technique
allows simultaneous complete crystal structure refinements,
which leads to the elucidation of the resulting rich phase
diagram in unprecedented detail.

We examined the synchrotron X-ray diffraction profiles of
1 collected at 295 K and at 100 and 10 K after cooling in the
absence of X-ray illumination. No reflections violating face-
centered cubic (fcc) extinction rules are evident and the
crystal structure remains strictly cubic down to 10 K. Rietveld
analysis (Figure 1 a, see Supporting Information) proceeded
smoothly with the generic structural model of mixed-valence
metal cyanides,[17] comprising a three-dimensional network of
{Mn(NC)6} and {Fe(CN)6} octahedra linked by the CN ligands
(space group Fm3̄m, a= 10.54314(4) D at 295 K). The
Fe(CN)6 vacancy positions (13%) are occupied by H2O
molecules completing the coordination sphere of neighboring
MnII cations while the Rb+ ions are disordered in the
tetrahedral interstices of the framework structure (inset
Figure 1a). The Mn�N and Fe�C bond lengths of the
{Mn(NC)6} and {Fe(CN)6} octahedra refine to 2.249(4) and
1.900(5) D, respectively, consistent with the MnII-NC-FeIII

ground state (GS) assignment of the metal valence states.
This result is also in agreement with the magnetic suscepti-
bility data (measured cT= 5.17 cm3 Kmol�1 at 295 K; spin-
only value calculated for MnII(HS, S= 5/2)-FeIII(LS, S= 1/2),
cT= 5.41 cm3 K mol�1). In contrast to stoichiometric
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RbMn[Fe(CN)6], which is tetragonal at low temperatures[13,14]

after an internal electron transfer to give ferromagnetically
coupled MnIII(HS, S= 2)–FeII(LS, S= 0)–MnIII(HS, S= 2)
units, no phase change is observed for 1 down to 10 K. This
result can be understood in terms of the disorder associated
with the water molecules which fill the Fe(CN)6 vacancies,
thereby suppressing the cubic–tetragonal phase transition of
stoichiometric RbMn[Fe(CN)6] and is consistent with the
temperature dependence of the magnetic data (see Support-
ing Information), which show 1) a change in cT below 180 K
to 4.5 cm3 Kmol�1, implying that the thermally induced
charge transfer to give MnIII(HS, S= 2)–FeII(LS, S= 0)
occurs only partially (< 20%) on cooling, 2) a negative
Weiss temperature of �5.4 K implying predominant MnII–
FeIII antiferromagnetic interactions at low temperatures, and
3) the appearance of weak ferrimagnetism below approxi-
mately 10 K (coercive field = 235 Oe, remnant magnetiza-
tion = 240 cm3 Gmol�1).

We monitored the evolution of the diffraction profiles at
various temperatures with increasing exposure time to the X-
ray radiation. A striking feature of the data at 295 K is that,
although the structure remains cubic, the diffraction peaks
continuously shift to higher angles (Figure 1b), which implies
that the material rapidly contracts at a rate of
0.238(3) D3 min�1 (Figure 2a) and shows an overall volume

decrease after 150 min of 2.9%. It is
remarkable that the lattice contraction at
295 K for the illuminated sample is large
enough to produce a cell volume consider-
ably smaller than that of the non-illumi-
nated sample at 10 K (overall volume
decrease ca. 0.5%). Rietveld refinements
with the same Fm3̄m structural model
reveal a monotonic decrease of the Mn�N
bond length to 2.203(4) D after 150 min of
exposure of the sample to the X-ray beam
(Figure 2b) at room temperature. This
result is consistent with a progressive gen-
eration of MnIII-NC-FeII centers with
increased X-ray illumination time and
shrinking of the Mn�N bonds upon oxida-
tion of the MnII centers. In contrast, the iron
coordination sphere changes very little
upon reduction as expected (in
K3[Fe(CN)6] FeIII�C 1.93 D, and in
K4[Fe(CN)6] FeII�C 1.91 D[8]). Though
there is no unique real-space description of
this internal charge-transfer effect, the
observation that the width of the diffraction
peaks also progressively increases (see Fig-
ure 1b) leads us to describe the observed X-
ray induced transformation as the formation
of MnIII-NC-FeII islands which progressively
grow in size within a matrix of the original
MnII-NC-FeIII units and with a local struc-
ture different from that of the average bulk
structure.

The behavior of 1 is even more intrigu-
ing when the X-ray irradiation is switched

on at 100 K after cooling without illumination (Figure 1c).
The diffraction peaks initially shift continuously to higher
angles as at 295 K but, after an incubation period of
approximately 20 min, all the diffraction peaks are accom-
panied by a partner at significantly higher angle, thereby
providing the signature of a sudden transformation of the
high-temperature structure to an isostructural one (PT-1) with
drastically reduced lattice dimensions (Figure 2a). The frac-
tion of the contracted phase grows rapidly in a very short time
and is accompanied by a notable sharpening of the diffraction
peaks, which indicates the occurrence of a phase transition in
the bulk. The abrupt collapse in the unit cell dimensions (DV/
V��10.3%) can be again understood in terms of the X-ray
induced internal redox process MnII(HS)-NC-FeIII(LS)!
MnIII(HS)-NC-FeII(LS), which occurs even more efficiently
at this temperature. This process leads to a large fraction of
photoconverted units that exceeds the percolation threshold
and thereby a cooperative first-order phase transformation is
abruptly triggered. Rietveld refinements (see Supporting
Information) indicate that in the contracted phase, the Mn�N
bond length further shortens significantly to 2.056(5) D, while
the Fe�C bond lengthens only slightly to 1.920(5) D (Fig-
ure 2b). We note that the abrupt phototransformation to the
collapsed phase is accompanied by the appearance of a small
fraction (ca. 5%) of a coexisting minority phase whose lattice

Figure 1. a) Final observed (blue circles) and calculated (red solid line) synchrotron X-ray
powder diffraction profiles (l =0.85066 ?) for 1 at 295 K after 17 min of X-ray illumination.
The lower green solid line shows the difference profile and the tick marks show the reflec-
tion positions. Two impurity peaks were excluded from the refinement. Inset: Building
block of the cubic framework structure of 1. Alternating {Mn(NC)6} (light violet) and
{Fe(CN)6} (dark violet) octahedra are bridged by CN ligands. Pink spheres Rb+ ions,
red H2O molecules residing in the Fe(CN)6 vacancies. b)–d) Selected region of representa-
tive diffraction profiles showing the evolution of the (200) Bragg reflection with increasing
X-ray illumination time. b) 295 K, c) 100 K, d) 10 K. Each curve is labeled with the corre-
sponding illumination time.
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size rapidly increases and approaches that expected for the
untransformed material at this temperature (Figure 2a).
Complementary experiments at 100 K with an X-ray beam
of energy 28.854 keV were not able to induce the same first-
order transition even after 80 min of irradiation and led only
to a very slow decrease of the lattice dimensions at a rate of
0.083(2) D3 min�1 (inset Figure 2a). This can be understood
by the now significantly reduced (by a factor between about
40–80) energy per unit volume per second deposited at the
sample rendering the phototransformation extremely ineffi-
cient. This conclusion is also supported by the extracted
lattice constant (a= 10.49667(4) D) being similar to that of
the untransformed minority phase at 14.575 keV (a=

10.4877(7) D). In a complementary series of diffraction
experiments at 100 K with a synchrotron X-ray beam of
energy 28.850 keV, the first-order transformation to the
collapsed phase was also successfully triggered by continuous
wave (CW) green laser light illumination (l = 532 nm,
power = 50 mW).[18]

Substantial changes to the diffraction profile of the
phototransformed PT-1 material are also observed on cooling
to 10 K (Figure 1d). An extremely rapid phase change sets in
as soon as the X-ray light is switched on and the lattice size
inflates within the first 10 min by DV/V�+ 6.3%. Apparently
the PT-1 phase, which was accessed at 100 K by X-ray
irradiation now becomes highly unstable and transforms to a
new bulk phase (PT-2) whose lattice constants straddle those
of PT-1 and of the non-irradiated phase (GS; see Supporting
Information). Undoubtedly, the formation of PT-2 is triggered
by the reverse internal redox process, which led to the

formation of PT-1 from GS, namely MnIII-NC-
FeII!MnII-NC-FeIII. However, both the reduced
lattice dimension (a= 10.36940(6) D) and
refined Mn�N bond distance of 2.168(5) D
(Figure 2) are inconsistent with a description of
the electronic states of the bridging motifs as
identical to those of GS, namely MnII(HS)-NC-
FeIII(LS). Additional support for the conclusion
that the phototransformed PT-2 phase should not
be identified with GS comes from the presence of
a co-existing minority phase (9.9(1)%) with a
lattice size identical to that of the material when
cooled to 10 K in the dark (Figure 2 a) and
therefore comprising MnII(HS)-NC-FeIII(LS)
units.

To our knowledge, such a sensitivity to X-ray
light with facile interconversion between a
number of metastable states with differing
charge (electronic) and spin (magnetic) states
through both continuous (second order) and
discontinuous (first order) phase transitions at
temperatures ranging from 10 K to room temper-
ature has not been reported for a single molec-
ular system. It is reminiscent of the transitions
from an insulating antiferromagnetic to a metal-
lic ferromagnetic state in the Pr0.7Ca0.3MnO3

manganite[19,20] and from a charge-ordered spin-
dimerized to a disordered dimer state in the
CuIr2S4 spinel[21] that were driven by X-ray

illumination at low temperatures (< 40 K and < 10 K,
respectively). Stabilization of the photoinduced states in the
manganites has been strongly linked to the structural changes,
which accompany the absorption of X-ray photons and the
relaxation of the lattice distortion associated with the
{MnIIIO6} octahedra. This is a similar mechanism to that
developed herein for the mixed-valence metal cyanides in
which the photoinduced long-range-ordered states at 100 and
10 K are stabilized by the large lattice relaxations after
electron removal from the {MnII(NC)6} octahedra or electron
addition to {MnIII(NC)6} octahedra. Moreover, our picture of
the inhomogeneous character of the continuous phototrans-
formation at room temperature is also analogous to that
proposed for both the manganites and the spinels,[19–21] in
which the X-ray induced states are similarly characterized by
structural inhomogeneities, as evidenced by the observed
peak broadening and gradual evolution in the unit cell
dimensions and metal–ligand bond lengths.

In conclusion, the initial results presented herein open the
way for the study of the structural relaxations of otherwise
inaccessible metastable electronic states of various multi-
stable molecular materials following the absorption of
photons. In addition, given the energy tunability of synchro-
tron X-ray light, the kinetics of the phototransformations can
be controlled and moved between different time windows
even at ambient temperature. We also note the considerably
persistent character of the photoinduced transitions. To
explain this, we can invoke the large lattice relaxations,
which in these materials accompany the internal charge
transfer and spin rearrangements (strong electron–phonon

Figure 2. a) Evolution with increasing X-ray (E =14.575 keV) illumination time of the cubic
lattice constant in 1 at different temperatures: 295 K (green triangles), 100 K (red circles),
10 K (blue squares). Open symbols represent the lattice constants of the majority (full symbols
the minority) phases at 100 and 10 K. Inset: the time dependence of the lattice constants at
10 K (E =14.575 keV) after cooling in the dark (blue circles) and at 100 K for an incident
photon energy of 28.854 keV (red squares). b) The corresponding time evolution of the Mn�N
(inset: Fe�C) bond lengths as obtained from Rietveld refinements of the synchrotron X-ray
powder diffraction profiles. Symbols are as described in (a).
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coupling) and need large energies in order to be annealed.
Figure 3 summarizes the postulated electronic and spin
configurations of the transition-metal ions following the X-

ray-driven first-order phase transition at 100 K. Although the
optical and magnetic properties of the two photoinduced bulk
states, PT-1 and PT-2 are not probed in the present diffraction
experiments directly, we anticipate that both their color and
their magnetization should also significantly change. For
instance, the color of the material exposed to X-ray light at
room temperature changes from light to dark brown.
Comparing the magnetic properties, we note that the
untransformed material comprises antiferromagnetically cou-
pled MnII(HS, S= 5/2) and FeIII(LS, S= 1/2) ions and becomes
ferrimagnetic at about 10 K. On the other hand, the exchange
coupling between near-neighbor MnIII(HS, S= 2) ions in PT-1
is mediated by the FeIII(LS, S= 0) degenerate t2g orbitals and
is of ferromagnetic nature. As a result, conversion into the
phototransformed excited states should be accompanied by
drastic changes of the magnetization.

Experimental Section
1 was prepared as a light brown solid by reaction of aqueous solutions
of MnCl2 (0.1m), RbCl (1m), and K3Fe(CN)6 (0.1m) and its stoichi-
ometry established by elemental (Rb:Mn:Fe = 0.72:1.13:1) and
thermogravimetric analysis. Temperature- and field-dependent mag-
netization measurements were performed with a Quantum Design
MPMS5 SQUID susceptometer. For the angle-dispersive synchrotron
X-ray diffraction measurements, samples were sealed in thin-wall
glass capillaries 0.5 mm in diameter. With the sample inside a
continuous-flow cryostat, synchrotron X-ray powder diffraction data
(l = 0.85066 D, E= 14.575 keV, beamsize approximately 2.3 K
1.4 mm2) were collected on cooling at 295, 100, and 10 K as a
function of illumination time using the high-resolution powder X-ray
diffraction beamline ID31 at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France. Complementary diffraction data
were also collected at 100 K using X-rays with l = 0.42970 D (E=
28.854 keV). Data analysis was performed with the GSAS suite of
Rietveld analysis programs.
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Protein Conformation

Design of a Conformation-Sensitive Xenon-
Binding Cavity in the Ribose-Binding Protein**

Thomas J. Lowery, Seth M. Rubin, E. Janette Ruiz,
Alexander Pines, and David E. Wemmer*

NMR spectroscopy with laser-polarized 129Xe has been used
to investigate biomolecular systems, for example, detecting
protein cavities in myoglobin, lipoxygenase, lysozyme, and a
lipid-transfer protein, through interaction-induced chemical
shift changes.[1–4] With the maltose-binding protein (MBP)
from E. coli[2] and the chemotaxis protein Y[3] the chemical
shift of interacting 129Xe was found to respond to the protein
conformation because of cavities that change size or shape in
different conformers,[3,4] altering the shift of bound 129Xe or
the xenon binding affinity. Xenon probing requires no protein
derivatization, and exploits simple spectra with no back-
ground signals and high sensitivity through optical polar-
ization.[2, 3]

It has been estimated that about half of the natural
proteins contain cavities of sufficient size to bind xenon,[5] but
only a few can be expected to bind xenon in a conformation-
sensitive manner. Our studies of the conformation-sensitive
xenon binding in MBP[4] led us to attempt to engineer a cavity
for conformation-sensitive xenon binding into the ribose-
binding protein (RBP), which lacks an intrinsic site of this
type.

Periplasmic transport proteins, including MBP and RBP,
close around their ligands in a “clam-shell”-like manner as
they bind.[6] The 129Xe chemical shift in RBP solutions
responds only slightly to this process (Figure 1). Xenon in

protein solutions exchanges rapidly among all available sites
of interaction giving a single observed chemical shift (dobs),
which is an average over all site-specific chemical shifts (di)
weighted by their respective binding constants (Ki)
[Eq. (1)].[3,7, 8]

dobs ¼ ð
X

diKiÞ cðproteinÞ ð1Þ

The concentration-normalized chemical shift (�diKi)
values (slopes of the lines) for the open and closed con-
formations of RBP are (0.7� 0.1) and (0.6� 0.1) ppmmm

�1,
respectively, whereas for MBP these are (1.2� 0.1) and (2.1�
0.1)ppmmm

�1.[2] The low sensitivity of the 129Xe shift to the
RBP conformation indicates that wild-type RBP does not
contain a conformation-sensitive xenon-binding cavity.[3, 4] A
search of the RBP structures with the program VOIDOO,
which identifies internal voids, found a cavity located away
from the ligand-binding cleft (Figure 2). Its size, about 50 ?3,
is the same in the open and closed conformations.

Mutating a buried, nonpolar side chain, such as Leu, Ile,
or Phe, to a smaller nonpolar side chain, such as Ala, can
create a cavity of sufficient size to bind xenon.[4,5, 9] Bulky

Figure 1. Change in 129Xe chemical shift (DdXe) with protein concentra-
tion (c) for the open (*, solid gray line) and closed (*, solid gray line)
conformations of wild-type RBP and for the open (~, black dashed
line) and closed (~, black dashed line) conformations of L19A RBP.
DdXe is the difference between the 129Xe chemical shifts of each titra-
tion point and the buffer. Insets: a) 129Xe NMR spectrum for 0.64 mm

L19A RBP in the open conformation at a chemical shift of 0.83 ppm.
b) 129Xe NMR spectrum for 0.69 mm L19A RBP in the closed conforma-
tion at a chemical shift of 0.58 ppm. The 129Xe chemical shift and line-
width are sensitive to the conformation of L19A RBP but not to that of
wild-type RBP. The source of linewidth sensitivity is under current
investigation.
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nonpolar side chains in regions that change structure between
the two conformers were inspected and six potential sites for
mutation were selected for initial screening: L19, L88, F187,
F214, I233, and I240. The effect of a change to alanine at each
site was evaluated by deleting atoms in the PDB file and
calculating the size of the resulting cavity. Two changes
produced cavities that differed significantly in size (~ 30 ?3)
between the two conformations, and L19A RBP was selected
to test experimentally. The cavity sizes estimated by
VOIDOO for the open and closed conformations of
L19A RBP are 74 and 102 ?3, respectively. Smaller cavities
can result if residues surrounding a cavity created by mutation
relax.[9, 10] This was not considered a significant problem in the
design process because xenon has been shown to bind to small
flexible cavities, increasing the cavity volume by restoring the
lining residues to their original positions.[9]

Figure 2 shows that the cavity of L19A RBP is directly
below the ribose-binding cleft near loops that serve as a hinge
during ligand binding. Of the residues that line the cavity, F15,
F16, N64, and D89 make direct contact with ribose in the
closed conformation.[11] The proximity of the cavity to func-
tionally critical residues could affect the conformation change
and decrease affinity for ribose. The affinities of wild-type and
L19A RBP for ribose were measured using isothermal
titration calorimetry (ITC) which gave Kd values of (0.11�
0.01) mm for wild-type (in agreement with previous work[12])
and (0.30� 0.05) mm for L19A RBP. The concentration-nor-
malized 129Xe shifts for open ((1.2� 0.1) ppmmm

�1) and
closed L19A RBP ((0.8� 0.1) ppmmm

�1) were determined
(Figure 1). The mutation increases the 129Xe shift of the open
conformation by 0.5 ppmmm

�1 and of the closed conforma-
tion by 0.2 ppmmm

�1, enhancing the discrimination of open
and closed conformations.

To verify that xenon binds in the designed cavity, 1H-15N
correlation spectra (HSQC) were obtained in the presence

and absence of xenon as done previously for MBP and other
proteins.[4, 13] Resonance signals that shift upon xenon addition
are primarily from amide protons that line the cavity.[4,13] 1H-
15N HSQC spectra of open and closed wild-type RBP were
collected in the presence and absence of 90 mm xenon. The
overlayed spectra of wild-type RBP show that 90 mm xenon
does not shift signals in either wild-type conformer, indicating
that xenon does not bind to the wild-type cavity.[14] In the
L19A RBP spectra a subset of the signals shift relative to their
wild-type counterparts, reflecting perturbations from intro-
ducing the L19A mutation (Figure 3). For both open and

closed L19A RBP specific resonance signals shift with
increasing xenon concentration, indicating specific binding.[4]

Every signal that shifts with increasing xenon concentration
also shifts upon introduction of the L19Amutation, indicating
that residues affected by xenon binding are associated with
the introduced cavity, verifying creation of a specific xenon-
binding site. Several signals affected by xenon binding shift
toward the wild-type signals, suggesting that xenon restores
these residues to their original environments, as in T4 lyso-
zyme.[9]

Figure 2. Cartoon backbone depictions of a) the open, or ligand-free,
b) the closed, or ligand-bound, conformation of RBP.[6,11] Shown in
light gray mesh is the surface of the cavity present in wild-type RBP
that does not bind xenon; it is located away from the binding site and
is the same size in both conformations. The black mesh shows the
cavity created by the L19A mutation. Its increased size in the closed
conformation is apparent as well as its proximity to bound ribose
(with the ring shown by black sticks) and the loops that connect the
two domains.

Figure 3. Representative portions of the 1H-15N HSQC spectra for the
open (a) and closed (b) conformations of wild-type RBP in the absence
of xenon (black), L19A RBP in the absence of xenon (red), and
L19A RBP in the presence of 93 (a) or 72 mm (b) xenon (green).
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The xenon binding affinity was measured by following the
change in amide shift with xenon concentration (Figure 4).[4]

Five resonance signals that shifted at least ten Hertz in each
conformation were fitted as previously described[4] and
averaged to give values of (70� 30) and (40� 20)m�1 for
the open and closed conformations, respectively, yielding
affinities similar to those for MBP.[4]

The limiting xenon chemical shifts relative to the shift in
buffer, (di) [Eq. (1)], in the xenon-binding cavity were
determined by comparing titrations in which the cavity was
available and blocked,[4] giving dopen = (7� 3) and dclosed = (5�
3) ppm. Cavity-induced downfield shifts have been shown to
be inversely proportional to cavity volume in proteins,
zeolites, and clathrates.[4,15,16] The shift values for the cavity
of L19A RBP indicate that it is smaller in the open
conformation, as predicted by the design process.

Cavity-creating mutations in T4 lysozyme were shown to
decrease the Gibbs energy of unfolding in proportion to the
size of the cavity.[11] Urea-induced unfolding of open wild-
type and L19A RBP was followed by circular dichroism, and
analyzed to give DGu values of (5.8� 0.1) and (3.3�
0.1) kcalmol�1, respectively. Combining this with ribose
affinity measurements from ITC and the calibration from
T4 lysozyme[11] gives estimates of 25 ?3 (open) and 54 ?3

(closed) for the cavities in RBP, a change of about 30 ?3 as
modeled.[14]

Analysis of the L19A–129Xe interaction shows that the
conformational responsiveness arises from both a higher
xenon affinity and a larger shift induced by the cavity in the
open conformation contributing to the averaged limiting
129Xe chemical shift (dobs) [Eq. (1)]. The higher xenon binding
affinity of the smaller cavity likely arises from increased van-
der-Waals contact in the smaller cavity.[9]

We were able to introduce a conformation-sensitive
xenon-binding cavity into the ribose-binding protein with a
straightforward design process, demonstrating the feasibility

of engineering 129Xe NMR reporter sites into proteins of
interest for assaying ligand binding or conformation changes.
The idea of designed sites for xenon can be further
generalized[17] and is being applied to biological problems.
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Bioorganic Chemistry

cRGD-Functionalized Polymer Micelles for
Targeted Doxorubicin Delivery**

Norased Nasongkla, Xintao Shuai, Hua Ai,
Brent D. Weinberg, John Pink, David A. Boothman,
and Jinming Gao*

Low water solubility, rapid phagocytic and renal clearance,
and systemic toxicity represent three major barriers that limit
the therapeutic use of many hydrophobic antitumor agents
such as doxorubicin (DOXO) and paclitaxel.[1] Various drug-

delivery systems, among which polymeric micelles have
emerged as a very important system, have been developed
to overcome these limitations and deliver various drugs with
remarkable in vitro and in vivo success.[2, 3] Polymeric micelles
are nanoscopic (10 to 100 nm) colloidal particles self-assem-
bled from amphiphilic block or graft copolymers in aqueous
media. The hydrophobic core of the micelles is a carrier
compartment that accommodates antitumor drugs, and the
shell consists of a brushlike protective corona that stabilizes
the nanoparticles in aqueous solution.[4] The basic require-
ments for polymeric micelles in drug-delivery applications
include high drug-loading capacity, biodegradability, long
blood circulation times, and controllable drug-release pro-
files. Research on micelles has been greatly advanced in the

past decade.[5–8] However, the ability to achieve high targeting
efficiency at the tumor site and associated cells remains a
significant challenge for the development of micelle-mediated
drug-delivery systems. Although nanosized micelles are
known to spontaneously accumulate in tumors with leaky
vasculature by an enhanced permeability and retention
(EPR) effect,[9] micelles are also observed to accumulate
quite significantly in reticuloendothelial sites such as the liver,
spleen, and kidney.[10] Consequently, insufficient uptake in
tumor sites will decrease the therapeutic effect of the
administered drug dose, and nonspecific spreading to healthy
tissues will lead to serious side effects and limit the dosage
that can be applied. These limitations prevent these drugs
from achieving the potential cures that they might otherwise
attain.[11]

One strategy to achieve cancer-targeted drug delivery is
the utilization of unique molecular markers that are specif-
ically overexpressed in the cancerous tissues. It is well known
that tumor endothelial cells show increased expression of

Scheme 1. Synthesis of MAL-PEG-PCL copolymer and preparation of cRGD-functionalized, DOXO-loaded micelles.
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several cell-surface molecules that potentiate cell invasion
and proliferation during tumor vascular remodeling and
angiogenesis.[12,13] One such molecule is the avb3 integrin,
which plays a key role in endothelial cell survival during
angiogenesis.[14] Enlightened by the early discovery that
viruses, such as rotavirus and adenovirus, can utilize this
receptor to facilitate gene transfer by selective recognition
between avb3 on the targeted cell membrane and the viral
surface, researchers have exploited ligands such as the Arg-
Gly-Asp (RGD) peptide. In fact, avb3 was recently used as an
endothelial cell target in several therapeutic approaches such
as nonviral gene delivery.[15,16]

Unfortunately, ligand-directed delivery of hydrophobic
drugs with polymeric micelles has been reported only in a few
cases.[17, 18] Herein, we develop polymeric micelles that can
selectively deliver hydrophobic drugs, such as doxorubicin, to
angiogenic tumor endothelial cells with over-expressed
avb3 integrins. To this end, we attached a cyclic pentapeptide
c(Arg-Gly-Asp-d-Phe-Lys) (cRGDfK, also referred to as
cRGD herein) as an avb3 ligand to the surface of doxorubicin-
loaded poly(e-caprolactone)-poly(ethylene glycol) (PCL-
PEG) micelles. cRGDfK was selected as the targeting
ligand since it can selectively bind to the avb3 integrin with
high affinity.[19,20] Although the coupling of doxorubicin to
RGD peptides (for example, RGD-4C) was found to be able
to target tumor blood vessels,[21] RGD-directed doxorubicin
delivery using polymeric micelles has not been reported to
date.

The synthesis of the maleimide-terminated block copoly-
mer (MAL-PEG-PCL, Mn = 5.5 kD) and preparation of the
cRGDfK-functionalized micelles with DOXO loading are
outlined in Scheme 1. In contrast to the reported procedure
for the polymerization of e-caprolactone with stannous(ii)
octoate as a catalyst,[22] the synthesis of MAL-PEG-PCLmust
be conducted at a lower temperature because of the thermal
susceptibility of the maleimide end groups. We found that
reaction at 68 8C led to PCL segments of the desired
molecular weights (for example, 2.4 kD), while reducing the
thermal decomposition of maleimide to a negligible level (see
the Supporting Information). DOXO-loaded MAL-PEG-
PCL micelles were prepared by a solvent-evaporation
method.[23] Different amounts of methoxy-terminated
MPEG-PCL copolymer were also introduced to control the
density of maleimide at the micelle surface, which subse-
quently controls the cRGD density (5, 16, and 76% of all
PEG chains). The typical DOXO loading content (DLC) in
the micelle preparations was 3.10 wt%.

Figure 1a shows the 1H NMR spectrum of MAL-PEG-
PCL copolymer in CDCl3. Resonances of the PEGmethylene
protons (mainly at d = 3.64 ppm) and PCL protons (d = 1.38,
1.65, 2.31, and 4.06 ppm) were observed. The small triplet at
d = 4.2 ppm was attributed to the proton resonance of the
methyleneoxyl group linking the PCL and PEG blocks. The
intensity of the integrals for the maleimide vinylic protons at
d = 6.74 ppm confirms that the maleimide group in MAL-
PEG-PCL copolymers remained intact, as in the MAL-PEG-
OH. These data strongly demonstrated that the desired block
copolymers were successfully synthesized. The number-aver-
aged molecular weight of PCL blocks was calculated to be

2.4 kD from the integral of the PCL protons at d = 2.31 ppm
versus that of the PEG proton at d = 3.64 ppm. A postmicellar
modification strategy was used to prepare cRGD-functional-
ized micelles (Scheme 1). The NMR spectrum of the freeze-
dried micelles in D2O strongly suggests the formation of the
core-shell structure of DOXO-loaded micelles (Figure 1b).
The micelle corona (shells) consisting of PEG blocks were
solvated to a high degree in D2O and showed clear 1H NMR
signals. In contrast, DOXO was loaded inside the solid PCL
cores of micelles, and thus the resonances of both the PCL
blocks and DOXO molecules were significantly reduced
because of their insufficient mobility in D2O. Moreover,
successful conjugation of cRGDfK onto the solvated PEG

Figure 1. 1H NMR spectra (600 MHz, 25 8C) of a) MAL-PEG-PCL
copolymer in CDCl3 and b) cRGD-functionalized, DOXO-loaded
micelles in D2O. The inset in (a) shows the proton signal from male-
imide groups (d =6.74 ppm), and the inset in (b) shows the absence
of the maleimide signal and the presence of aromatic protons from
the Phe residue in cRGDfK, thus indicating a complete conversion of
the maleimide group after cRGD conjugation.
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shells was verified by the resonances of the phenyl protons of
cRGDfK at d = 7.4 ppm and complete disappearance of the
maleimide signal at d = 6.74 ppm (Figure 1b).

It is well known that the size of nanocarriers plays an
important role in cellular internalization process. Before
evaluating the cellular uptake of non- and cRGD-function-
alized micelles, we studied the size and morphology of the
micelles by atomic force microscopy (AFM) and dynamic
light scattering (DLS). AFM studies showed that micelles
with 76% cRGD attachment had a mean size (43.2� 3.9 nm)
similar to that of cRGD-free micelles (37.5� 2.6 nm). Both
unfunctionalized and 76% cRGD-containing micelles
appeared to be discrete and round-shaped nanoparticles.
Aggregation of micelle particles was not observed. The DLS
measurements showed that the size of the cRGD-functional-
ized micelles was also close to that of the unfunctionalized
micelles (20.9� 1.7 and 24.4� 2.7 nm for non- and cRGD-
functionalized micelles, respectively; Figure 2). Two major
factors may have contributed to the larger diameter of the
micelle determined by AFM measurement. First, the height
of the micelle particles was approximately 5 nm by AFM,
which is significantly smaller than the diameter of the micelle
determined by DLS (20–25 nm). The decreased height in the
solid state indicates that particle-flattening events occur
during the sample dewetting process on the mica surface,
which can increase the apparent particle diameter in the
x,y plane for AFM measurement. Second, it is well known

that AFM can give an overestimation of particle size as a
result of the AFM tip-broadening effect.[24] The magnitude of
the tip dilation effect depends on the height of the object, the
ambient humidity, and the size and shape of the AFM tip.[25,26]

The morphology reconstruction method can potentially be
applied to correct the dilation effect and provide a more
accurate determination of the particle sizes.[26]

Finally, we used flow cytometry and confocal laser
scanning microscopy to study the uptake of micelles into
SLK tumor endothelial cells (derived from human KaposiEs
sarcoma) that over-express the avb3 integrin.

[27] We quantified
the cellular internalization efficiency of the cRGD-micelles
by measuring the increase in fluorescence intensity after the
DOXO-loaded micelles had been transported into the cells.
Figure 3a shows the percentage of SLK cells with micelle
uptake as a function of cRGDdensity on the polymermicelles
after 2 h incubation. We observed a remarkable increase in
the uptake of micelles in the cells upon attachment of cRGD
molecules to the micelle surface. A higher density of cRGD
molecules led to a higher level of cellular internalization of
these micelles over the entire cRGD density range (0–76%)
examined. A maximum 30-fold enhancement was achieved
with 76% cRGD-functionalized DOXO-loaded micelles
relative to unfunctionalized DOXO-loaded micelles. It is
noteworthy that Kissel and co-workers recently reported that
linear RGD molecules attached to DNA/PEI-PEG (PEI=

polyethyleneimine) nanocomplexes through PEG spacers did

Figure 2. Size characterization of 0% (a, b) and 76% (c, d) cRGD-functionalized DOXO-loaded micelles by atomic force microscopy (a, c) and
dynamic light scattering (b, d).
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not lead to effective targeting to avb3-expressing cells.[28] We
believe the higher affinity of cyclic RGDfK to avb3 over the
linear RGD peptides (> 200 times)[19] in our current system
has primarily contributed to the higher targeting efficiency by
our cRGD micelles.

This cRGD-directed micelle targeting to avb3-overex-
pressed tumor endothelial cells was further demonstrated in a
control experiment, in which SLK cells were first incubated
with a free AARGDY blocking ligand (9 mm), and then co-
incubated with 76% cRGD-functionalized micelles (see the
Supporting Information). The cellular uptake level of cRGD-
functionalized micelles in the presence of blocking ligand was
dramatically reduced and became essentially equivalent to that
of unfunctionalized micelles (Figure 3a). These data demon-
strate that the avb3 receptor is essential for the uptake of
cRGD-functionalized micelles in SLK tumor endothelial cells.

Confocal laser scanning microscopy was then used to
characterize and compare the cell uptake and intracellular
distribution of cRGD-free and 16% cRGD-functionalized
DOXO micelles after incubation for two hours (Figure 3b,c).
Significantly increased intracellular DOXO fluorescence
intensity was observed with cRGD-functionalized micelles,
thus demonstrating again the enhanced cellular uptake by the
cRGD-avb3-mediated endocytosis as shown by flow cytom-
etry. Similar to cRGD-free micelles, cRGD-functionalized
micelles were localized in the cytoplasm rather than the nuclei
where free DOXO accumulated quickly after membrane
diffusion.[8,23] Recently, Maysinger and co-workers detected
intracellular localization of modified PCL-PEG micelles (20
to 45 nm) in several intracellular organelles including mito-
chondria, Golgi apparatus, and acidic organelles such as
lysosomes in PC12 and NIH 3T3 cells. They suggested the
multiple cytoplasmic-targeting of modified PCL-PEG
micelles.[4] On the basis of the avb3 receptor mediated
endocytosis pathway of the cRGD-functionalized micelles,
we suggest that in our system the cRGD-functionalized
micelles were more likely entrapped in the endosomal
compartments. Indeed, as shown in Figure 3b, a large
amount of dot-shaped DOXO fluorescence was observed in
the cytoplasm of treated cells, which suggests the presence of
internalized micelles in the endosomes.[8]

In summary, a very effective avb3 ligand (cRGDfK) was
successfully conjugated to DOXO-loaded PEG-PCL micelles
by using a postmicelle modification method. Attachment of
the cyclic RGD ligand greatly enhanced internalization of the
micelles in tumor endothelial cells that overexpress avb3

integrins, apparently through receptor-mediated endocytosis.
Although preliminary, our results illustrate the tremendous
potential of cRGD-functionalized micelles for targeting the
tumor neovasculature. To verify this hypothesis, we are
conducting in vitro cytotoxicity tests and animal studies with
cRGD-functionalized, DOXO-loaded micelles.
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Polyoxomolybdates

A Molybdenum Crown Cluster Forms Discrete
Inorganic–Organic Nanocomposites with
Metalloporphyrins**

Akihiko Tsuda,* Eri Hirahara, Yeong-Sang Kim,
Hiroyuki Tanaka, Tomoji Kawai,* and Takuzo Aida*

Molybdenum blue (MB), formed by partial reduction of MoVI

in an acidic aqueous solution, is a striking inorganic material
due to its vivid blue color. It is a mixture of polyoxomolybdate
(POM) clusters consisting of mixed-valent MoV and MoVI

centers.[1–3] Although the initial exploration was made more
than 200 years ago,[4] the first success in structural analysis of
POM clusters was only reported in 1995, when M/ller and co-
workers isolated a crown-shaped POM cluster and obtained
its crystal structure.[5] To date, they have also succeeded in
structural determination of large POM clusters with hollow
and spherical shapes.[6,7] Despite their interesting potentials in
materials sciences, no examples have yet been reported of the
utilization of such inorganic nano-objects for the fabrication
of discrete inorganic/organic nanocomposite materials.
Herein we report that the crown-shaped POM (molybdenum
crown cluster; MC), upon mixing with metalloporphyrins
having meso-aminophenyl substituents, forms discrete inclu-
sion complexes, where the inorganic cavity of MC can
accommodate up to three molecules of the guest compounds,
to give spatially isolated metalloporphyrin molecules
(Scheme 1).

Nað32�nÞ½ðMoO3Þ176ðH2OÞ63ðMeOHÞ17Hn��
� 600H2O� � 30MeOH MC

MC has a large cavity with a diameter of approximately
2.3 nm.[7] We expected that this cavity can incorporate proton
acceptors through a hydrogen-bonding interaction, since a
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great number of proton-donating m3-O···H species are con-
centrated in its inner surface.
MC was prepared according to a literature method,[7] and

characterized by means of MALDI-TOF mass spectrometry
and scanning tunneling microscopy (STM), along with UV/
Vis and IR spectroscopy.[8] The MC, thus obtained, was highly
soluble in MeCN to give a clear blue solution, which showed
characteristic broad absorption bands at 730 and 1058 nm
(Figure 1a). For the complexation studies with MC, we chose
as potential guest molecules zinc complexes of 5,10,15,20-

tetrakis(aminophenyl)porphyrins, such as
1(p-NH2)Zn, 1(m-NH2)Zn, and 1(o-NH2)Zn,
and 1(p-NH2)Cu, a copper analogue of 1(p-
NH2)Zn. Compounds 2Zn having 4-aminobi-
phenyl groups and 3Zn bearing 3,5-dihydroxy-
phenyl groups at the meso-positions were
used as references. According to molecular
models, 1(p-NH2)Zn, 1(p-NH2)Cu, 1(m-
NH2)Zn, 1(o-NH2)Zn, and 3Zn are 2.0, 2.0, 1.8,
1.6, and 1.8 nm in diameter (longer molecular
axis), respectively,[9] and smaller than the
cavity of MC, whereas compound 2Zn is much
larger (2.8 nm). Compound 3Zn is different
from these complexes, in that it has Brønsted
acidic OH functionalities in place of the
amino functionalities.
Electronic absorption spectroscopy in

MeCN with the five zinc porphyrin com-
plexes indicated that 1(p-NH2)Zn and 1(m-
NH2)Zn interact with MC. For example, upon

titration of 1(p-NH2)Zn which has 4-aminophenyl groups with
MC, the Soret-band at 430 nm decreased in intensity with a
small blue shift to 427 nm, while a red-shifted shoulder
appeared at 440 nm (Figure 1b). Compound 1(m-NH2)Zn
which has 3-aminophenyl groups also showed a spectral
change upon titration with MC, a considerable broadening of
the Soret band in the longer wavelength region took place.[8]

In contrast, 1(o-NH2)Zn bearing amino groups directed
towards the porphyrin unit (Figure 1c) and the larger sized
2Zn

[8] hardly showed spectral changes under similar titration
conditions. Likewise, the absorption spectrum of 3Zn having
phenolic OH functionalities was virtually unchanged upon
addition of MC. These contrasting observations indicate that
the complexation of the zinc porphyrins with MC is chemo-,

Scheme 1. Schematic representations of the complexation of molybdenum crown cluster (MC; blue
polyhedra) with zinc 5,10,15,20-tetrakis(4-aminophenyl)porphyrin (1(p-NH2)Zn; space-filling model:
pink Zn, blue N, gray C, white H). Molecular models of MC and 1(p-NH2)Zn are based on X-ray crys-
tallography (see ref. [7]) and MM2 calculation, respectively.

Figure 1. Absorption spectra (350–850 nm) of a) MC (2.2H10�6m)[10]

(inset: 350–1400 nm), and zinc porphyrins, b) 1(p-NH2)Zn
(2.4H10�6m), and c) 1(o-NH2)Zn (2.5H10

�6
m) in the absence and pres-

ence of MC (0.5 equiv) in MeCN at 20 8C.
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regio-, and size-selective. Namely, the peripheral amino
groups are crucial for the complexation with MC, but they
should be oriented away from the porphyrin ring, and such
guest molecules should be smaller than the MC cavity.
Therefore, MC accommodates 1(p-NH2)Zn and 1(m-NH2)Zn
inside the cavity through the formation of multiple hydrogen
bonds (e.g., m3-O···H···N), to give inclusion complexes
[MC�1(p-NH2)Zn], and [MC�1(m-NH2)Zn], respectively.
Copper complex 1(p-NH2)Cu, upon titration with MC, also
showed an essentially identical spectral change profile to that
of 1(p-NH2)Zn.

[8]

To determine the stoichiometry of the complexation,
spectroscopic titration of MC with 1(p-NH2)Zn was conducted
in MeCN (Figure 2a), where MC showed stepwise spectral

changes in response to [1(p-NH2)Zn]/[MC] at 0–2, 2–4 , and 4–
10 (Figure 2b–d),[10] with isosbestic points at 1121, 1138, and
1143 nm, respectively. This observation indicates the stepwise
formation of 1:1, 1:2, and 1:3 complexes betweenMC and 1(p-
NH2)Zn.

[11] Slow evaporation of a concentrated MeCN
solution of a 1:3 mixture of MC and 1(p-NH2)Zn allowed the
isolation of [MC�1(p-NH2)Zn] as a green precipitate, which
was subjected to inductively coupled plasma atomic emission
spectroscopy (ICP-AES) to give a Mo/Zn ratio of 61.9. This
value is in good agreement with that calculated for the 1:3
inclusion complex between MC and 1(p-NH2)Zn (58.7).
According to the crystal structure,[7] the cavity of MC is
1.3 nm deep and large enough to accommodate up to three
molecules of 1(p-NH2)Zn when they are stacked face to face
(Scheme 1). Thus, the spectral changes observed for the
complexation of 1(p-NH2)Zn (Figure 1b) and 1(m-NH2)Zn

[8]

with MC are considered to reflect such a stacking association
of these guest molecules in the MC cavity, as well as the
proton-donation from their peripheral amino groups.
Ultrahigh-vacuum scanning tunneling microscopy (UHV-

STM)[12] (Figure 3) demonstrated that the product upon
complexation of MC with 1(p-NH2)Zn is indeed an inclusion
complex [MC�1(p-NH2)Zn]. Thus, a dilute aqueous solution

of a mixture of MC and 1(p-NH2)Zn (1:3)
[10] was sprayed by

the pulse injection technique onto a clear flat Cu(111) surface.
The UHV-STM image showed the presence of numerous
doughnut-like discrete nano-objects with a diameter of 4–
5 nm (Figure 3b), which is consistent with the reported
dimension of crystallographically defined MC.[7] Some of
these nano-objects in the STM image (Figure 3c) appear to
have a filled cavity.[13] By means of scanning tunneling
spectroscopy (STS)[14] on one of these filled objects, correla-
tions between differential conductance (dI/dV) and sample
bias voltage (Vs) were measured separately for the shell and
core parts.[8] As shown in Figure 3, these two parts exhibit
different dI/dV–Vs profiles. Although the shell part, as with
intact MC, displays a gradual increase in dI/dV with either
decreasing or increasing Vs, the core part, in contrast, shows
two bands at �0.7 and + 1.6 V, which are assignable to
resonant tunneling currents through the HOMO and LUMO
of the guest compound.[15] Since the energy gap of 2.3 eV, thus
observed, is consistent with the optical HOMO–LUMO
energy gap of 1(p-NH2)Zn (2.1 eV), it is clear that the object
with a filled cavity (Figure 3c) is [MC�1(p-NH2)Zn].
We also conducted an electron paramagnetic resonance

(EPR) study on the inclusion complex of MC with copper
porphyrin 1(p-NH2)Cu ([MC�1(p-NH2)Cu]). MC is diamag-

Figure 2. Spectroscopic titration of MC (2.5H10�6m)[10] with 1(p-
NH2)Zn in MeCN at 20 8C. [1(p-NH2)Zn]=a) 0–2.1H10�5m (overall spec-
tral change), b) 0–0.5H10�5m, c) 0.6H10�5–1.0H10�5m, and
d) 1.2H10�5–2.1H10�5m.

Figure 3. Left: ultrahigh-vacuum scanning tunneling microscopy (UHV-
STM) images and right: scanning tunneling spectroscopy (STS) data
on Cu(111) surfaces at 80 K. UHV-STM of a) intact MC (imaging con-
ditions: I =2.0 pA, Vs =1.0 V), b) a 1:3 mixture of MC and 1(p-NH2)Zn
(I =2.0 pA, Vs =3.0 V), and c) [MC�1(p-NH2)Zn] (I =2.0 pA, Vs =1.0 V).
STS differential conductance (dI/dV)–sample bias voltage (Vs) correla-
tions of area (1) an intact MC observed in (a), and areas (2) the shell
and (3) the core of [MC�1(p-NH2)Zn] observed in (c).
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netic at the ground state, while copper porphyrins are
paramagnetic (S= 1/2) and generally show anisotropic EPR
spectra with two distinct gk and g? values and hyperfine
splittings induced by copper (I= 3/2) and nitrogen (I= 1)
nuclei.[16] In contrast, 1(p-NH2)Cu alone in MeCN at 103 K
displayed an isotropic EPR pattern possibly arising from an
irregular aggregation caused by hydrogen-bonding interac-
tions at the peripheral amino groups (Figure 4). On the other

hand, when 1(p-NH2)Cu was mixed with MC at a 1:3 molar
ratio,[10] the resulting inclusion complex [MC�1(p-NH2)Cu]
showed in its EPR spectrum an anisotropic pattern with gk
and g? values of 2.187 and 2.085, respectively, along with
sharp hyperfine arising from the copper (ak= 19.3 mT) and
nitrogen nuclei. Thus, 1(p-NH2)Cu is freed from its hydrogen-
bonded irregular assembly and incorporated into the MC
cavity to form a uniform assembly in the confined nanospace.
In conclusion, we have demonstrated the first example of

organic functionalization of doughnut-like molybdenum
crown cluster (MC). In its nanocavity MC can accommodate
metal complexes of aminophenyl-substituted porphyrins, such
as 1(p-NH2)M (M=Zn, Cu) and 1(m-NH2)Zn as a result of
hydrogen-bonding interactions, to form discrete inorganic/
organic nanocomposite materials. The results indicate a new
potential for MC as an inorganic host in supramolecular
chemistry and also as an building block for nanoscopic
materials science.

Experimental Section
MC, 1(m-NH2)Zn, and 1(o-NH2)Zn were synthesized according to
literature methods,[7,17] while 5,10,15,20-tetrakis(4-aminophenyl)-
21H,23H-porphine 1(p-NH2)H and 5,10,15,20-tetrakis(3,5-dihydroxy-
phenyl)-21H,23H-porphine 3H were obtained from commercial
sources. Column chromatography was carried out with Wakogel C-
400 or alumina (Merck Ltd.). 1H NMR spectra were recorded in
CDCl3 on a JEOL model a-500 spectrometer, where chemical shifts
(d in ppm) were determined with respect to tetramethylsilane (TMS)
as internal standard. Electronic absorption spectra were recorded on
a JASCO model V-570 spectrometer equipped with a temperature

controller. IR spectra were recorded on a JASCO model FT/IR-610
spectrometer. MALDI-TOF mass spectrometry was performed on a
Perceptive Biosystems model Voyager-DE spectrometer with 9-
nitroanthracene as matrix. ICP-AES was performed on a Seiko
Instruments Inc. model SPS4000 inductively coupled plasma atomic
emission analyzer. Ultrahigh-vacuum scanning tunneling microscopy
(UHV-STM) was performed on a Unisoku Japan model USM-1200.

Metalation of porphyrins: Typically, a saturated MeOH solution
of Zn(OAc)2 or Cu(OAc)2 was added to a CHCl3 solution of a free-
base porphyrin, and the resulting mixture was heated under reflux for
1–2 h. After the complete metalation was confirmed by thin layer
chromatography (TLC) orMALDI-TOFMS, the mixture was poured
into water and extracted with CHCl3. The combined organic extract
was washed with water and brine, dried over anhydrous Na2SO4, and
then evaporated to dryness. Recrystallization of the residue from
THF/hexane gave the corresponding metalloporphyrin in an analyti-
cally pure form.

2Zn: (1,1’-Biphenyl)-4-nitro-4’-carboxaldehyde (786 mg,
3.5 mmol) and pyrrole (232 mg, 3.5 mmol) were heated in refluxing
propionic acid (25 mL) for 3 h. A crystalline precipitate, obtained
from the reaction mixture on cooling, was isolated by filtration and
washed with water and MeOH. The precipitate (70 mg) and
anhydrous SnCl2 (250 mg, 1.1 mmol) were dissolved in concentrated
aq.HCl/THF (2:1; 15 mL), and the resulting solution was stirred for
24 h at 50 8C. Aqueous KOH was added to the mixture until it turned
basic, and the mixture was extracted with CH2Cl2 (4 I 50 mL). The
combined organic extract was dried over anhydrous Na2SO4 and
evaporated to dryness. The residue was purified by chromatography
on silica gel with CHCl3:MeOH (95:5) as eluent, and a reddish purple
fraction isolated was stirred with excess Zn(OAc)2 in CHCl3 for 1 h.
The reaction mixture was evaporated to dryness under reduced
pressure, and the residue was extracted with CHCl3/water. The
combined organic extract was dried over anhydrous Na2SO4 and
evaporated to dryness. Recrystallization of the residue from THF/
hexane gave 2Zn (5 mg, 4.7 mmol) as purple powdery substance.
MALDI-TOF MS m/z 1040, calcd for C68H48N8Zn 1040; UV/Vis
(CHCl3): lmax = 427, 522, 559, and 600 nm; 1H NMR (500 MHz,
[D8]THF, 25 8C): d = 4.61 (s, 8H, NH2), 6.72 (d, J= 10.0 Hz, 8H,
bipheny), 7.62 (d, J= 10.0 Hz, 8H, bipheny), 7.87 (d, J= 10.0 Hz, 8H,
bipheny), 8.14 (d, J= 10.0 Hz, 8H, bipheny), and 8.88 ppm (s, 8H,
pyrrole-b).
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Fluorescent Probes

Solid-Phase Synthesis of Styryl Dyes and their
Application as Amyloid Sensors**

Qian Li, Jun-Seok Lee, Chanki Ha, Chan Beum Park,
Guang Yang, Wen Biao Gan, and Young-Tae Chang*

Fluorescent sensors and probes have attracted attention
because of their high sensitivity and exceptional ease of

handling relative to their radioactive counterparts.[1–3] Com-
binatorial chemistry is now widely used in the medicinal/
pharmaceutical field and in chemical biology for the discovery
of novel biologically active molecules or drug candidates,[4,5]

yet the application of this method to fluorescence dyes is only
in its infancy. A few early examples include oligopyridines,[6]

coumarins,[7, 8] oligonucleotides,[9] and conjugated polymers.[10]

We previously reported the first combinatorial wide-color-
range fluorescent styryl library by solution-phase chemistry
and their potential application as organelle-specific probes.[11]

Here we report the first solid-phase synthesis of a styryl
library and its application as amyloid sensors.

Amyloids result when protein misfolding leads to the
formation of ordered secondary structures rich in cross-b-
sheets, which are present as fibrillar deposits in tissues.[12] The
formation of amyloids has been associated with a large
number of protein-misfolding diseases including type II
diabetes, Alzheimer1s, Parkinson1s, Huntington1s, mad-cow
disease, and others.[13, 14] Of the many amyloidoses, Alzheim-
er1s disease (AD) is the fourth leading cause of death in the
United States and the most common cause of adult-onset
dementia.[15, 16] The deposition of b-amyloid (Ab) aggregates
in brain tissue is one of the hallmark characteristics of AD,
and the histological staining of the deposits is crucial for the
diagnosis of AD.[17] Whereas thioflavin T or S (ThT or ThS)
and Congo red (CR) are widely used as detection agents for
amyloids, neither of these are considered accurate enough for
the quantitative estimation of fibril formation.[18–21] Congo red
is not fluorescent (thus the sensitivity is low), whereas ThT (or
S) is a blue-emission dye, which often interferes with
autofluorescence from tissue or other small-molecule com-
ponents in the assay system. Therefore, sensor dyes that are
more sensitive and assay-friendly which can stain biological
tissue have been sought.

The styryl scaffold is formed by a condensation reaction of
aldehydes and pyridinium salts, which are widely available
commercially and easily prepared starting materials. A series
of resins and reaction routes were tested, however, the best
results, both in yield and purity, were obtained when 2-
chlorotrityl resin 1 (BeadTech Inc., Korea) was used as the
first linker-protecting group (Scheme 1). Two different ami-
noalcohols with 2- or 6-carbon-atom chains were loaded onto
the 2-chlorotrityl resin, and the alcohol groups were mesy-
lated for subsequent treatment with picoline moities. Four
picoline and three quinoline derivatives were chosen as R1

building blocks to give solid-supported pyridinium salts 5. 64
aldehyde R2 building blocks that contain various function-
alities and have various lengths and electron-donating or
withdrawing properties are outlined in Scheme 2 (page 6333).
Condensation of the solid-supported pyridinium salts 5 and
the aldehydes was effectively performed under microwave
irradiation. The addition of diluted TFA (1%) then led to the
facile release of the final styryl dye compounds 7 from the
resin (10 min). All of the synthesized compounds were
analyzed by LC/MS, and 320 components were selected
based on their purity for further study (average purity: 82%;
purity data for individual compounds are available in the
Supporting Information). Also, the lmax values of the fluores-
cence excitation and emission bands of the library compounds
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were recorded with a Gemini XS fluorescent plate reader
(data available in Supporting Information). The compounds
in the library cover practically the whole color range from
blue to red. These 320 compounds were tested for amyloid
sensing without further purification.

Primary screening of amyloid sensing was carried out with
insulin amyloid fibrils generated from fresh insulin which
were induced to aggregate at low pH conditions to form a
cross-b-sheet secondary structure.[22] (A representative
atomic force microscope (AFM) picture of the insulin
amyloid fibrils used in this work is provided in the Supporting
Information). The formation of insulin amyloids, a character-
istic of injection-localized amyloidosis, occurs through kinetic
mechanisms that are similar to those for other amyloidogenic

proteins such as Ab peptides, a-syn-
uclein, and transthyretin, and its rate
is highly accelerated under stressful
conditions such as elevated temper-
ature or low pH.[23,24] 13 compounds
from the 320 compounds in the
library were selected based on the
observed increases in their fluores-
cence intensities upon addition of
insulin amyloid fibril (relative to the
dye or fresh insulin alone; see
Figure 1), and their spectroscopic
properties are summarized in
Table 1. Promisingly, some of the
compounds, such as 2C32 and 2C9,
displayed dramatic increases in fluo-
rescence intensity (663- and 736-
fold) that were much better than
the known standard dye ThS (42-
fold). The fluorescence of many of
the compounds demonstrated a red
shift after binding with insulin amy-
loid fibril (Figure 1) which is a favor-
able property for the reduction of
background signals and also for
ratiometric measurements. The
longer emission wavelengths of
2C32 and 2C9 may also allow for
the screening of blue-green fluores-

cent inhibitors of amyloid formation, which was not possible
with ThS or ThT.

We further tested the 13 selected compounds in synthetic
Ab40 and Ab42 aggregates. The two Ab variants, Ab40 and
Ab42, which differ by truncation at the carboxyl terminus, are
the predominant plaque proteins in AD.[25] All of the dyes
showed comparable increases in their fluorescence emissions.
Interestingly, all of the styryl compounds showed higher
sensitivities to fibril Ab40 than to fibril Ab42 (Ab40:Ab42 =

0.8–3.5), in contrast to ThS (Ab40:Ab42 = 0.4). Furthermore,
the 13 candidates and ThS were tested for the in vitro staining
of fixed AD mouse-brain sections. Images of the amyloid
stained with the two most-effective compounds, 2C40 and
2E10, are shown in Figures 2 and 3. As 2C40 displays red

Scheme 1. Solid-phase synthesis of the styryl dyes 7: a) thionyl chloride, CH2Cl2, room temperature,
2 h; b) ethanolamine (n =1) or 6-amino-1-hexanol (n =3), CH2Cl2, room temperature, 3 h; c) meth-
anesulfonyl chloride, NEt3, CH2Cl2, room temperature, overnight; d) pyridine derivative (R1), NMP,
80–908C, overnight; e) aldehyde (R2), pyrrolidine, NMP, 80 W microwave, 6 min; f) TFA (1%) in
CH2Cl2, 10 min. NMP= N-methylpyrrolidone.

Figure 1. Color changes of the 13 “hit” compounds observed under irradiation with a Blak–Ray 365-nm UV lamp. Each set of 3 samples contains
the dye (200 mm) alone in HCl (0.5 mL, pH 1.4; left), with fresh insulin (1 mgmL�1, 0.5 mL, pH 1.4; center), and with insulin amyloid fibrils
(1 mgmL�1, 0.5 mL, pH 1.4; right). The dyes are numbered according to the length of the linker (2 or 6), the letter corresponding to R1 (A–G),
and the number corresponding to R2 (1–64; see Scheme 2).
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fluorescence and 2E10 displays green fluorescence, these
compounds may be good complementary-color dye substi-
tutes for ThS (blue). We observed that our new dyes are at
least as sensitive as ThS in terms of labeling aggregates and
showed 100% colocalization with ThS-labeling in 50 plaques
assayed (two brain-slices each). Interestingly, compared to

ThS, which stains the peripheral area of the plaque, our
compounds mainly stained the core of the amyloid plaque.

In summary, we have reported the first solid-phase
parallel synthesis of a styryl dye library that comprises 320
dye compounds. Through in vitro amyloid screening, 13 new
amyloid sensors were identified of which two show outstand-

Scheme 2. Components (linkers, pyridine derivatives R1, and aldehydes R2) for the parallel syntheses of the styryl dyes. Bn=benzyl.
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ing promise as assay probes (2C32 and 2C9) and two others
show promise as brain-imaging agents (2C40 and 2E10). This
report demonstrates the high potential of the combinatorial
approach in the development of novel sensors as well as in the
established medicinal chemistry field. The study of systematic

structure–property relationships of the library compounds, and
in vivo amyloid imaging studies are currently underway.[26]
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Table 1: Fluorescent properties of the 13 “hit” compounds from the styryl library.

Compound
Code[a]

Buffer[b] Fresh Insulin[b] Insulin Amyloid Fibrils[b] n-Fold Increase

lex [nm] lem [nm] lex [nm] lem [nm] lex [nm] lem [nm]
Insulin Amyloid
Fibrils[c]

Ab40 Fibrils[d] Ab42 Fibrils[d]

ThS 385 445 385 445 450 482 42 10 23
2C32 425 537 426 539 548 593 663 276 85
2C40 433 565 432 568 505 590 20 27 20
2C9 392 536 390 537 538 585 736 173 62
2E4 366 443 367 445 447 522 29 23 9
2C37 406 545 405 545 453 572 8 7 5
2C8 423 529 421 536 450 547 7 11 14
2G32 473 590 473 594 453 585 7 7 2
2B7 375 515 371 513 417 509 18 9 6
6A9 417 526 424 527 447 515 6 9 7
6A7 371 521 372 525 392 520 6 6 5
6A10 361 495 361 494 379 494 6 5 6
2E10 441 491 441 492 464 503 185 30 16
2D26 394 550 395 550 434 527 4 4 3

[a] The styryl dyes are numbered according to the length of the linker (2 or 6), the letter corresponding to R1 (A–G), and the number corresponding to
R2 (1–64): see Scheme 2. [b] lmax values for the excitation and emission bands of ThS and the “hit” compounds as solutions in aqueous HCl (pH 1.4)
recorded with a Hitachi F-2500 FL Spectrophotometer. [c] n-fold increase in fluorescence intensity of the dye in insulin amyloid fibrils relative to the
control (EDTA (1 mm) in PBS) at pH 4.0. [d] n-fold increase in fluorescence intensity of the dye in Ab40 and Ab42 fibrils relative to the control (EDTA
(1 mm) in PBS, pH 7.4) measured with a Gemini XS plate reader.

Figure 2. a) Fluorescence spectra of 2C40 (25 mm) with Ab40 fibril (green line; 30 mL of a 0.5-mgmL�1 solution in PBS (pH 7.4) containing EDTA
(1 mm)), and Ab42 fibril (purple line; 30 mL of a 0.5-mgmL�1 solution in PBS solution (pH 7.4) containing EDTA (1 mm)) compared to a control
buffer solution (dark blue line; 30 mL of a solution of PBS (pH 7.4) containing EDTA (1 mm)). b) Labeling of amyloid deposits with 2C40 in a slice
of mouse brain (red, indicated by arrows). The image was taken with a charge-coupled device camera. c) Confocal microscopy image of amyloid
deposits labeled with 2C40 (red) and ThS (blue); note that 2C40 preferentially labels the core of deposits.
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Figure 3. a) Fluorescence spectrum of 2E10 (25 mm) with Ab40 fibril (green line; 30 mL of a 0.5 mgmL�1 solution in PBS solution (pH 7.4) contain-
ing EDTA (1 mm)), and Ab42 fibril (purple line; 30 mL of a 0.5 mgmL�1 solution in PBS solution (pH 7.4) containing EDTA (1 mm)) compared to
a control buffer solution (dark blue line; 30 mL of a solution in PBS (pH 7.4) containing EDTA (1 mm)). b) Labeling of amyloid deposits in a slice
of mouse brain with 2E10 (green, indicated by arrows). c) Confocal microscopy image of amyloid deposits labeled with 2E10 (green) and ThS
(blue); note that 2E10 preferentially labels the core of deposits.
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Luminescent Materials

Improving Quantum Efficiencies of Siloles and
Silole-Derived Butadiene Chromophores through
Structural Tuning**

Andrew J. Boydston and Brian L. Pagenkopf*

Over the last decade, Tamao�s endo-endo cycloreduction of
bis(phenylethynyl)silanes has emerged as a powerful tool for
generating 2,5-dilithiosiloles that can be trapped by various
electrophiles in situ.[1] The strategy has been used for the
construction of various silole-containing monomeric, oligo-
meric, and polymeric systems,[2] but a significant structural
limitation for cycloreduction is the requirement for arene
rings at the alkyne termini. Unfortunately, 3,4-diarylsiloles
are virtually non-emissive in solution, exhibiting low quantum
efficiencies from 0.1–11%.[3,4] Their poor lumines-
cence has been ascribed directly to effects arising from
3,4-substitution, given that the corresponding unsub-
stituted systems consistently show greater emission
intensities.[5] The lackluster luminescence of 3,4-diary-
lsilole chromophores condemns them to a dark future,
which is unfortunate given the ease with which they
can be prepared by cycloreduction methods.

We recently observed from silole 1a a curiously
high quantum efficiency of 9%,[6] and in our studies of
conjugated silole oligomers[7] we observed a 20%
quantum efficiency from the silole-capped extended
chromophore 2. The emission intensities of 1a and 2
suggested that silole luminescence attenuation classically
ascribed to the 3,4-diphenyl rings can be circumvented by

manipulation of the C2, C5, and Si substituents. Increased
chromophore rigidity often leads to improved luminescence
by dually facilitating electron delocalization and minimizing
vibrational–rotational events in the excited state.[8] With
consideration of the silole nucleus, it seemed likely that
increasing steric bulk about silicon and the 2,5-substituents
would increase the energy barriers for non-emissive decay
processes and ultimately result in increased photolumines-
cence. Thus, we explored synthetically practical silole mod-
ifications intended to impart “rigidity” to analogues of the
parent chromophore 1a. Herein, we report the structural
optimization of a series of siloles ultimately resulting in the
first highly luminescent 3,4-diphenylsilole chromophores.

The dimethylsilolene chromophores (4a and 5a) were
prepared by Negishi cross-coupling reactions with dibromide
3[6] (Scheme 1). These new siloles were crystalline solids that
were purified by recrystallization from the crude reaction
mixtures.

For the synthesis of di-tert-butylsilolene systems
(Scheme 2) we found that isolation of dibromide intermediate
7 was not necessary and good yields were obtained by

carrying out the entire reaction sequence from silane 6
through to siloles 1b, 4b, or 5b. As with 4a and 5a, this
simple process provided the desired siloles as crystalline
solids that could be purified by recrystallization from the
crude product mixtures.

Chlorosilole 10 was prepared via known intermediate
9[6] in 72% overall yield from silane 8 (Scheme 3). Cross-
coupling with phenylacetylene provided asymmetric
“mixed” silole 11a in 86% isolated yield after recrystal-
lization. Similarly, bromosilole 12 was used en route to
“mixed” silole 11b.

We found that treatment of the 1,1-dimethylsiloles with
Bu4NF in THF accomplished stereospecific[9] desilylation in
nearly quantitative yield after only a few minutes at room
temperature (Scheme 4). As can be seen from X-ray crystal
structures (Figure 1), the backbone of the chromophore
achieves a nearly completely planar orientation upon removal
of the silolene moiety and, as expected, the butadiene moiety
adopts an s-trans conformation. The efficiency and simplicity
of this desilylation method provided 1c, 4c, and 5c essentially
gratis.[10]

All of the new silole chromophores absorb in the visible
region (Table 1) and have moderate molar absorptivities. In
comparison with 1a, siloles bearing larger arenes (11a, 4a,
and 5a) display sequential bathochromic shifts in absorption
maxima consistent with having greater electron density.

Scheme 1. Synthesis of 1,1-dimethylsilole fluorophores.
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Increasing steric bulk about silicon alone causes a small
hypsochromic shift in the absorption maxima (1a vs. 1b, 4a vs.
4b, 5a vs. 5b, 11a vs. 11b). Relative to the least hindered
silole 1a, a hypochromic shift (decrease in absorption
intensity) is observed for each of the bulkier systems
suggesting a decrease in planarity. In all cases, desilylation
causes nearly equivalent hypsochromic shifts (that is, blue
shifts) in absorption maxima (1a!1c Dlmax=�66 nm; 4a!

4c Dlmax =�64 nm, 5a!5c Dlmax =

�66 nm, Table 1) as a result of the loss of
butadiene tethering and electronic inter-
actions with the silicon atom. Increasing
the size of the alkyl groups on the terminal
arenes (i.e. 4c and 5c vs. 1c) also causes
longer wavelength absorption maxima and
decreased molar absorptivity for the buta-
dienes. Notably, blue emission was
obtained from both 4c and 5c, which
emit with 20% and 25% efficiency, respec-
tively.

These structural modifications resulted
in significant stepwise increases in quan-
tum efficiencies (Ff) with minimal impact
on emission wavelengths (Figure 2,
Table 1). Compared with the parent silole
1a (Ff= 9%), emission intensities
improved when larger terminal arenes
were employed. Replacing a single
phenyl group on 1a (Ff= 9%) with a
mesityl (11a, Ff= 10) had a marginal
effect, but exchanging both phenyl groups
for mesityl groups results in a marked
increase in luminescence (4a, Ff= 30%).
Replacing the mesityl groups with triiso-
propylphenyl groups gave only slight
enhancement (5a, Ff= 41%). Substituting
the dimethylsilolene for a di-tert-butylsilo-
lene has a greater influence on Ff than
changes to the terminal arene units. For the
parent silole 1a (Ff= 9%), the exchange
brought Ff to 25% (1b). Incorporation of

a single mesityl group again lead to only a modest
improvement (11b, Ff= 32%), but when two mesityl
groups were used in combination with the di-tert-
butylsilolene (4b) a quantum efficiency of 63% was
observed. No further increase was observed, however,
with silole 5b (Ff= 56%). To our knowledge, these
quantum efficiencies are the highest ever reported for
3,4-diphenylsilole chromophores in solution.

Scheme 2. Synthesis of 1,1-di-tert-butylsilole fluorophores; NBS=1-bromo-2,5-pyrrolidine-
dione.

Scheme 3. Synthesis of asymmetric silole fluorophores; NCP= N-chlorophthalimide.

Scheme 4. Protiodesilylation for synthesis of butadiene chromophores.

Figure 1. X-ray structures of siloles 1c (left), 4c (middle), and
5c (right).

Table 1: Electronic absorption and emission data in solution.

Silole Butadiene Absorption Emission
lmax log(e) lmax Ff

[b]

1a – 429 4.74 520 0.09
1b – 428 4.36 516 0.25
4a – 443 4.49 532 0.30
4b – 439 4.48 529 (536)[a] 0.63
5a – 447 4.43 523 0.41
5b – 439 4.51 507 (512)[a] 0.56
11a – 436 4.42 532 0.10
11b – 434 4.43 522 0.32
– 1c 363 5.03 428 0.02[c]

– 4c 379 4.99 448 0.20[c]

– 5c 381 4.85 426 0.25[c]

[a] Emission maxima of thin films given in parentheses. [b] Determined
with reference to fluorescein unless stated otherwise. [c] Determined
with reference to 9,10-diphenylanthracene.
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Although the solution photoluminescence (PL) efficiency
is a good first measure of performance and is paramount in
areas such as nitroaromatic detection,[11] the solid-state
behavior will more likely dictate the feasibility of deploying
these compounds in electronic devices. In this regard, thin-
films of 4b and 5b were prepared by spin-coating,[12] and their
PL spectra examined (Figure 2, inset). Intense green light
emission was observed from the thin film of each fluorophore
and the emission spectra revealed slight bathochromic shifts
in the solid state relative to the solution PL spectra.

In conclusion, simple structural modifications have pro-
vided new luminescent silole chromophores with the highest
quantum efficiencies for fully substituted monomeric siloles
in solution. Importantly, these discoveries welcome siloles
prepared by practical cycloreduction methods into the fold of
useful fluorophores. The PL intensity was selectively modified
without impact on the emission wavelength. This work
establishes structure–property relationships that refute the
notion that 3,4-disubstituted siloles possess intrinsically low
quantum efficiencies, and illustrates enhanced performance
through substituent tuning at C2, C5, and Si.
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.Keywords: alkynes · fluorescence spectroscopy · luminescence ·
silicon · siloles

[1] K. Tamao, S. Yamaguchi, M. Shiro, J. Am. Chem. Soc. 1994, 116,
11715 – 11722.

[2] a) S. Yamaguchi, K. Tamao, J. Organomet. Chem. 2002, 653,
223 – 228; b) M. Hissler, P. W. Dyer, R. RGau, Coord. Chem. Rev.
2003, 244, 1 – 44.

[3] a) S. Yamaguchi, T. Endo, M. Uchida, T. Izumizawa, K.
Furukawa, K. Tamao, Chem. Eur. J. 2000, 6, 1683 – 1692; b) J.
Lee, Q.-D. Liu, M. Motala, J. Dane, J. Gao, Y. Kang, S. Wang,
Chem. Mater. 2004, 16, 1869 – 1877. Increased quantum yields
(21%) have been obtained from 3,4-diarylsiloles by aggregation-
induced emission, see: c) J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng,

H. Chen, Q. Chengfeng, H. S. Kwok, X. Zhan, Y. Lui, D. Zhu,
B. Z. Tang, Chem. Commun. 2001, 1740 – 1741; d) J. Chen, Z.
Xie, J. W. Y. Lam, C. C. W. Law, B. Z. Tang, Macromolecules
2003, 36, 1108 – 1117; e) J. Chen, C. C. W. Law, J. W. Y. Lam, Y.
Dong, S. M. F. Lo, I. D. Williams, D. Zhu, B. Z. Tang, Chem.
Mater. 2003, 15, 1535 – 1546.

[4] To our knowledge, at its current state of development the
method is limited to phenyl groups.

[5] a) S. Yamaguchi, K. Tamao, J. Chem. Soc. Dalton Trans. 1998,
3693 – 3702; b) M. Katkevics, S. Yamaguchi, A. Toshimitsu, K.
Tamao, Organometallics 1998, 17, 5796 – 5800.

[6] A. J. Boydston, Y. Yin, B. L. Pagenkopf, J. Am. Chem. Soc. 2004,
126, 3724 – 3725.

[7] A. J. Boydston, Y. Yin, B. L. Pagenkopf, J. Am. Chem. Soc. 2004,
126, 10350 – 10354.

[8] X.-C. Li and S. C. Moratti in Photonic Polymeric System:
Fundamentals, Methods and Applications, (Eds.: D. L. Wise,
G. E. Wnek, D. J. Trantolo, T. M. Cooper, J. D. Gresser), Marcel
Dekker, New York, 1998, chap. 10, pp. 335 – 371.

[9] Determined by 1H NMR spectroscopy and X-ray analysis.
[10] Similar silole desilylations have been reported using 50 equiv of

KOH in refluxing PhCH3/H2O for approximately 20 h, see
ref. [3a].

[11] a) H. Sohn, M. J. Sailor, D. Magde, W. C. Trogler, J. Am. Chem.
Soc. 2003, 125, 3821 – 3830; b) H. Sohn, R. M. Calhoun, M. J.
Sailor, W. C. Trogler, Angew. Chem. 2001, 113, 2162 – 2163;
Angew. Chem. Int. Ed. 2001, 40, 2104 – 2105.

[12] Thin films were prepared onto glass substrates by spin-coating
solutions of the recrystallized siloles.

Figure 2. Photoluminescence spectra in CH2Cl2 at room temperature.
4b (c), 5b (c), 5a (c), 11b (c), 4a (c), 1b (c),
11a (c), 1a (c), 5c (c), 4c (c), 1c (c). Inset: normal-
ized emission spectra of thin films of 4b (dashed line) and 5b (solid
line).

Communications

6338 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6336 –6338

http://www.angewandte.org


Magnetic Properties

A Reductive-Aggregation Route to
[Mn12O12(OMe)2(O2CPh)16(H2O)2]

2� Single-
Molecule Magnets Related to the [Mn12] Family**

Anastasios J. Tasiopoulos, Wolfgang Wernsdorfer,
Khalil A. Abboud, and George Christou*

An exciting development in nanoscale magnetic materials
occurred in 1993 when [Mn12O12(O2CMe)16(H2O)4] (1) was
identified as a nanoscale magnet,[1] the first to comprise
discrete, (magnetically) non-interacting molecular units
rather than a 3D extended lattice (as in metals and metal
oxides, for example). This discovery initiated the field of
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molecular nanomagnetism and such molecules have since
been termed single-molecule magnets (SMMs).[2] They derive
their properties from the combination of a large spin (S) and
an Ising (easy-axis) magnetoanisotropy (negative zero-field
splitting parameter, D). Although several classes of SMMs
are now known,[1–10] there is still a need for new examples to
improve our understanding of this phenomenon. Efforts
along these lines have been concentrated in two directions:
1) development of synthetic routes to new high nuclearity
metal complexes,[4,5] and 2) modifications of known SMMs in
a controlled fashion.[6–10] The best and most thoroughly
studied SMMs to date are members of the
[Mn12O12(O2CR)16(H2O)4] ([Mn12]) family. A number of
[Mn12] derivatives have been prepared in their neutral,

[1,6–8]

one-electron[6f, 9] or two-electron[10] reduced versions with a
variety of carboxylate,[6,9, 10] mixed carboxylate,[7] and mixed
carboxylate/non-carboxylate[8] ligands. In all such modifica-
tions, the [Mn12(m3-O)12] core remains essentially the same.
Herein, we report three new developments: 1) a new

synthetic procedure in manganese cluster chemistry involving
reductive aggregation of permanganate ([MnO4]

�) ions in
MeOH/benzoic acid solution; 2) its employment to synthesize
NnBu4

+ salts of the new [Mn12O12(OMe)2(O2CPh)16(H2O)2]
2�

cluster ion, which is a structural derivative of the well studied
[Mn12] complexes; and 3) the establishment that this anion is a
new SMM.
The synthesis of normal [Mn12] compound 1 consists of the

comproportionation reaction between Mn(O2CMe)2·4H2O
and KMnO4 in 60% aqueous acetic acid.[11] In contrast, the
new synthetic procedure herein is part of a wider investigation
of the reduction of [MnO4]

� in alcohol/carboxylic acid
mixtures. The present results were obtained from a MeOH/
PhCO2H medium. Thus, addition of (NnBu4)MnO4 to a
methanolic solution of benzoic acid results in the formation of
a dark brown solution from which subsequently were
obtained essentially black crystals. Recrystallization from
CH2Cl2/hexanes results in the formation of two types of black
crystals in a total, overall yield of 15%.
Both types of crystals, diamond-like 2a and needle-like

2b, were crystallographically characterized. Both contain the
same dianion, abbreviated [Mn’12]

2�.

ðNnBu4Þ2½Mn12O12ðOMeÞ2ðO2CPhÞ16ðH2OÞ2� � 2H2O � 4CH2Cl2 2 a

ðNnBu4Þ2½Mn12O12ðOMeÞ2ðO2CPhÞ16ðH2OÞ2� � 2H2O � CH2Cl2 2 b

Complex 2a[12] crystallizes in the orthorhombic space
group Pbca with its asymmetric unit containing half the
[Mn’12]

2�cluster and one [NnBu4]
+ ion, as well as one H2O and

two disordered CH2Cl2 solvent molecules. The [Mn’12]
2� ion of

2a (Figure 1) contains a central [MnIV4(m3-O)2(m-O)2(m-
OMe)2]

6+ unit surrounded by a nonplanar ring of eight MnIII

atoms that are connected to the central Mn4 unit by eight
bridging m3-O

2� ions. The metal oxidation states and their
trapped-valence nature were determined by inspection of the
Mn�O bond lengths, manganese bond valence sum calcula-
tions,[13] and the presence of MnIII Jahn–Teller elongation axes
for the manganese atoms in the outer ring. The outer Mn8 ring
is very similar to that in normal [Mn12] compound 1, but 1 has

a central [Mn4(m3-O)4]
8+ cubane. The central [MnIV4-

O4(OMe)2]
6+ unit of 2a comprises a planar Mn4 rhombus

with two m3-O
2� ions (O16, O16’), one above and one below

the Mn4 plane, and a m-O2� (O18, O18’) or m-MeO� (O24,
O24’) ion bridging each edge of the rhombus. The central unit
can thus be described either as a face-sharing dicubane unit
with two missing vertices, or as two edge-sharing, oxide-
capped Mn3 triangular units; tetranuclear complexes possess-
ing a core very similar to this central unit have been observed
with manganese,[5a,b] as well as with other transition metals.[14]

Peripheral ligation is completed by 16 bridging benzoate
groups and two terminal water molecules. All the manganese
atoms are six-coordinate with near octahedral coordination
geometries.
Complex 2b crystallizes in the triclinic space group P1̄,[12a]

and its asymmetric unit consists of a half cluster and two
halves of [NnBu4]

+ ions disordered around inversion centers,
as well as one disordered H2O molecule and half a CH2Cl2.
The structure of the anion of 2b is essentially identical to that
of 2a, except for some disorder in the peripheral benzoate
rings.
For both 2a and 2b, there are Jahn–Teller (JT) distortions

at the MnIII ions in the outer ring, consistent with high-spin
MnIII centers with near-octahedral coordination geometry.
The JT distortion takes the form of an axial elongation, with
the elongation axes axial to the Mn12 disk-like core and thus
roughly parallel to each other. Axially elongated Mn�O
bonds are typically at least 0.1–0.2 D longer than the others.
However, there is one anomaly: for 2a (Figure 1), the JT
elongated bonds at Mn4 (Mn4�O9 2.074(4), Mn4�O14
2.080(5) D) are not as long as those found at the other MnIII

ions (2.112(5)–2.250(5) D), and the trans bonds Mn4�O7
(1.958(4) D) and Mn4�O12 (2.060(5) D) are longer than
expected, especially Mn4�O7, which is unusually long for an

Figure 1. ORTEP plot (thermal ellipsoids set at 50% probability) of the
anion of 2a. For clarity, the benzoate rings have been omitted, except
for the ipso-carbon atom of each ring; Mn blue, O red, C gray.
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Mn-O2� bond (compareMn�O2� bonds at the otherMnIII ions
of 1.876(4)–1.905(4) D). A similar anomalous situation is
present at Mn1 of 2b. This structural feature at manganese
atoms Mn4 of 2a and Mn1 of 2b is crucial to understanding
the magnetic data (see below).
The anions of complexes 2a and 2b are remarkably

similar to normal [Mn12] clusters, such as 1, with the main
difference being the structure of the central cores (Figure 2).

The core of the anions of 2a and 2b could be considered the
result of partial methanolysis of the central [Mn4O4]

8+ cubane
of 1, leading to incorporation of two MeO� bridges and a
change in the core structure (although we do not claim that
this corresponds to its means of formation in the reaction
mixture). Note that complexes 1 and 2 are the smallest
nuclearity members of a larger family of [MnIIIx,Mn

IV
y]

clusters in which there is an outer MnIIIx ring around a central
MnIVy core. This family currently comprises normal [Mn12]
complexes (such as 1) and 2a/2b (x= 8, y= 4), the Mn16
cluster [Mn16O16(OMe)6(O2CMe)16(MeOH)3(H2O)3] (x= 10,
y= 6),[4c,15] and the Mn21 cluster [Mn21O24(OMe)8(O2CCH2-
tBu)16(H2O)10] (x= 12, y= 9).[16]

The structural similarity between complexes 1 and 2
suggested that 2 might also be an SMM. Thus AC magnetic
susceptibility measurements were performed on a polycrys-
talline sample of 2 (containing both 2a and 2b) in the
temperature range 1.8–10 K using a 3.5 G AC field oscillating
at 5–500 Hz frequencies (n). These studies revealed two
frequency-dependent out-of-phase (cm’’) AC signals
(Figure 3), one in the higher temperature (HT) range of 3–
5 K, and a second one at lower temperatures (LT) whose

peaks clearly occur at temperatures below the operating limit
of our SQUID (superconducting quantum interference
device) instrument (1.8 K). The LT and HT cm’’ signals
correspond to faster and slower relaxation rates, respectively.
The peak of a cm’’ versus T plot represents the temperature at
which the magnetization relaxation rate equals the angular
frequency w(= 2pn), and the cm’’ versus T data at different
frequencies (n) were therefore used as a source of kinetic data
to construct an Arrhenius plot (Figure 3, inset) based on the
Arrhenius equation in Equation (1), where 1/t is the relax-

1=t ¼ 1=t0 expð�Ueff=kTÞ ð1Þ

ation rate (t is the relaxation time), 1/t0 is the pre-exponential
factor, Ueff is the effective relaxation barrier, and k is the
Boltzmann constant. The fit of the data to Equation (1) gave
Ueff= 50.1 K and 1/t0= 3.61 I 108 s�1. ThisUeff value is smaller
than that of normal [Mn12] complexes; complex 1, for
example, has a Ueff of 60–65 K.
The observation of out-of-phase AC signals suggests that 2

might be an SMM, although such signals by themselves are
not proof of an SMM. It is also tempting to assume that the
two cm’’ signals in Figure 3 are due to the two crystal forms,
diamondlike 2a and needlelike 2b. To confirm whether 2a
and/or 2b are indeed SMMs, and to assess any difference
between the two forms, magnetization versus DC field sweep
studies were performed on single crystals of 2a and 2b by
using a micro-SQUID apparatus.[17] The resulting hysteresis
loops are shown in Figure 4, and their coercivities 1) increase
with decreasing T at a constant field sweep rate, and
2) increase with increasing sweep rate at a constant T (not
shown). This situation is as expected for the superparamag-
net-like properties of an SMM.
However, it is clear that the observed properties (hyste-

resis loops) of 2a and 2b are very similar, and this is totally

Figure 2. Comparison of the cores of normal [Mn12] complex 1 (top)
and the anion of 2a (bottom); Mn4+ cyan, Mn3+ blue, O red, C gray.

Figure 3. Plot of cm’’ versus T for a microcrystalline sample of 2 sus-
pended in solid eicosane at 500 (*), 250 (*), 50 (&), 25 (&), 10 (~),
5 Hz (~). Inset: Plot of the natural logarithm of relaxation rate, ln(1/t)
versus inverse temperature using the cm’’ versus T data for the slower
relaxing species (higher temperature data). The solid line is a fit to the
Arrhenius equation; see the text for the fitting parameters.
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inconsistent with the two very different AC signals in Figure 3
and the at-first-glance “obvious” conclusion that the two
signals are due to the two crystal forms. In fact, the hysteresis
loops of both 2a and 2b suggest a mixture of faster relaxing
(LT) and slower relaxing (HT) forms, the faster relaxing being
responsible for the large decrease in magnetization at zero
field, and the slower relaxing being responsible for the
subsequent feature at higher fields. The relative proportions
of these two features suggest comparable amounts of the LT
and HT forms in each crystal, with perhaps a slightly greater
amount of the LT, and this situation is again consistent with
the relative proportion of LT and HT AC signals shown in
Figure 3. Note that the hysteresis studies were performed on
wet single-crystals and the AC studies on microcrystals
suspended in solid eicosane, and thus not strictly speaking
on the same material. Nevertheless, we conclude that
1) complex 2 is a new SMM, 2) the different space groups of
diamond-like 2a and needle-like 2b lead to only small
differences in the magnetic properties of the [Mn12O12(O-
Me)2(O2CPh)16(H2O)2]

2� ion, and 3) there are faster and
slower relaxing forms of complex 2 that cocrystallize in the
same crystal. In fact, the existence of cocrystallized faster and
slower relaxing forms of 1 has long been known, with crystals
of 1 containing about 5% of the faster relaxing form;[6f] in this
respect complex 2 only differs from 1 in the relative amounts
of the two forms.
For normal [Mn12] complexes, we have reported elsewhere

that crystals of pure faster relaxing forms can be prepared
with, for example, tert-butylacetate as the carboxylate
group.[6d,g] Crystallography on such crystals has allowed the
origin of the faster relaxing form to be identified as the

abnormal orientation of one of the MnIII JT elongation axes,
being disposed equatorial rather than axial to the Mn12 disk-
like plane, and thus this JTaxis points towards a core O2� ion.
We have named this “Jahn–Teller isomerism”. The same
effect is likely to be the origin of the two forms of 2. Indeed,
this phenomenon rationalizes the unusual Mn�O bond
lengths at Mn4 for 2a and Mn1 for 2b. For 2a, for example,
an approximately equal mixture of a) slower relaxing species
with the JT axis at Mn4 in the normal position along the O9-
Mn4-O14 axis, and b) faster relaxing species with the JT axis
at Mn4 abnormally aligned along the O7-Mn4-O12 axis, will
lead to the crystallographic average result that the O9-Mn4-
O14 bonds are shorter and the O7-Mn4-O12 bonds are longer
than they should be, which is what is seen (similarly for 2b).
We thus feel that the crystallographic data support the
conclusion from the magnetic studies that crystals of 2a and
2b comprise a mixture of slower and faster relaxing species
which result from normal and abnormal orientations, respec-
tively, of a MnIII JT elongation axis. As with normal [Mn12]
complexes, it will require crystallization of pure crystals of the
different forms of 2 to allow more detailed study.
In summary, we have developed access to a variant of the

[Mn12] family of SMMs by using a reductive-aggregation
route. This structurally very similar variant is also an SMM
and, like normal [Mn12] complexes, displays both faster and
slower relaxing magnetization dynamics that we assign to the
presence of Jahn–Teller isomerism. We have in the past
obtained many derivatives of [Mn12] complexes, for example,
by carboxylate substitution,[6,7] one- and two-electron reduc-
tion,[6f,9, 10] introduction of non-carboxylate ligands,[8] and
similar derivatization of 2 may also prove possible, in which
case it is merely the prototype of what could become a large
new family of related SMMs.

Experimental Section
2 : Freshly-prepared (NnBu4)MnO4 (1.0 g, 2.8 mmol) was added in
small portions to a solution of benzoic acid (5.0 g, 40.9 mmol) in
MeOH (15 ml), and the mixture stirred for about 5 min. The resulting
purple solution was left undisturbed at room temperature overnight.
During this time, the color slowly turned dark brown, and black
crystals slowly formed. These crystals, which were found to be poor
diffractors of X-rays, were collected by filtration, washed with MeOH
(2I 10 mL) and dried in vacuo. The material was recrystallized from
CH2Cl2/hexanes to give a mixture of diamond-shaped crystals of 2a
and needle-shaped crystals of 2b in an overall yield of 0.12 g (15%
based on Mn). These were collected by filtration, washed with
hexanes, and dried in vacuo. Both 2a and 2b were good diffractors of
X-rays, as long as they were kept in contact with the mother liquor to
prevent solvent loss. Elemental analysis of dried solid: (%) calcd for
C146H166N2O50Mn12 (2·2H2O): C 51.45, H 4.91, N 0.82; found: C 51.26,
H 4.72, N 0.70. Selected IR data (KBr pellet): ñ = 3430 (s, br), 3065
(w), 2965 (w), 2925 (w), 2875 (w), 1598 (s), 1560 (s), 1532 (s), 1492 (m),
1448 (m), 1417 (s), 1306 (w), 1177 (m), 1069 (w), 1026 (m), 838 (w),
718 (s), 675 (s), 625 (m, br), 499 (m) cm�1.

Received: August 5, 2004

.Keywords: cluster compounds · Jahn–Teller effect · manganese ·
O ligands · single-molecule magnets

Figure 4. Magnetization (M) versus applied magnetic field (m0H) hys-
teresis loops for a single crystal (wet with mother liquor) of 2a (top)
and 2b (bottom) at the indicated temperatures. M is normalized to its
saturation value, Ms.
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Charge-Transfer Organic Metal

A Purely Organic Molecular Metal Based on a
Hydrogen-Bonded Charge-Transfer Complex:
Crystal Structure and Electronic Properties of
TTF-Imidazole–p-Chloranil**

Tsuyoshi Murata, Yasushi Morita,* Kozo Fukui,
Kazunobu Sato, Daisuke Shiomi, Takeji Takui,
Mitsuhiko Maesato, Hideki Yamochi, Gunzi Saito,* and
Kazuhiro Nakasuji*

The control of the relative molecular orientation of redox-
active molecules is of great importance for constructing
organic conductors and superconductors.[1] Ingenious manip-
ulation of noncovalent interactions such as hydrogen bonding
(H-bonding) is an efficient tool for creation of desired
molecular arrangements.[2] Thus, a variety of tetrathiafulva-
lene (TTF) derivatives with H-bonding functionality have
been synthesized.[3] However, most of these gave insulating or
semiconducting charge-transfer (CT) complexes and salts,[3]

while CT salts of ethylenedithio-TTF-CONHMe with inor-
ganic anions solely exhibited metallic behavior.[3c,d] The
imidazole ring system has been utilized as an interesting
building block for H-bonded CT complexes[4] and assembled
metal complexes.[5] Recently, we have designed TTF deriva-
tives substituted with an imidazole moiety, TTF-Im, for
exploring molecular conductors with highly ordered molec-
ular aggregation by H-bonding.[6] We report here the first
purely organic molecular metal based on the H-bonded CT
complex composed of TTF-Im and p-chloranil (CHL), in

which the component ratio and electron-accepting ability of
CHL are controlled by H-bonding.[7]

In CV measurements, TTF-Im shows the first oxidation
potential at �0.06 V vs Fc/Fc+, which is close to that of TTF
(�0.09 V).[6] Single crystals of TTF-Im were obtained by the
vapor diffusion method with hexane/THF.[8] In the crystal
structure of TTF-Im, the imidazole moiety is twisted by
15.5(1)8 from the TTF skeleton. The imidazole ring forms a
one-dimensional chain by N�H···N H-bonding interaction
(3.06 9) along the a axis in a zigzag fashion similar to that of
imidazole[9] (Figure 1). The TTF-Im molecule uniformly

stacks and forms a columnar structure parallel to the c axis
with a face-to-face distance of 3.66 9. The column is
connected by H-bonding and intercolumnar S···S contacts
(3.48 and 3.57 9) along the a axis (Figure 1) to give a three-
dimensional network.

The CT complex (TTF-Im)2(CHL) was obtained as black
needlelike crystals by diffusion of a solution of TTF-Im and
CHL in acetonitrile containing 2 vol% ethanol in an H-
shaped tube.[7, 10,11] The C=O stretching frequency of
1532 cm�1 in the IR spectrum indicates that the CHL
molecule exists as a radical anion.[12] Thus, the ionicity of
TTF-Im is estimated to be + 0.5.[13] Crystal structure analysis
shows that the molecular structure of TTF-Im is nearly
planar, with a small dihedral angle of 5.5(1)8 between the TTF
and imidazole moieties, and the CHL molecule lies on the
inversion center (Figure 2). The CHL forms a bifurcated triad
with two TTF-Im molecules through double N�H···O H-
bonding interactions. Because these H-bonds increase the
electron-accepting ability of the CHL molecule, the CHL in
the complex is a completely one-electron reduced.[14] Each
component molecule forms a uniform stacking column along
the a axis with interplanar distances of 3.46 9 for TTF-Im and
3.19 9 for CHL. Furthermore, side-by-side S···S contacts

Figure 1. Stereoview of the crystal packing of TTF-Im, showing N�H···N H-bond-
ing (red), p-stacking columns, and S···S contacts (green) between columns.
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between TTF columns (3.51–3.57 9) along the b axis form a
two-dimensional donor layer parallel to the ab plane.
Together with the double H-bonding of CHL, this results in
a three-dimensional network of intermolecular interactions in
the crystal.

Intermolecular overlap integrals of the HOMO of the
donor molecules in the CT complex, calculated by the
extended H?ckel method, are summarized in Figure 3a.[15]

Although the strongest overlap integral (s1) was observed
along the stacking direction, interactions on the same order of
magnitude (t3, t4) were also calculated in the side-by-side
directions. The tight-binding approximation gave the energy
dispersion, density of states, and Fermi surfaces shown in
Figure 3b–d. As shown in Figure 3b, the dispersion affords
two bands having a gap of 0.05 eV, the upper one of which is
half-filled. The main parts of the Fermi surfaces in Figure 3d
exhibit a strongly warped one-dimensional feature. Along
with these open surfaces, a hole pocket around point X was
derived.

The static paramagnetic susceptibility cp of
the polycrystalline sample showed nearly tem-
perature-independent behavior in the range of
170–350 K, and its value of + 5.7 C
10�4 emumol�1 per (TTF-Im)2(CHL) unit is
consistent with Pauli paramagnetism (Figure 4).
The cp value slightly decreased below 170 K, and
after passing through a minimum at 90 K, a
strongly temperature-dependent component
appeared to increase the total cp in the lower
temperature region (Figure 4). The magnetic
field dependence of the magnetization at 1.9 K
revealed that the temperature-dependent part of

cp is attributed to 1.1% of nearly isolated S= 1/2 spins.[16] No
such temperature-dependent contribution was observed
above 170 K, and this suggests that the generation of such a
component may be associated with the subtle anomaly
around 90–170 K.

The ESR spectra of the polycrystalline sample at 296 K
showed a single Lorentzian absorption with g= 2.0068
(Figure 5). The ESR linewidth DB[17] steadily decreased on
lowering the temperature (inset to Figure 5) and finally
became sharp enough to resolve g anisotropy as (gxx, gyy, gzz)=

Figure 2. Stereoview of the crystal packing of (TTF-Im)2(CHL). The dashed lines show the inter-
molecular interactions: N�H···O H-bonding (red) and S···S contacts (green).

Figure 3. a) Packing pattern of the donor molecules; letters indicate
intermolecular overlap integrals (s1=�20.77, t2=0.94, t3=�5.44,
t4=10.73, t5=�0.62). b) Energy dispersion, c) density of states, and
d) Fermi surface of (TTF-Im)2(CHL), calculated by the extended HFckel
method with tight-binding approximation.

Figure 4. Temperature dependence of magnetic susceptibility after
correction of Pascal diamagnetism for a polycrystalline sample of
(TTF-Im)2(CHL). The inset shows a magnification of the plot.

Figure 5. Temperature dependence of ESR spectra for a polycrystalline
sample of (TTF-Im)2(CHL). The inset shows the temperature depend-
ence of ESR linewidth DB.[17]
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(2.0101, 2.0075, 2.0028), which are characteristic values of
TTFC+ derivatives. The ESR signal intensity exhibits nearly
identical behavior to cp at all temperatures. The above results
show that the TTF-Im column acts a pathway for electrical
conduction. In contrast, no ESR absorption originating from
uniformly stacked CHLC� molecules was observed, probably
because the short interplane distance of CHLC� (3.19 9) and
the large orbital overlaps induce a strong antiferromagnetic
interaction that quenches paramagnetism. Density functional
theory calculations gave support to this conjecture. For a pair
of CHLC�molecules in the uniform column taken from the X-
ray structure, the exchange coupling was calculated to be
2J/kB =�2677 K,[18] which results in negligible paramagnetic
contribution below 350 K as long as a one-dimensional
magnetic chain is considered (Bonner–Fisher model[19]).

The temperature dependence of electrical conductivity
for the single crystal along the p-stacking direction confirms
metallic behavior down to about 180 K, below which the
resistivity increases gradually (activation energy 20 meV;
Figure 6). The room-temperature electrical conductivity of

this complex of srt = 124 Scm�1 is comparable to those of CT
salts of ethylenedithio-TTF-CONHMe[3c,d] and TTF-TCNQ
complexes,[20] and 104–107 orders of magnitude higher than
those of CT complexes with organic electron acceptors based
on H-bonded TTF derivatives.[3] Clarification of the subtle
anomaly in magnetic and electric properties at 90–180 K is the
subject of further study.

In conclusion, we have prepared the first purely organic
molecular metal based on an H-bonded CT complex. The
absence of an abrupt change like the Peierls transition shows
that the H-bonding interaction plays a vital role in transport
properties by increasing dimensionality. Furthermore, we
emphasize the ability of H-bonding interactions to control the
electron-accepting ability of CHL and the donor/acceptor
ratio by the formation of H-bonded triad of TTF-Im and
CHL. We believe that these salient features of H-bonding
interactions in purely organic CT complexes demonstrate a
new concept for the molecular design of organic conduc-
tors.[21]
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Photochromism

Photoswitchable Organic Nanoparticles and a
Polymer Film Employing Multifunctional
Molecules with Enhanced Fluorescence Emission
and Bistable Photochromism**

Seon-Jeong Lim, Byeong-Kwan An, Sang Don Jung,
Myung-Ae Chung, and Soo Young Park*

Among the various photon-mode molecular memory systems,
bistable photoswitching of fluorescence emission is consid-
ered to be a promising signaling mode, not only because the
fluorescence signals can be readily and sensitively recognized,
but also because the small number of photons required for
their excitation induce few side effects to spoil the digitalized
signals.[1–9] Multifunctional fluorescent (including phosphor-
escent) molecules combining bistable photochromism with
built-in 1,2-bisthienylethene (BTE) units have been success-
fully investigated with the aim of applications in ultrahigh-
density optical memory media, and they show, in principle,
reversible and bistable photoswitching.[10–15] The important
challenge still remaining unsolved, however, is the general
problem of “concentration quenching” in the fluorescence
signal, which certainly restricts the application of these
multifunctional photochromic molecules to high-density
optical memory systems.[16] Herein, we demonstrate an
innovative approach to this problem by employing a special
class of multifunctional photochromic molecule which shows
enhanced fluorescence emission with increasing concentra-
tion. It is readily expected that the high storage capability,
high sensitivity, and high-contrast on/off signaling ratio are
synergetically achieved with this molecule in neat nano-
particles or in a highly loaded polymer film.

Very recently, unconventional fluorescent molecules
showing aggregation-induced enhanced emission (AIEE)
have been reported by several groups including ours.[17–19]

Simple-structured 1-cyano-trans-1,2-bis-(4’-methylbiphenyl)-
ethylene (CN-MBE) is a typical AIEE molecule that
fluoresces strongly in the solid state even though it is virtually
nonfluorescent in solution.[19] The multifunctional fluorescent
molecule for photoswitchable memory media 1a was
designed and synthesized by replacing one of the end tolyl
groups of CN-MBE with the photochromic BTE moiety.
Compound 2a, the non-AIEE analogue of 1a which lacks
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only the CN group, was also synthesized to properly compare
the AIEE effect (see Figure 1 for the chemical structures and
the Supporting Information for the synthetic details). Com-
pounds 1a and 2a were fully identified by 1H NMR spectros-
copy, FTIR spectroscopy, MALDI-TOF mass spectrometry,
and elemental analysis (analytical data are available in the
Supporting Information).

Fluorescent photochromic organic nanoparticles
(FPONs) of 1a were prepared by a reprecipitation method
to produce a highly concentrated photon-mode recording
medium.[20] Quite uniform and size-tuned nanoparticles of 1a
(see the scanning electron microscopy (SEM) photograph in
Figure 1e) were obtained; the diameters of FPONs of 1a
were 40� 10, 125� 25, 200� 50, and 275� 75 nm when
prepared from THF/water concentrations of 2 @ 10�5, 4 @
10�5, 1 @ 10�4, and 2 @ 10�4m, respectively (other images are
available in the Supporting Information). According to the
AIEE principle, FPONs of 1a showed strongly enhanced
fluorescence emission, although they were only weakly
fluorescent in a THF solution of the same concentration
(ca. 1700 times enhancement, compare (II) with (I) in Fig-

ure 1a). This observation contrasts strikingly with the behav-
ior of conventional analogue 2a, which shows significant
concentration quenching in the nanoparticle (ca. 30 times
reduction in fluorescence intensity, compare (VI) with (V) in
Figure 1c). Such a totally different fluorescence behavior
between 1a and 2a (AIEE versus quenching) is most
probably related to the different aggregation states in their
FPONs. In fact, the UV/Vis absorption spectra shown in
Figure 2a,c suggest J-type andH-type aggregations for 1a and
2a FPONs, respectively. The absorption spectra of 1a FPONs
were characteristically red-shifted (Figure 2a) and exhibited
Mie light scattering as a result of J-type aggregation and
nanoparticle formation, respectively. Notably, the absorption
maxima of FPONs of 1a showed a gradual red-shift with
increasing nanoparticle size; lsolnmax = 360 nm, lFPONs

max = 371–
382 nm with increasing FPON size of 40–275 nm. Concom-
itantly, FPONs of 1a showed strongly enhanced fluorescence
emission as shown in Figure 2b (FFPONs

F = 3.2–5.1%, lFPONs
max =

485–493 nm) compared with the isolated 1a dissolved in THF
(2@ 10�4m, Fsoln:

F = 0.002%, lsolnmax = 461 nm).[21, 22] All of these
spectral changes corroborate that the J-type aggregation and

Figure 1. a) Chemical structure of 1a and the fluorescence images of its THF solution (I, soln, 2D10�4m) and the colloidal suspension (II) of fluo-
rescent photochromic organic nanoparticles (FPONs; 2D10�4m). b) Chemical structure of 1b and the fluorescence images of its THF solution
(III, 2D10�4m) and the colloidal suspension of FPONs (IV, 2D10�4m) in the photostationary state (PSS). c) Chemical structure of 2a and the fluo-
rescence images of its THF solution (V, 2D10�5m) and the colloidal suspension of FPONs (VI, 2D10�5m). d) Chemical structure of 2b and the
fluorescence images of its THF solution (VII, 2D10�5m) and the colloidal suspension of FPONs (VIII, 2D10�5m) in the PSS. e) FE-SEM image of
FPONs of 1a (275�75 nm) prepared from a THF/water mixture (2D10�4m). f) Photo-rewritable fluorescence imaging on the polymer film loaded
with 20 wt% of 1a by using UV (365 nm, hand-held lamp, 1.2 mWcm�2) and visible light (>500 nm). The dark regions represent the parts irradi-
ated with UV light; the real size of the photomasks is about 1 cmD1 cm.
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molecular planarization of 1amolecules were induced in their
FPONs by specific intermolecular interactions.[19,23] In con-
trast, the UV/Vis absorption spectra of 2a FPONs were
significantly blue-shifted (lsolnmax = 360 nm, lFPONs

max = 329 nm) as
shown in Figure 2c. Moreover, the fluorescence quantum
yield of FPONs of 2a was drastically reduced by 30 times
from that of a solution of 2a in THF (2 @ 10�5m,Fsoln

F = 3.4%,
lsolnmax = 439 nm, FFPONs

F = 0.1%) as indicated in Figure 2d. This
blue-shifted UVabsorption together with the salient concen-
tration quenching in FPONs of 2a is attributed to the
formation of H-type aggregation through strong cofacial p-
stacking interactions, which most likely provides a nonradia-
tive decay route.[24,25]

Compounds 1a and 2a with open-ring BTE units were
converted into 1b and 2b with closed-ring BTE units when
irradiated with UV light (365 nm, 1.2 mWcm�2). This process
was easily monitored by the appearance of new absorption
bands in the visible regions (l1bmax = 574 nm, l2bmax = 570 nm) as
shown in Figure 2a,c (see the Supporting Information for
details). Accompanied by this photochromic ring closure, the
photoluminescence (PL) intensities of the 1a FPONs were
greatly reduced (compare (IV) with (II) in Figure 1a,b, and
see the Supporting Information for details). The fluorescence
quantum yields of the FPONs of 1a in the photostationary
state (PSS)[15] were reduced by 16–170 times (FFPONs

F = 0.20,
0.09, 0.04, and 0.02% in the PSS, FFPONs

F = 3.2, 5.1, 4.1, and
3.4% in the 1a form with increasing FPON size of 40–275 nm,

Figure 2. a) UV/Vis absorption spectra of 1a in THF (2D10�4m) and the colloidal suspension of FPONs of 1a (2D10�4m). b) PL spectra of
FPONs of 1a (275�75 nm) in the PSS (bottom, blue line), 1a in THF (2D10�4m, black line), and size-tuned FPONs of 1a of 40–275 nm (cyan–
green line, respectively). The inset graph shows a relative PL intensity modulation of 1a FPONs (275�75 nm). c),d) UV/Vis absorption and
PL spectra of 2a in THF (2D10�5m) and the colloidal suspension of 2a FPONs (2D10�5m). e) UV/Vis absorption spectra of 1a in THF
(2D10�4m) and a 20 wt% 1a-loaded PMMA film. f) PL spectra of the 20 wt% 1a-loaded PMMA film. The inset graph shows the relative PL inten-
sity modulation of the film.
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respectively).[21, 22] However, only a small amount of fluores-
cence modulation (29% reduction, see the Supporting
Information for details) was achieved in a solution of 2a
(2 @ 10�5m, Fsoln

F = 2.4% in the PSS, Fsoln
F = 3.4% in the 2a

form).
It is known that there are two interconvertible conforma-

tions of BTE units: one is a parallel conformation and the
other is an antiparallel conformation, of which only the latter
allows an electrocyclic ring-closing reaction.[15] Through the
1H NMR spectroscopic study (2 @ 10�4m of CDCl3 solution,
22 8C, 300 MHz) it was determined that the parallel and
antiparallel conformations of 1a were equally populated, and
also that only about 35% of the 1a forms were photo-
isomerized to the 1b forms in the PSS under irradiation with
365 nm light.[26,27] An even smaller extent of ring-closing
reaction in the PSS is implied for FPONs of 1a, because the
net absorbance of the 1b form at 574 nm is smaller in FPONs
than in solution (see Figure 2a). It is reasonably supposed,
therefore, that the photochromic interconversion between the
two conformations was suppressed within a FPON (which is
essentially a condensed solid state), or that the ring-closing
reactions occurred only at the surfaces of the FPONs.[28]

Given that the extent of the ring-closing reaction is less
than 35%, the experimentally observed extremely large
reduction in the fluorescence quantum yield FF (16–170-
fold decrease) of FPONs of 1a in the PSS must be achieved
not only by intramolecular energy transfer between the
fluorophore and the closed-ring form of BTE, although it is
very likely that the 29% reduction of the FF value of the 2a
solution occurs through this intramolecular energy trans-
fer.[2–5, 7,8] It is presumed that the condensed-state FPONs also
provide an additional quenching event, or intermolecular
energy transfer between the unconverted 1a forms and the
neighboring 1b forms, because of their proximity in FPONs.
Consequently, extremely high contrast in the on/off signaling
ratio is automatically implemented in the neat FPONs of 1a,
which is an additional advantage to the enhanced fluores-
cence and high storage capacity of the AIEE molecule.

Moreover, when the FPONs of 1a in the “off” state were
irradiated with visible light (> 500 nm), the PL intensities
were perfectly recovered to those of the initial “on” state as a
result of the reversible photochromic behavior of the BTE
unit. The inset graph in Figure 2b shows a reversible photo-
chromic modulation of relative fluorescence intensity in the
suspension of FPONs of 1a under alternating irradiation with
UV and visible light (note the on/off fluorescence intensity
ratio > 10).

To produce a more practical photo-rewritable imaging
medium we prepared a strongly fluorescent poly(methyl
methacrylate) (PMMA; Mw = ca. 120000) film containing a
very high level (20 wt%, ca. 3 @ 10�1m) of 1a molecules. This
polymer film was optically clear and scatter-free, presumably
because of the partial miscibility of PMMA and 1a. The
absence of light scattering and detectable aggregate features
in the fluorescence-enhanced (FE) SEM image (down to
ca. 10 nm scale, see Supporting Information), which are,
however, accompanied by distinct J-type red-shifted absorp-
tion in the film (lsolnmax = 360 nm, lfilmmax = 372 nm, see Figure 2e),
suggests that the film comprises molecular-scale aggregates of

1a. The presence of molecular-scale aggregates is additionally
evidenced by the strong effect of AIEE as the intense blue
fluorescence (Ffilm

F = 5.8%, lfilmmax = 487 nm versus Fsoln
F =

0.002%, lsolnmax = 461 nm in 2 @ 10�4m solution) from this
polymer film (see Figure 2 f).[21, 29,30] The AIEE fluorescence
from this PMMA/1a film was also photoswitched in a bistable
manner by alternate UVand visible light irradiation with high
contrast (Ffilm

F = 0.3% in the PSS,Ffilm
F = 5.8% in the 1a form,

or on/off fluorescence intensity ratio > 19), as shown in the
inset graph in Figure 2 f. In addition, the practical capability
of rewritable fluorescence photoimaging on our AIEE
polymer film was investigated by patterned illumination
through photomasks. The emblem of Seoul National Univer-
sity was recorded as a first image (Figure 1 f), which was
subsequently erased and followed by the recording of a
second image, the abbreviation of the Molecular Photonics
Laboratory (MPL). This successful demonstration of rewrit-
able photoimaging on the polymer film suggests immediate
application of 1a molecules to ultrahigh-density rewritable
optical memory media or imaging processes.

In conclusion, we designed and synthesized a special class
of multifunctional molecule 1a, which shows a strongly
enhanced fluorescence emission as well as bistable photo-
chromism. High-contrast (> 10) on/off fluorescence switching
was successfully implemented in the size-tuned neat nano-
particles of 1a and also in a PMMA film highly loaded with
1a.

Received: July 3, 2004

.Keywords: aggregation · fluorescence · nanotechnology ·
photochromism · polymers

[1] A. Fernandez, J.-M. Lehn, Adv. Mater. 1998, 10, 1519 – 1522.
[2] T. Kawai, T. Sasaki, M. Irie, Chem. Commun. 2001, 711 – 712.
[3] K. Yagi, C. F. Soong, M. Irie, J. Org. Chem. 2001, 66, 5419 – 5423.
[4] A. Osuka, D. Fujikane, H. Shinmori, S. Kobatake, M. Irie, J. Org.

Chem. 2001, 66, 3913 – 3923.
[5] T. B. Norsten, N. R. Branda, J. Am. Chem. Soc. 2001, 123, 1784 –

1785.
[6] B. Chen,M.Wang, Y.Wu, H. Tian,Chem. Commun. 2002, 1060 –

1061.
[7] T. Kawai, M.-S. Kim, T. Sasaki, M. Irie, Opt. Mater. 2002, 21,

275 – 278.
[8] M. Irie, T. Fukaminato, T. Sasaki, N. Tamai, T. Kawai, Nature

2002, 420, 759 – 760.
[9] S. Murase, M. Teramoto, H. Furukawa, Y. Miyashita, K. Horie,

Macromolecules 2003, 36, 964 – 966.
[10] M. Irie, Photoreactive Materials for Ultrahigh-Density Optical

Memory, Elsevier, Amsterdam, 1994.
[11] J. C. Crano, R. J. Guglielmetti, Organic Photochromic and

Thermochromic Compounds, Vol. 1, Plenum, New York, 1999.
[12] S. Nakamura, M. Irie, J. Org. Chem. 1988, 53, 6136 – 6138.
[13] Y. Nakayama, K. Hayashi, M. Irie, J. Org. Chem. 1990, 55, 2592 –

2596.
[14] M. Hanazawa, R. Sumiya, Y. Horikawa, M. Irie, J. Chem. Soc.

Chem. Commun. 1992, 206 – 207.
[15] M. Irie, Chem. Rev. 2000, 100, 1685 – 1716.
[16] J. B. Birks in Photophysics of Aromatic Molecules, Wiley,

London, 1970.

Angewandte
Chemie

6349Angew. Chem. Int. Ed. 2004, 43, 6346 –6350 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[17] J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S.
Kwok, X. Zhan, Y. Liu, D. Zhu, B. Z. Tang, Chem. Commun.
2001, 1740 – 1741.

[18] H. Murata, Z. H. Kafafi, M. Uchida, Appl. Phys. Lett. 2002, 80,
189 – 191.

[19] B. K. An, S. K. Kwon, S. D. Jung, S. Y. Park, J. Am. Chem. Soc.
2002, 124, 14410 – 14415.

[20] Preparation of FPONs: All suspensions of FPONs were
prepared by the reprecipitation method from THF solution
with distilled water. Volume fractions of THF and water were
adjusted to 20 and 80%, respectively. See ref. [19] for details.

[21] Fluorescence quantum yields: The fluorescence quantum yields
(FF) were relatively calculated using 9,10-diphenylanthracene
(DPA) in benzene (see ref. [22]) and in PMMA (see refs. [29,30])
as a standard reference (1 @ 10�3m, FF = 83%). Through this
method, the FF values of FPONs of 1a were determined as 3.2,
5.1, 4.1, and 3.4% (lFPONs

max em = 485, 489, 491, and 493 nm, lFPONs
maxabs =

371, 374, 378, and 382 nm) in the 1a form, and as 0.20, 0.09, 0.04,
and 0.02% in the PSS with increasing FPON size of 40� 10,
125� 25, 200� 50, and 275� 75 nm, respectively. It is reasonably
considered that the slight reduction of the FF values in 200� 50
and 275� 75 nm FPONs of 1a results from the highly increased
virtual absorbance values by increased light scattering. In fact,
the extent of the apparent absorbance of the FPONs of 1a at the
excitation wavelength, that is at 360 nm, was almost linearly
proportional to their suspension concentrations in spite of the
inverse proportional relationship between the mean radius and
the surface-to-volume ratio of the FPONs.

[22] I. B. Berlman in Handbook of Fluorescence Spectra of Aromatic
Molecules, Academic Press, New York, 1971.

[23] H. Auweter, H. Haberkorn, W. Heckmann, D. Horn, E.
LNddecke, J. Rieger, H. Weiss, Angew. Chem. 1999, 111, 2325 –
2328; Angew. Chem. Int. Ed. 1999, 38, 2188 – 2191.

[24] A. V. Ruban, P. Horton, A. J. Young, J. Photochem. Photobiol. B
1993, 21, 229 – 234.

[25] L. Dahne, E. Biller, Adv. Mater. 1998, 10, 241 – 245.
[26] Determination of the conformational population and conversion

rate: A 1H NMR spectroscopic study (2 @ 10�4m of CDCl3
solution, 22 8C, 300 MHz) on the 1a form showed that the
parallel and antiparallel conformations were equally populated
in solution, as evident by there only being two singlet resonances
at d = 1.98 and 1.91 ppm without any splitting. These signals
were assigned as the methyl protons at the 2-positions of the
thiophene rings of the 1a form (see ref. [27]). The conversion
rate of about 35% in the PSS was calculated by the integrated
ratio between the singlet peaks of methyl protons in the 1a form
and those in the 1b form, which newly appeared at d = 2.15 and
2.11 ppm.

[27] M. Irie, K. Sakemura, M. Okinaka, K. Uchida, J. Org. Chem.
1995, 60, 8305 – 8309.

[28] F. Sun, F. Zhang, F. Zhao, X. Zhou, S. Pu,Chem. Phys. Lett. 2003,
380, 206 – 212.

[29] G. G. Guilbault, Practical Fluorescence, Marcel Dekker, New
York, 1990.

[30] X. Zhang, A. S. Shetty, S. A. Jenekhe, Macromolecules 1999, 32,
7422 – 7429.

Communications

6350 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6346 –6350

http://www.angewandte.org


Chirality

Macroscopic Spinning Chirality Memorized in
Spin-Coated Films of Spatially Designed
Dendritic Zinc Porphyrin J-Aggregates**

Tatsuya Yamaguchi, Tatsumi Kimura, Hiro Matsuda,
and Takuzo Aida*

The breaking of chiral symmetry can occur under nonequili-
brated conditions.[1–4] Such a spontaneous induction of optical
activity from achiral entities has attracted much attention in
relation to the origin of chirality in nature. Representative
examples can be seen in growth processes of large electro-
static assemblies of achiral chromophoric compounds such as
cyanine dyes and porphyrin derivatives in aqueous media.[5]

In these cases, the assemblies are considered to adopt helical
architectures, where either the P or M form is selected only
accidentally at the initial stage of the self-organization event
and develops predominantly in the subsequent stage. Hence,
handedness of emerging chirality is unpredictable. Rib(
et al.[5c] have discovered, through studies on electrostatic J-
aggregation of a 4-sulfonatophenylporphyrin in aqueous
media, that the sense of such an optical activity can be
selected by the spinning direction of vortex stirring initially
applied to the solutions. Herein we report an interesting
finding that spin-coated films of dendritic zinc porphyrin J-
aggregates chiroptically memorize the spinning directions.
The optical activities of the spin-coated films are thermally
stable and preserved up to the melting temperatures of the J-
aggregates. In contrast with the previous examples,[5] the J-
aggregates are optically inactive in solution.

Porphyrin J-aggregates have attracted attention because
of their potential application as nonlinear optical materials.[6]

Although several examples of porphyrin J-aggregates have
been reported, they are formed mostly in aqueous media;[5b,c]

however, there are few examples of J-aggregation in organic
media[7] which occur because of rather weak p-stacking
interactions. We found that zinc porphyrins bearing carbox-
ylic acid (-CO2H) functionalities at the opposite meso posi-
tions undergo supramolecular polymerization by dimeriza-
tion of the -CO2H groups to give J-aggregates in organic
media. The J-aggregation takes great advantage of a multi-
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point p-stacking interaction between the polymeric zinc
porphyrin molecules. Our molecular design strategy also
includes introduction of [G2] or [G3] dendritic wedges at the
residual two meso positions (Gm/nacid, where m is the
generation number of the dendritic wedges (2 or 3) and n is
the number of benzyl ether units (0—2) in the spacer parts of
the dendritic wedges; Scheme 1). The dendritic wedges are
essential not only for providing the resulting supramolecular
polymers with sufficiently high solubilities but also for steric
control over the p-stacking interaction among the polymeric
focal cores. For comparison, we synthesized a zinc porphyrin
dicarboxylic acid (G0C18/1acid) bearing long alkyl chains, and
investigated the aggregation behavior of this nondendritic
reference as well as those of ester versions Gm/nester, which
were the synthetic precursors of Gm/nacid.

For the synthesis of G3/1acid (Scheme 1), the zinc complex
of 5,15-bis(4-methoxycarbonylphenyl)-10,20-bis(4-hydroxy-
phenyl)porphyrin was treated under alkaline conditions
with [G3] poly(benzyl ether) dendron bromide, and the
resulting ester (G3/1ester) was hydrolyzed with KOH. After
neutralization, the reaction mixture was subjected to prepa-
rative size-exclusion chromatography (SEC) to isolate G3/

1acid. Other dendritic zinc porphyrins such asG2/0acid–G2/2acid,
G3/0acid, and nondendriticG0C18/1acid (Scheme 1) were synthe-
sized in a similar manner to the above and unambiguously
characterized.[8] As the benzyl ether spacers between the zinc
porphyrin unit and the dendritic wedges become longer, the
zinc porphyrin core should possess a larger spatial freedom
for the p-stacking interaction (G2/0acid<G2/1acid<G2/2acid ;
G3/0acid<G3/1acid). On the other hand, the spatial freedom
should become smaller as the dendritic wedges become larger
(G3/0acid<G2/0acid ; G3/1acid<G2/1acid). In contrast with the
case of these dendritic versions Gm/nacid, the zinc porphyrin
unit in G0C18/1acid is omitted because of the absence of
dendritic wedges.

We found that [G2] dendritic zinc porphyrin dicarboxylic
acids such as G2/0acid–G2/2acid all form stable J-aggregates in
CHCl3. For example, the electronic absorption spectrum of a
CHCl3 solution of G2/2acid (5 mm) at 25 8C displayed an
intense red-shifted Soret band at 453 nm and a blue-shifted
band at 413 nm (Figure 1c) which is characteristic of zinc
porphyrin J-aggregates. G2/1acid with shorter benzyl ether
spacers exhibited a virtually identical absorption spectral
profile to G2/2acid (Figure 1b). Although G2/0acid without

Scheme 1. Structures of the dendritic and nondendritic zinc porphyrin dicarboxylic acids Gm/nacid (m=0, 2, 3, n =0–2) and their esters Gm/nester

(m =0, 2, 3, n =0–2).
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benzyl ether spacers formed a J-aggregate, it displayed a
slightly different absorption spectrum, with two red-shifted
Soret bands at 451 and 432 nm (Figure 1a). The infrared
spectra of solutions of G2/nacid (n= 0—2; 5 mm) in CHCl3 all
showed a carbonyl stretching vibration at 1688 cm�1 arising
from a dimeric form of CO2H, with only a negligibly small
shoulder attributable to free CO2H at 1725 cm

�1.[8] Dynamic
light scattering (DLS) studies on a dilute solution of J-
aggregated G2/1acid in CHCl3 (0.05 mm), for example, showed
the presence of large assemblies with an average radius of
200 nm.[8] Thus, the zinc porphyrin cores of these dendritic

compounds are hydrogen bonded to one another to form
supramolecular polymers. In contrast, their ester versionsG2/
nester (n= 0–2) showed a single Soret band at 423 nm
(Figure 1a–c; green curves), which is characteristic of non-
aggregated zinc porphyrins. Therefore, it is concluded that the
J-aggregation of zinc porphyrins can be induced in organic
media by their hydrogen-bonding interactions. We assume
that one-dimensional zinc porphyrin polymers formed by the
dimerization of the CO2Hmoieties stack up together, through
a multipoint p-electronic interaction, to form a large, two-
dimensional (2D) sheetlike assembly (Scheme 2). The differ-

ence in the absorption spectral profile betweenG2/nacid (n= 1,
2) and G2/0acid (Figure 1a–c; red curves) is attributable to a
difference in the p-stacking geometry of the zinc porphyrin
units. Namely, the J-aggregates of G2/1acid and G2/2acid both
involve a short, oblique slip of the p-stacked zinc porphyrin
units (Scheme 2a), typical of J-aggregated tetraarylporphyrin
derivatives, since such a geometry can reduce the steric
interference from the meso-aryl groups on the zinc porphyrin
units.[9] On the other hand, the J-aggregate ofG2/0acid, which is
devoid of any spacers between the dendritic wedges and the
zinc porphyrin core, involves a long, non-oblique slip of the p-
stacked zinc porphyrin units (Scheme 2b), possibly because of
limited spatial freedom for the p-stacking interaction. The
dendritic side chains, which are located presumably on both
sides of the 2D sheet, are responsible for the high solubilities
of the J-aggregates. For reference, the absorption spectral

Figure 1. Electronic absorption spectra of solutions (5 mm) of Gm/nacid

(m =0, 2, 3, n =0—2; red curves) and Gm/nester (m =0, 2, 3, n=0—2;
green curves) in CHCl3 at 25 8C; a) G2/0acid and G2/0ester, b) G2/1acid

and G2/1ester, c) G2/2acid and G2/2ester, d) G3/0acid and G3/0ester, e) G3/
1acid and G3/1ester, and f) G0C18/1acid and G0C18/1ester. CD spectra of thin
films of Gm/nacid (m=2, 3, n=0–2) prepared by spin-coating in clock-
wise (red curves) and counterclockwise (blue curves) spinning direc-
tions are also shown; a’) G2/0acid, b’) G2/1acid, c’) G2/2acid, d’) G3/0acid,
e’) G3/1acid, f’) G0C18/1acid.

Scheme 2. Structures of zinc porphyrin J-aggregates with a short,
oblique slip (a) and a long, non-oblique slip (b).
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profile of nondendritic G0C18/1acid in hot CHCl3 (Figure 1 f)
was analogous to those of J-aggregated G2/1acid and G2/2acid,
but the compound gradually precipitated on standing at 25 8C.

In contrast with the [G2] dendritic zinc porphyrinsG2/nacid

(n= 0–2), solutions of the one-generation higher systems G3/
0acid and G3/1acid (5 mm) in CHCl3 both displayed a single
Soret band at 428 nm, similar to their ester versions, thus
indicating that their zinc porphyrin cores are not assembled
through p-stacking interactions (Figure 1d,e). Infrared spec-
troscopic analysis of these compounds showed a considerable
amount of free CO2H groups at 1725 cm

�1, along with dimeric
CO2H groups at 1688 cm�1.[8] Therefore, it is likely that the
large dendritic wedges attached to the zinc porphyrin core
suppress both the hydrogen-bonding and p-stacking inter-
actions. On the other hand, we also found thatG3/1acid gives a
J-aggregate in an apolar solvent such as C6H6, where a dimeric
form of CO2H is stable. The electronic spectrum of a solution
of G3/1acid in C6H6 (5 mm) showed a red-shifted Soret band at
453 nm and a blue-shifted band at 414 nm (Figure 2b; red

curve), whereas ester G3/1ester, under identical conditions,
displayed an ordinary Soret band at 429 nm (Figure 2b; green
curve). Infrared spectroscopic analysis of G3/1acid in C6H6

(5 mm), in contrast with the case in CHCl3, showed a carbonyl
stretching vibration predominantly at 1688 cm�1 arising from
the dimeric form of CO2H. These observations again support
our hypothesis that the zinc porphyrin units, when polymer-
ized through hydrogen-bonding interactions, have an
enhanced capability for p stacking. In contrast, G3/0acid, with
a sterically encumbered zinc porphyrin core, formed a weak
gel in C6H6 whose absorption spectrum (Figure 2a; red curve)
was similar to that of non-aggregated G3/0ester (Figure 2a;
green curve).

In the course of the above study we noticed that J-
aggregated G2/nacid (n= 0–2) gave birefringent films when
cast from their CHCl3 solutions on to glass plates. Spin-
coating of these solutions also resulted in the formation of
birefringent films, which showed the presence of rodlike

crystalline particles by polarized microscopy (Figure 3a–c).
The particles from G2/0acid were smaller than those from the
other two compounds. Quite interestingly, these films were
optically active, although their solutions were silent in circular

dichroism (CD) spectroscopy. We also found that the spin-
coated films displayed a chirality dominance in the statistical
distributions that was dependent on the “spinning direction”,
whereas the cast films did not show any dominance in
chirality. For example, when a solution of G2/2acid in CHCl3
(5 mm) was spin-coated in a clockwise direction at 6000 rpm,
the resulting film displayed intense CD bands at 413, 440, and
453 nm with positive, negative, and positive signs, respectively
(Figure 1c’; red curve). On the other hand, spin-coating of the
same solution in a counterclockwise direction resulted in the
appearance of a mirror-image CD spectrum (Figure 1c’; blue
curve). The intensities of the CD bands hardly changed when
observed by rotating the samples along an axis perpendicular
to the substrate surface,[8] thus indicating a negligibly small
contamination with linear dichroism. Furthermore, we pre-
pared 10 samples for each spinning direction and confirmed a

Figure 2. Electronic absorption spectra of solutions (5 mm) of G3/nacid

(n =0, 1; red curves) and G3/nester (n=0, 1; green curves) at 25 8C in
C6H6; a) G3/0acid and G3/0ester, b) G3/1acid and G3/1ester. CD spectra of
thin films of G3/nacid (n=0, 1) prepared by spin-coating in the clock-
wise (red curves) and counterclockwise (blue curves) directions are
also shown; a’) G3/0acid, b’) G3/1acid.

Figure 3. Polarized-light micrographs of spin-coated films from solu-
tions of Gm/nacid (m=2, 3, n =0–2) in CHCl3 and solutions of G3/nacid

(n =0, 1) in C6H6: a) G2/0acid, b) G2/1acid, c) G2/2acid, d) G3/0acid,
e) G3/1acid, f) G3/0acid, g) G3/1acid ; scale bar, 50 mm.
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complete dominance of the emerging chirality sense.[8] Such a
spinning direction dependent chirality dominance was also
observed for spin-coated films of J-aggregated G2/1acid
(Figure 1b’). As already described, the J-aggregates of G2/
1acid and G2/2acid both involve a short, oblique slip of the p-
stacked zinc porphyrin units (red curves in Figure 1b and c,
respectively). In sharp contrast, J-aggregated G2/0acid, which
is proposed to involve a long, non-oblique slip of the zinc
porphyrin p stacks (Figure 1a; red curve), gave a spin-coated
film that exhibited negligibly weak CD bands (Figure 1a’) in
the visible region. Similar weak CD bands resulted when
nondendritic G0C18/1acid, which is J-aggregated in CHCl3
(Figure 1 f), was spin-coated (Figure 1 f’). These observations
indicate the importance of spatial design around the hydro-
gen-bonded zinc porphyrin chromophores for the emergence
of chirality on spin-coating.

One-generation higher G3/0acid, which is not associated
through p interactions in CHCl3 (Figure 1d) or even in C6H6

(Figure 2a), gave neither birefringent (Figure 3d, f) nor
optically active films (Figure 1d’, Figure 2a’) on spin-coating.
A nonbirefringent, optically inactive film (Figure 3e, Fig-
ure 1e’) also resulted when non-assembled G3/1acid in CHCl3
(Figure 1e) was spin-coated. In contrast, spin-coating of a
solution of J-aggregated G3/1acid in C6H6 (Figure 2b) resulted
in the formation of a birefringent, optically active film
(Figure 3g, Figure 2b’) that exhibited a spinning direction
dependent CD response. On the other hand, non-assembled
ester versions such as Gm/nester (m= 2, 3, n= 0–2) and G0C18/
1ester (Figure 1a–f; green curves) gave CD-silent films on spin-
coating, as expected.

Figure 4 shows a schematic representation of the sug-
gested J-aggregated 2D sheet. This is composed of an offset
stacking of hydrogen-bonded dendritic zinc porphyrin poly-
mers (Scheme 2). A helical J-aggregate structure, proposed
for the precedent examples,[5b,c] seems unlikely in solutions,

because of a large steric repulsion between the dendritic
wedges, along with the one-dimensionality of the backbone
polymers. However, such 2D molecular sheets, when trans-
ferred to the solid state, are known to role up to form coiled
architectures.[4, 10] If this happens to the J-aggregated 2D
sheet, the zinc porphyrin units are forced to adopt a twisted
(chiral) geometry relative to one another, and the assembly
can eventually be optically active when the parity of chirality
is broken. On the other hand, when a large rotational sheer
force is applied to this roll-up event by spin-coating, either a
right-handed or left-handed helical coil, depending on the
spinning direction, may be selected. In other words, the spin-
coated films can chiroptically memorize the macroscopic
spinning direction. We found that the chiroptical memory
thus fixed is thermally stable. For example, the spin-coated
film of J-aggregated G2/2acid still preserved its optically
activity when heated at 200 8C for five minutes. Further
heating the film up to 260 8C resulted in it losing its
birefringence and becoming optically inactive.

In summary, we have demonstrated that spin-coating of
hydrogen-bonded dendritic zinc porphyrin J-aggregates gives
optically active films, where either of the two enantiomeric
forms is selected by the spinning direction. This is the first
successful example of the transformation of a macroscopic
spinning chirality into a stable supramolecular chirality in the
solid state. Extension of this finding to other self-assembling
systems and application of the resulting optically active
materials to absolute asymmetric synthesis and chiral sepa-
ration are the challenging subjects worthy of further inves-
tigation.
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Analytical Methods

Optimization Of “Wired” Enzyme
O2-Electroreduction Catalyst Compositions
by Scanning Electrochemical Microscopy**

Jos� L. Fern�ndez, Nicolas Mano,* Adam Heller, and
Allen J. Bard*

“Wired” enzyme electrodes, comprising enzymes connected
electrically through redox polymers, which swell to give
electron-conducting hydrogels,[1] are already used in exper-
imental subcutaneously implanted electrodes for the contin-
uous monitoring of glucose in diabetics and may be used in
future miniature, microwatt producing, membrane-less bio-
fuel cells.[2] The subcutaneously implanted electrodes com-
prise, in addition to the “wired” enzyme film that transduces
the glucose flux to a current, a glucose flux-controlling
membrane, which defines the measurable glucose concen-
tration range, and optionally, a bioinert film.[3] The mem-
brane-less miniature biofuel cells comprise a “wired” glucose
oxidase anode, and a “wired” bilirubin oxidase or laccase
cathode. Optimizing the performance of these devices
requires synthesis and characterization of new redox poly-
mers,[4, 5] defining the optimal enzyme–cross-linker–redox-
polymer compositions,[6–9] and synthesis and optimization of
flux controlling and bioinert membranes. A key parameter,

which is usually explored first, is the polymer/enzyme ratio.
An excessive enzyme weight fraction can decrease the current
density, because the enzyme, unlike the redox polymer, is an
electronic insulator.[10] Furthermore, if the enzyme weight
fraction is high enough for the net negative charge of glucose
oxidase to balance the positive charge of the redox polymer,
an electrostatic adduct that shows poor electronic conductiv-
ity precipitates.[6,7] Moreover, when the weight fraction of the
redox polymer is excessive, the flux of electrons is reduced,
because of the smaller number of enzyme molecules.[11]

The effort and material expended in the optimization
process[6,7, 11] can be reduced by combinatorial screening
techniques[12] exemplified by optimization through scanning
electrochemical microscopy (SECM),[13] a technique that has
been extensively used for evaluating the activity of enzymatic
systems[14,15] and whose utility is demonstrated herein.
Because only optimization of an exemplary parameter, the
weight fraction of the multicopper oxidase bilirubin oxidase
(BOD) or laccase, of a biofuel cell cathode was performed,
the study does not provide as yet a fully optimized electrode,
for which additional parameters, including the total loading
and the weight % of the cross-linker, would have to be
defined, along with the thickness of the electrode. The results
obtained establish, nevertheless, that SECM screening of
compositionally varying arrays of mm-size spot electrodes
yields results identical with those obtained with discreet
rotating disk electrodes, but much more efficiently in terms of
speed and material required.

Ternary mixtures of enzyme, cross-linker, and redox
polymer, with compositions ranging from pure enzyme to
pure polymer, were prepared from aqueous solutions of BOD
from Trachyderma tsunodae (8 mgmL�1 in pH 7.2 20-mm

phosphate buffer) or laccase from Coriolus hirsutus
(8.6 mgmL�1 in pH 5.0 20-mm citrate buffer), and PAA-
PVI-[Os(4,4’-dichloro-2,2’-bipyridine)2Cl]1+/2+ (8 mgmL�1) or
PAA-PVI-[Os(tpy)(dme-bpy)Cl]1+/2+ (8.6 mg mL�1), respec-
tively (PAA = poly(1-carboxy-1,2-ethanediyl, PVI = poly(1-
imidazolyl-1,2-ethanediyl, tpy = 2,2’:6’,2’’-terpyridine, dme-
bpy = 4,4’-dimethyl-2’,2-bipyridine). A solution of polyethy-
lene glycol diglycidyl ether at 2 mgmL�1 (PEDGE, Poly-
sciences Inc.) was used as the cross-linker. Arrays of spots
containing these mixtures were deposited on glassy carbon
(GC) plates 15 B 15 B 1mm (Alfa) by using a piezo-based
micro-arrayer, a device similar to that used by Schuhmann
and co-workers for micro-patterning of enzymatic biosen-
sors.[15] A commercial piezo-dispenser MicroJet AB-01-60
(MicroFab) with an outlet aperture of 60 mm, that dispenses
on-demand picoliter-sized (� 100 pL) droplets by application
of potential pulses (50 V, 25 ms), was installed onto the head of
a digital plotter (Houston Instruments DMP-5) to control its
position with a resolution of 100 mm/step. Figure 1 shows the
preparation scheme. The dispenser was filled with polymer
solution (3 mL), which was dispensed in a programmed
number of drops at each site. To test for reproducibility,
each composition was prepared in duplicate or triplicate.
Thus, the arrays contained 11 rows and two columns of spots.
Typically, the first two-spot row contained 10 drops per spot
(pure polymer), the next row 9 drops per spot and so on down
to and the tenth row with 1 drop per spot. The dispenser was
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emptied, thoroughly rinsed first with ethanol and then with
water, and refilled with 3 mL of enzyme solution. Then the
plotter positioned the dispenser exactly over the previously
prepared polymer spots, and a number of drops of enzyme
solution, sufficient for the sum of the enzyme drops and the
polymer drops to always equal 10, were dispensed. About
80% of the polymer or enzyme solution used to fill the
dispenser can be recovered. After polymer and enzyme were
deposited, 3 drops of cross-linker solution were dispensed on
each spot. The substrate was maintained under a water-
saturated N2 stream during the complete preparation proce-
dure to avoid the premature evaporation of the spots. To mix
the components, the array was then agitated under the water-
saturated N2 stream for 5 min in a Vortex Genie 2 agitator
(Fisher), and the array was dried overnight in ambient air.
Figure 2 shows an SEM picture of typical arrays and an
optical micrograph of an individual spot. The center-to-center
distance between the 150–200 mm diameter spots was about
400 mm. Before testing, the arrays were washed with Milli-Q
water. The thickness of the spots, estimated by negative
feedback mode SECM[13] by using O2 reduction on Au tips,
over a spot and then over the neighboring GC, was 4–5 mm.
The weight percent of enzyme (wt. %) at each spot was
calculated from the number of drops (or volume fraction) and
the concentrations of the polymer, enzyme, and cross-linker
solutions used. The wt. % of the cross-linker was fixed at 6.9
for the BOD electrodes and at 6.5 for the laccase electrodes.

The SECM tip generation-substrate collection mode was
used to image activity of the arrays.[16] This mode of operation
is well suited for imaging activity of surfaces with morpho-
logical features since it is relatively insensitive to changes of
the tip–substrate distance.[17] SECM images of O2 reduction
activity of the “wired” BOD arrays were obtained in 0.2m
pH 7.2 phosphate buffer, and of the “wired” laccase, in 0.2m
pH 5.0 citrate buffer, as previously described.[16] Briefly, a
25 mm Pt tip situated at 40 mm from the GC surface was
scanned in the xy plane (parallel to spot rows) at step intervals
of 50 mm every 0.2 s while electrogenerating O2 from H2O at a
constant current. Under these conditions, areas of 5 B 2 mm
can be screened in about 1 h using the SECM (CH Instru-
ments model 900B) with stepper-motor translators. The
substrate array potential (ES) was held at 0.3 and 0.4 V

versus Ag/AgCl (3m KCl) for BOD and laccase,
respectively, where the reduction of O2 was
diffusion controlled.[6,7] The substrate current
(iS), measured as a function of tip position to
produce the SECM image, was larger when the
O2-generating tip passed over a more active
spot. Thus, the measure of the electrocatalytic
activity of any of the spot electrodes was the
magnitude of iS. Figure 3 presents SECM color-
map images obtained for the BOD and the
laccase arrays. To establish reproducibility, trip-
licate experiments were performed. Because of
the time-dependent processes, such as diffusion
of O2 into the hydrogel and charge transport
through the film, the response times were slower
than for metallic electrodes, and individual spots
were not well resolved in the direction of the

scan (x). As a result, the rows of the spots have a smeared,
band-like appearance, particularly for the BOD films. Slower
scanning can overcome the smearing, at the cost of increased
imaging time.

In the BOD arrays (Figure 3a), O2 electroreduction was
seen for a 20–80 wt.% BOD range. The largest oxygen
reduction reaction (ORR) current (close to the highest
expected) was for the 46.5 wt.% BOD spots. With the laccase
arrays (Figure 3b), O2 electroreduction was observed for a
15–70 laccase wt.% range, with a maximum at 46.7 wt.%

Figure 1. Schematic diagram of the preparation of the wired enzyme spot arrays.

Figure 2. a) SEM photograph of two arrays of redox-polymer–laccase
spots made with 6.5 wt.% cross-linker. Each two-dot row corresponds
to a particular composition. b) Optical micrograph of the 46.5 wt.%
enzyme, 46.6 wt.% polymer, 6.9 wt.% cross-linker “wired” BOD spot,
prepared by mixing the component solutions in situ.
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laccase. Figure 4 (solid symbols) summarizes the normalized
ORR currents measured for each row as a function of
enzyme wt. %. Each point is the average of three values
measured from images obtained on three different arrays
prepared under identical conditions.

To test the validity of the method, “wired” BOD and
“wired” laccase GC rotating-disk electrodes were prepared,
as described elsewhere, with different enzyme–polymer
ratios.[6,7] Polarization curves were measured by slow poten-
tiodynamic scans (1 mVs�1) in O2-saturated (1 atm) solutions
at 1000 rpm in physiological buffer for BOD and in 0.2m pH 5
citrate buffer for laccase. O2-electroreduction limiting cur-
rents were measured five times on each composition for BOD
and seven times on laccase. The mean values are plotted in

Figure 4 (open symbols). The results
obtained by the two methods were in
good agreement. Sample preparation and
testing by the SECM screening method
required one day, while the preparation
and testing of a rotating disk electrode
required at least 10 days. The amounts of
polymer and enzyme were reduced by a
factor of 100 000 in the SECM test.

In conclusion, SECM screening of
oxygen electroreduction activity on
arrays of “wired” enzyme electrode spots,
allows the optimization of a single-variable
more rapidly and with less material than
optimization utilizing discreet rotating
disk electrodes. In the next phase, all
parameters of the ORR films on carbon,
including total loading, thickness, and
weight% of the cross-linker will be opti-
mized.
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Figure 3. SECM images of “wired” enzyme arrays containing spots with different polymer/
enzyme ratios. a) BOD (6.9 wt.% cross-linker) in pH 7.2 phosphate buffer, iT =�161 nA
(iT = tip current), ES =0.3 V versus Ag/AgCl; b) laccase (6.5 wt.% cross-linker) in pH 5.0 cit-
rate buffer, iT =�240 nA, ES =0.4 V versus Ag/AgCl.

Figure 4. Dependence of the oxygen reduction current (normalized
with respect to the highest current) on the enzyme wt.% for a) BOD in
pH 7.2 phosphate buffer and for b) laccase in pH 5.0 citrate buffer.
Solid symbols= results of the SECM screening, open symbols= results
of the rotating disc experiments. 1 mVs�1, 1000 rpm, 1 atm O2, total
bioelectrocatalyst loading, 0.26 mgcm�2.
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Lactone Synthesis

Asymmetric Synthesis of Highly Substituted
b-Lactones by Nucleophile-Catalyzed [2+2]
Cycloadditions of Disubstituted Ketenes with
Aldehydes**

Jonathan E. Wilson and Gregory C. Fu*

The development of effective methods for the asymmetric
synthesis of b-lactones is an important challenge for a variety
of reasons.[1] Numerous biologically active b-lactone-contain-
ing natural and unnatural products have been described,
including Xenical (tetrahydrolipstatin), an anti-obesity drug
developed by Roche.[2, 3] Furthermore, b-lactones serve as
useful intermediates in an array of fields, including materials
science and synthetic organic chemistry.[1, 4] The strain of the
four-membered lactone provides an opportunity for a range
of functionalizations; for example, nucleophiles can react
either at the carbonyl group through an addition–elimination
sequence or at a C�O single bond through an SN2 process.
Thus, a number of recent total syntheses, such as those of
(�)-laulimalide,[5] (�)-malyngolide,[6] and trapoxin B,[7] have
exploited enantiopure b-lactones as intermediates.

One attractive route to b-lactones is the overall [2+2]
cycloaddition of a ketene with an aldehyde [Eq. (1)]. Chiral

nucleophiles and chiral Lewis acids have both been shown to
catalyze this process, sometimes with outstanding enantiose-
lectivity (the postulated mechanism for the nucleophile-
catalyzed cycloaddition is illustrated in Scheme 1).[8–11] To
date, all reports of asymmetric catalysis of this transformation
have described reactions of ketene itself (H2C=C=O) or of
monosubstituted ketenes. Expanding the scope of such
processes to include disubstituted ketenes would furnish
access to a,a-disubstituted b-lactones, an important class of
synthetic targets.[12]

We have been exploring the utility of planar-chiral DMAP
and PPY derivatives (for example, 1) as catalysts for a range
of transformations,[13] including an asymmetric Staudinger
synthesis of b-lactams that likely proceeds by a pathway
analogous to that depicted in Scheme 1 (DMAP= 4-(dime-
thylamino)pyridine, PPY= 4-pyrrolidin-1-ylpyridine).[14]

We were intrigued by the possibility that these nucleo-
philic catalysts might also be useful for b-lactone synthesis.
This sort of an “extension” from reactions of imines to
reactions of aldehydes is not as straightforward as may
appear; for example, in the case of cinchona alkaloid-based
catalysts, an excellent method for enantioselective b-lactam
synthesis from monosubstituted ketenes was reported several
years ago,[15] whereas general conditions for b-lactone syn-
thesis from monosubstituted ketenes, which require a Lewis
acid co-catalyst, have only been developed very recently.[16] In
this Communication, we demonstrate that PPY derivative 1
serves as an effective catalyst for [2+2] cycloadditions of
disubstituted ketenes with aldehydes to furnish the first
catalytic asymmetric route to a,a-disubstituted b-lactones.

In our earlier study, we established that 1 catalyzes a
Staudinger-type cycloaddition of ketenes with imines to
efficiently afford b-lactams with good enantioselectivity
(76–98% yield; 81–98% ee).[14] However, when we apply
these conditions to the corresponding reaction of ketenes with
aldehydes, we obtain essentially none of the desired b-lactone
[Eq. (2)].

Scheme 1. Proposed pathway for the nucleophile-catalyzed enantiose-
lective synthesis of b-lactones from ketenes and aldehydes.
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Interestingly, by lowering the reaction temperature, we
can generate the targeted [2+2] cycloaddition product in high
yield, and, equally significantly, in high enantiomeric excess
(91% yield, 89% ee ; Table 1, entry 1). Furthermore, the two-

solvent system that we employed for the synthesis of b-
lactams is unnecessary—the formation of b-lactones proceeds
in very good yield and ee in THF alone (entry 2). It is
important to note that the alkaloid-based methods that have
proved useful for catalytic asymmetric reactions of mono-
substituted ketenes are not effective for the illustrated
cycloaddition of a disubstituted ketene (entries 3[10b] and
4[10d]).

Our optimized conditions (Table 1, entry 2) are applicable
to a range of [2+2] cycloadditions of disubstituted ketenes
with aldehydes (Table 2). Thus, symmetrical ketenes, both
acyclic and cyclic, couple with aldehydes with good enantio-
selectivity (entries 1–7). Cycloadditions of unsymmetrical
disubstituted ketenes generate b-lactones that bear two
contiguous stereocenters, one quaternary and one tertiary;[17]

we have determined that planar-chiral catalyst 1 preferen-

tially furnishes the cis diastereomer (ca. 4.5:1 selectivity) with
very good ee (ca. 90%; entries 8 and 9).[18]

We have established that these sterically demanding a,a-
disubstituted b-lactones can be derivatized through reactions
with nucleophiles (Scheme 2). Reagents such as DIBAL-H

and hydroxide add to the carbonyl group to furnish a 1,3-diol
and a b-hydroxyacid, respectively. Sodium azide, on the other
hand, reacts through an SN2 process to generate a b-
azidoacid.[19, 20] These functionalizations proceed in good to
excellent yield with essentially no erosion in enantiomeric
excess.[21]

In conclusion, we have established for the first time that a
chiral PPY derivative (1) can serve as an efficient catalyst for
the asymmetric synthesis of b-lactones; this is the only
catalyst reported to date that is effective for enantioselective
cycloadditions of disubstituted ketenes, which generate a,a-
disubstituted b-lactones. Furthermore, we have shown that
these b-lactones, in addition to being useful structures in their
own right, can be transformed into other important families of
enantioenriched compounds. Additional studies of catalytic
asymmetric reactions of ketenes are underway.
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Table 1: Catalytic asymmetric cycloaddition of diethylketene with ben-
zaldehyde.

Entry Catalyst Conditions Yield [%][a] ee [%][a]

1 5% (�)-1 THF/toluene (1:1),
�78 8C

91 89

2 5% (�)-1 THF, �78 8C 92 91
3 5% quinidine THF/toluene (1:1),

�78 8C!RT
<5 –

4[b] 10% O-TMS-quini-
dine, 2 equiv LiClO4

THF/CH2Cl2 (1:1),
�78 8C!RT

21 <2

[a] Average of two runs. [b] Because the product b-lactone could not be
separated from a side product, the b-lactone was reduced to a 1,3-diol
with diisobutylaluminum hydride (DIBAL-H). TMS= trimethylsilyl.

Table 2: Catalytic asymmetric synthesis of b-lactones by cycloadditions
of disubstituted ketenes with aldehydes.

Entry R1 R2 R3 ee [%][a] Yield [%][a]
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[a] Average of two runs. [b] 7% (�)-1 was used. [c] cis :trans selectivity =

4.2–4.6:1. The ee value is for the cis diastereomer, and the yield is for both
diastereomers.

Scheme 2. Derivatization of a,a-disubstituted b-lactones.
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Nanostructures

Large-Scale Synthesis of Micrometer-Scale Single-
Crystalline Au Plates of Nanometer Thickness by
a Wet-Chemical Route**

Xuping Sun, Shaojun Dong,* and Erkang Wang*

In the past few years metal nanostructures have been the
focus of intensive research as a result of their electronic,
optical, magnetic, thermal, catalytic, and other properties
being distinctly different from their bulk counterparts, and
considerable attention, in terms of both fundamental and
applied research, has been paid to synthesizing and character-
izing metal nanostructures.[1] It has also been demonstrated in
nanometer-sized materials that the physical and chemical
properties of the structures are closely related to their size
and shape.[2] For example, the surface plasmon resonance of
metal particles is strongly shape-dependent: the transforma-
tion of spherical metal particles into nanometer-sized rods or
triangular prisms results in a red-shift and even a split of the
corresponding surface plasmon resonance into distinctive
dipole and quadrupole modes.[3] A variety of methods have so
far been developed to prepare spherical metal nanoparti-
cles,[1d] however, the production of nanostructures by a shape-
controlled procedure is still a challenge for materials scientists
and there is great interest in developing new methods for
fabricating shape-controlled nanoparticles. Many differently
shaped nanostructures have been synthesized from metallic
Ag by using various chemical approaches, with 1D Ag
nanostructures having been fabricated by many research
groups.[4] Other Ag nanostructures, such as nanoprisms,[3,5]

nanocubes,[6] nanoplates,[7] nanodisks,[8] and nanobelts,[9] have
also been fabricated. Much effort has also been made to
fabricate Au nanostructures with specific shapes, and many
methods have been developed to synthesis 1D Au nano-
structures,[10] however, there are very few reports on the
synthesis of planar Au nanostructures such as nanodisks[11]

and nanoplates.[12] We demonstrate herein a mild wet-
chemical route to the large-scale synthesis of micrometer-
scale Au nanoplates. In this process H[AuCl4] is reduced by
ortho-phenylenediamine in an aqueous medium to form
hexagonal single-crystalline Au nanoplates with a preferential
growth direction along the Au (111) plane. This result
suggests that the molar ratio of ortho-phenylenediamine to
gold is key to producing Au nanoplates.
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The morphology of the precipitate was characterized by
scanning electron microscopy (SEM, Figure 1). The lower
magnification image (Figure 1a) indicates that the precipitate
consists of a large amount of particles, while the higher

magnification image (Figure 1b) clearly reveals that the
particles are micrometer-scale plates, mainly hexagonal in
shape. We can conclude from measurements of the distance
between two planes of one plate standing against the glass
substrate that these plates are nanoplates, tens of nanometers
thick (see Figure 1b, inset). Small quantities of spherical
particles are also observed as by-products. The chemical
composition of the particles was further determined by
energy-dispersive X-ray spectroscopy (EDS). The EDS
spectrum obtained from the precipitate only shows the peak
corresponding to Au (data not shown), thus indicating that
that the particles are pure metallic Au.

Figure 2 shows the transmission electron microscopy
(TEM) image (Figure 2a) of a single Au nanoplate as well

as the related selected area electron diffraction (SAED)
pattern (Figure 2b) obtained by focusing the electron beam
on a nanoplate lying flat on the TEM grid. Interestingly, some
patterns are observed on the nanoplate plane. The other four
dark dots marked with arrows are spherical Au particles
formed as by-products. The SAED pattern reveals that a
hexagonal symmetry diffraction spot pattern is generated,
thus demonstrating that the Au nanoplate is a single crystal
with a preferential growth direction along the Au (111)
plane.[13]

The crystalline nature of the nanoplates was further
confirmed by recording the X-ray diffraction (XRD) pattern.
The XRD pattern (Figure 3) shows sharp peaks correspond-

ing to the (111), (200), (220), (311), and (222) diffraction
peaks of metallic Au, and thus indicates that the precipitate is
composed of pure crystalline Au.[14] Note that the ratio of the
intensity between the (200) and (111) diffraction peaks is
much lower than the standard file (JCPDS; 0.061 versus 0.33).
These observations confirm that our nanoplates are primarily
dominated by (111) facets, and thus their (111) planes tend to
be preferentially oriented parallel to the surface of the
supporting substrate.

It is well-known that Au nanostructures dispersed in liquid
media usually display a very intense color because of surface
plasmon resonance (SPR). Figure 4 shows a photograph and
an absorption spectrum of the resulting Au particles sus-

Figure 1. Low magnification (a) and high magnification (b) SEM
images of the precipitate. The inset shows that the thickness of a
single nanoplate is about 47.7 nm.

Figure 2. Typical TEM image (a) and corresponding electron diffraction
pattern (b) of a single hexagonal Au nanoplate lying flat on a TEM
grid.

Figure 3. XRD pattern of the Au products.

Figure 4. Photograph (a) and UV/Vis spectrum (b) of the Au particles
suspended in water.
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pended in water. It has been reported that a solution of
spherical colloidal Au is red,[15] but interestingly our suspen-
sion is gold-yellow in color (Figure 4a). It is also documented
that the SPR band of Au nanostructures strongly depends on
the size, shape, and aggregation of the nanostructures,[16] and
that spherical Au particles show an SPR band at approx-
imately 520 nm that is usually red-shifted to longer wave-
lengths with increasing particle size.[17] The resulting suspen-
sion shows two SPR bands located at about 680 and 925 nm
which arise from the longitudinal plasmon resonance of Au
particles,[18] thus providing another piece of evidence for the
formation of anisotropic Au particles.[17]

We have found in our previous study that H[AuCl4] can be
reduced by polyamine-containing polyelectrolytes and den-
drimers to form Au nanoparticles.[19] More recently, it has
been shown that H[AuCl4] can also be reduced by ortho-
phenylenediamine to form spherical Au particles with the
concurrent formation of poly(ortho-phenylenediamine)
nanobelts as a result of the oxidative polymerization of
ortho-phenylenediamine monomers by H[AuCl4].

[20] In our
present study we also obtained a precipitate of Au nanoplates
and belts. Analysis of these belts by SEM shows that they
contain C and N, thus indicating that they are oxidative
products of ortho-phenylenediamine. These belts can be
washed away with tetrahydrofuran (THF) to leave purified
Au particles.

It is worthwhile mentioning that the quantity of ortho-
phenylenediamine in the solution is an important factor in
determining the morphology of the final Au particles. Control
reactions in which excess ortho-phenylenediamine was added
under otherwise identical conditions only gave isolated or
aggregated spherical Au particles. Figure 5 shows typical
SEM images of Au products obtained with initial ortho-
phenylenediamine to gold ratios of of 3:1 (Figure 5a) and 8:1

(Figure 5b), and clearly indicates the formation of aggregated
and isolated spherical Au particles, respectively. Other
control reactions also gave similar results. These results
indicate that the quantity of ortho-phenylenediamine in the
solution is key to yielding Au nanoplates. We suggest that
ortho-phenylenediamine molecules serve as a soft template
and kinetically control the growth rates of various faces of Au
particles by selectively adsorbing on to the crystallographic
planes, thus resulting in the formation of large single-
crystalline Au nanoplates. However, it is not clear at present
how the ortho-phenylenediamine molecules influence the
growth of different crystal planes of the Au nanoplates, and
the detailed mechanism needs further investigation.

In conclusion, we present our preliminary findings that
micrometer-sized hexagonal single-crystalline Au nanoplates
can be synthesized on a large scale by a mild wet-chemical
route, carried out by the chemical reduction of H[AuCl4] with
ortho-phenylenediamine in aqueous media at room temper-
ature and ambient pressure. Two surface plasmon absorption
bands at about 680 and 925 nm are found for these Au
nanoplates. The study suggests that the quantity of ortho-
phenylenediamine in the solution is key to producing Au
nanoplates. The importance of the platelet-like gold particles
is not restricted to optics; exceptionally interesting materials
with unique mechanical properties can be obtained with such
colloids.[21]

Experimental Section
H[AuCl4] was purchased from Aldrich and ortho-phenylenediamine
from Beijing Chem. Co. All reagents were used as received without
further purification. The water used was purified through a Millipore
system. In a typical experiment, an aqueous solution of 48 mm

H[AuCl4] (3 mL) was added to water (5 mL). An appropriate
volume of an aqueous solution of freshly prepared ortho-phenyl-
enediamine (80 mm) was quickly added to the solution under
vigorous stirring at room temperature to obtain a 1:1 molar ratio of
ortho-phenylenediamine to gold. A large quantity of precipitate was
observed several minutes later, which was collected by centrifugation,
washed several times with THF and water, then suspended in water.
The resulting suspension was used for further characterization.

The samples for SEM and XRD characterization were prepared
by placing 100 mL of the suspension on a glass slide, and allowing the
solvent to slowly evaporate at room temperature. The sample for the
TEM study was similarly prepared by placing a drop of the suspension
on a carbon-coated copper grid. The UV/Vis spectra were collected
on a CARY 500 Scan UV/Vis/near IR spectrophotometer. The SEM
images were obtained on a XL30 ESEM FEG scanning electron
microscopy operating at 20 kV. The TEM images were recorded on a
JEOL 2000 transmission electron microscopy operating at 200 kV.
The XRD pattern was collected on a D/Max 2500 V/PC X-ray
diffractometer using Cu (40 kV, 200 mA) radiation.
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Figure 5. Typical SEM images of Au particles obtained with an initial
ortho-phenylenediamine to gold ratio of 3:1 (a) and 8:1 (b).
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Electron Transport

High-Mobility Air-Stable n-Type Semiconductors
with Processing Versatility: Dicyanoperylene-
3,4:9,10-bis(dicarboximides)**

Brooks A. Jones, Michael J. Ahrens, Myung-Han Yoon,
Antonio Facchetti, Tobin J. Marks,* and
Michael R. Wasielewski*

Traditionally, inorganic materials have been the active
charge-transporting components in numerous electronic
devices. While inorganic materials are ideal for many
applications, the rapid development of molecular/polymeric
semiconductors for organic field-effect transistors (OFETs)
promises materials better suited to inexpensive, flexible,
large-area applications, such as displays, RF-ID tags, smart
cards, and sensors.[1] To this end, recent advances in p-type
organic semiconductors have fulfilled many of the require-
ments for use in diverse applications;[1c–e,2] however, n-type
materials, needed for complementary circuits, continue to
present challenges, such as low mobilities, instability in air,
poor solubility for efficient film-casting, and large barriers to
electron injection.[1b,2]

We have already demonstrated that high-mobility n-type
organic semiconductors can be realized by functionalizing
oligothiophene cores with electron-withdrawing perfluori-
nated groups (e.g. DFT-4T and FTTTTF).[3] Furthermore,
other research has demonstrated that electron-withdrawing
imide substituents afford promising architectures for n-type
naphthalene and perylene-based OFET materials (e.g., NDI
and PDI).[4] Thus, vapor-deposited and solution-cast films of
N-fluorocarbon NDI derivatives exhibit air-stable n-type
mobilities as high as 0.1 cm2V�1 s�1, Ion/Ioff� 105, and thresh-
old voltages of approximately 20 V.[4f–h] However, while N-
alkyl NDI derivatives exhibit comparable or superior elec-
trical performance, they fail to operate in air, possibly because
of the less densely packed hydrocarbon tails.[4f] While N-alkyl
PDI films exhibit outstanding mobilities of approximately
0.6 cm2V�1 s�1, OFET performance again degrades in air,

[*] B. A. Jones, M. J. Ahrens, M.-H. Yoon, Dr. A. Facchetti,
Prof. T. J. Marks, Prof. M. R. Wasielewski
Department of Chemistry
Center for Nanofabrication and Molecular Self-Assembly
and the Materials Research Center
Northwestern University
2145 Sheridan Road, Evanston IL, 60208-3113 (USA)
Fax: (+1)847-491-2290
E-mail: t-marks@northwestern.edu

wasielew@chem.northwestern.edu

[**] We thank DARPA (MDA972-03-1-0023) and ONR (N00014-02-1-
0909, N00014-02-1-0381) for support of this research, and the
Northwestern Materials Research Center (NSF-MRSEC DMR-
0076097) for characterization facilities. We also thank Charlotte
Stern for single-crystal X-ray diffraction data collection and Matthew
Russell for aid with SEM measurements.

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

Angewandte
Chemie

6363Angew. Chem. Int. Ed. 2004, 43, 6363 –6366 DOI: 10.1002/anie.200461324 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



devices exhibit very large threshold
voltages of around 75 V, and these
materials are not known to be
solution processable.[4d,i,k] In all
instances, the focus of this prior
work has been synthetic modifica-
tion solely of the N-substituents. In
other studies, microwave conduc-
tivity measurements of 1,6,7,12-
substituted PDI derivatives demonstrated that modulation
of p–p overlap by twisting of the normally flat core can
drastically affect carrier mobility;[4c] however, to date func-
tionalization of the PDI core for OFETapplications has gone
unexplored. Herein we report two core-cyanated PDI deriv-
atives, PDI-CN2 and PDI-FCN2, which exhibit the highest air-

stable n-type OFET carrier mobilities reported to date, in
combination with low threshold voltages and substantial
processing versatility.

The synthesis of PDI-CN2 was reported elsewhere.[5] This
compound exhibits excellent air-stability and solubility in
organic solvents, while reduced pressure thermogravimetric
analysis (TGA) scans indicate slight (about 2%) decompo-
sition during sublimation. The low-energy LUMO indicated
by the first reduction potential, �0.07 V versus the saturated
calomel electrode (SCE),[5] suggests improved n-type charge-
carrier stability over PDI (�0.43 V vs. SCE).[6, 7] Moreover,
the results with PDI-CN2-derived OFETs (see below) moti-
vated the synthesis of a new PDI derivative, PDI-FCN2, with
additional electron-withdrawing substituents and greater
volatility. The new compound was synthesized using modifi-
cations of published core cyanation[5] and N-fluoroalkyla-
tion[4f,j] procedures, and was characterized by NMR spectros-
copy, mass spectrometry, optical absorption spectroscopy,
photoluminescence, cyclic voltammetry, thermogravimetric
analysis, and single-crystal X-ray diffraction. The electro-

chemical and optical data (Table 1) reveal further depression
of the LUMO level of PDI-FCN2 compared to PDI and PDI-
CN2, while TGA indicates quantitative sublimation.

For both cyanated PDI materials, a 1:1 mixture of isomers
(cyanated at the 1,7 or 1,6 positions) is indicated by NMR
spectroscopy, however this characteristic is found to be
inconsequential for spectroscopic, electronic structural, and
solid-state charge-transport properties (verified by measure-
ments on the pure 1,7 isomer). Single crystals of PDI-FCN2

were grown by sublimation, and the crystal structure
(Figure 1) reveals a slightly twisted polycyclic core (torsion
angle of about 58) with slip-stacked face-to-face molecular
packing and a minimum interplanar spacing of 3.40 C.[8] This

motif allows considerable intermolecular p–p overlap, which
results in good charge-transport properties (see below). The
positions of the disordered cyano substituents suggests that
this structural feature does not greatly affect packing.

Top-contact configuration OFETs were fabricated with
vapor-deposited PDI films (10�6 Torr, 0.2 Cs�1 growth), and
mobilities determined in the saturation regime by standard
procedures.[3] The microstructures and mobilities of the
vapor-deposited films are found to be sensitive to substrate
temperature during growth (see Supporting Information[9]).
Owing to the remarkable air-stability of these materials, all
data presented herein were acquired under ambient atmos-
phere. PDI-CN2-based OFETs display mobilities as high as
0.10 cm2V�1 s�1, threshold voltages of approximately 15 V,

Table 1: Electronic and OFET characteristics of perylene diimide derivatives.

Compound labs [nm]
[a] lem [nm]

[a] E(1) [V]
[b] E(2) [V]

[b] m [cm2V�1 s�1] Ion/Ioff

PDI-CN2 530 547 �0.07 �0.40 0.10 105

PDI-FCN2 530 545 +0.04 �0.31 0.64 104

[a] measured in THF (10�5/10�6m). [b] Measured in a solution of 0.1m tetrabutylammonium
hexafluorophosphate (TBAPF6) in THF versus SCE.

Figure 1. Crystal Structure of PDI-FCN2. a) viewed along the unit cell
diagonal, showing stacking relationships; fluoropropyl groups deleted
for clarity. b) Viewed along the ab face diagonal, showing the segrega-
tion of arene and fluoroalkyl groups. Note the statistical disorder of
the cyano substituents.[10]
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and Ion/Ioff(+ 100 V/0 V)� 105, while PDI-FCN2 devices
exhibit mobilities as high as 0.64 cm2V�1 s�1, threshold
voltages between �20 V and �30 V, and Ion/Ioff(+ 100 V/
�60 V) as high as 104. Figure 2 shows current–voltage (I–V)
characteristics between source and drain electrodes recorded
at different gate biases (VG) for OFETs of PDI-CN2 and PDI-
FCN2 operating in ambient atmosphere. Given the similarities
in first reduction potentials for PDI-CN2 and PDI-FCN2, the
striking difference in threshold voltages is presumably due to
variations in trap densities in the two materials. Devices
stored and tested under ambient conditions exhibit negligible
degradation in mobility, threshold voltage, or Ion/Ioff over six
months.

The microstructure of the vapor-deposited thin films was
analyzed by X-ray diffraction (XRD), atomic force micros-
copy (AFM), and scanning electron microscopy (SEM), with
XRD revealing d-spacings in highest-mobility devices of
17.9 C for PDI-CN2 and 20.3 C for PDI-FCN2. From a
geometry-optimized, computed molecular length of 22.0 C
for PDI-CN2

[11] and a crystallographically determined length
of 22.8 C for PDI-FCN2, tilt angles relative to the substrate
normal of 558 for PDI-CN2 and 628 for PDI-FCN2 are
estimated. These results suggest favorable molecular orienta-
tions for source-to-drain electrode charge transport.

AFM and SEM analysis of film morphology confirms
polycrystalline topologies with ribbon-like grains (ca. 400–
800 nm long, and ca. 100 nm wide).[9] Such large-grained
polycrystalline features should promote charge-carrier mobi-
lity through efficient p–p intermolecular overlap and mini-
mization of trap sites.[1c,12]

To investigate material versatility for various applications,
preliminary studies on bottom-contact OFETs and solution-
cast films were performed. Bottom-contact devices are found
to display air-stable mobilities from 10�3–10�4 cm2V�1 s�1.
PDI-FCN2 transistors, like many fluorinated organic semi-
conductors, require alkane thiol treatment of gold electrodes
to better match surface energies at the metal/organic inter-
face.[4g] PDI-CN2 devices function without the aid of thiolated
electrodes, retaining the ability of PDI to function on
unmodified substrates.[4i] Top-contact devices fabricated
from drip-cast films are also air-stable and exhibit mobilities
of 10�3–10�5 cm2V�1 s�1. In contrast, solution casting of high-

quality films of PDI derivatives not having core functional-
ization is difficult owing to low solubility in common solvents.
While the performance of the vapor-deposited top-contact
devices is currently superior to the bottom-contact and
solution-cast devices, efforts are being made to optimize
device performance in these latter configurations.

One of the unique characteristics of the new PDI systems
is the presence of significant charge-carrier densities at VG =

0 V. Thus, the OFET threshold voltages for these materials
are at VG =�20 V to �30 V, with the absence of charge
carriers then defining the “off” state at �60 V, and classifying
these devices as “always on” transistors.[13] This characteristic
is documented for very electron-deficient materials, and often
attributed to unintentional doping.[14] In some cases, the
presence of charge carriers belowVG = 0 V can be reversed by
exposure to an oxidant, and for our devices, I2 vapor increases
the threshold voltage to >�5 Vand decreases the ISD at VG =

0 V by up to an order of magnitude. Further studies of the
nature and origin of the charge carriers are currently under-
way.

It is thought that ambient stability in n-type organic
semiconductors benefits from electron-withdrawing fluori-
nated substituents, which electronically stabilize the charge
carriers as well as promote close packing through fluorocar-
bon self-segregation. Judging from the present redox poten-
tials, the charge carriers are not expected to be stable with
respect to gaseous O2;

[15] however, the close-packed fluorine
functionalities may help provide a kinetic barrier to oxida-
tion.[1c] The strategic cyanation of PDI produces air-stable N-
fluoroalkyl andN-alkyl materials, the air stability presumably
reflecting carrier stabilization in the very low-lying LUMOs.

In summary, we report a promising new class of solution
processable, cyano-polycyclic n-type organic semiconductors
with high carrier mobility and air-stable OFET operation.
Notable properties of this family reflect a combination of
functionality at the core and imide positions. The cyano
functionalities provide solubility for solution processing and
stability of n-type charge carriers by lowering the LUMO to
resist ambient oxidation. The electron-withdrawing N-func-
tionalities further aid charge carrier stability by further
lowering the LUMO energies, but may also induce close
molecular packing for increased intermolecular p overlap and

Figure 2. a) I–V characteristics of PDI-CN2 exhibiting a mobility of 0.10 cm
2V�1 s�1 in ambient atmosphere b) I–V characteristics of a PDI-FCN2

FET exhibiting a mobility of 0.64 cm2V�1 s�1 in ambient atmosphere. VSD=Voltage between source and drain, ISD=current between source and
drain, VG=gate voltage.
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more efficient charge transport. With the rich chemistry for
PDI functionalization available, these derivatives should
prove informative for elucidating structure–function relation-
ships in organic n-type electronics.
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Despite substantial research on the chemistry of ketenes,
efforts to isolate or characterize the electron-deficient
difluoroketene (F2C=C=O) have met with little success.[1]
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ful.[3] Difluoroketene has been generated transiently by
zinc-induced dehalogenation of bromodifluoroacetyl hal-
ides, but its formation was only inferred from the isolation
of a cycloaddition product with acetone and from the
detection of CO and F2C=CF2, the presumed products of
difluoroketene dissociation.[3] Experiments designed to
trap [2+2] adducts of cyclopentadiene and fluorinated
ketenes generated in situ were successful with methyl-
fluoroketene, phenylfluoroketene, and trifluoromethyl-
fluoroketene, but failed when attempted with difluoroke-
tene.[4] Difluoroketene ethyl trimethylsilyl ketal, a masked
variant of difluoroketene, has been employed in organic
synthesis as a reagent for making fluoroorganic com-
pounds.[5–7]

In 1998, the generation and IR characterization of
difluoroketene in a CO2-doped argon matrix at 30 K was
reported.[8] This highly reactive ketene was also detected in
the gas phase by mass spectrometry after ionization of
perfluoromethylvinyl ether.[9] However, until now neither
the free ketene nor its metal complexes have been obtained
on a preparative scale. Herein we report that research on the
electron-rich organometallic fragment [Cp*(PMe3)Ir] (Cp* =

h5-C5Me5), has led to the discovery of an isolable difluoroke-
tene complex.

Recently, we reported that upon heating a solution of
[Cp*(PMe3)Ir(H){C(O)CF3}] (1) in C6D6 at 105 8C,
[Cp*(PMe3)Ir(CO)] (2) and CF3H were generated in quanti-
tative yield.[10] The proposed mechanism for this elimination
involves CF3

� dissociation from 1 to give the intermediate ion
pair 3 (scheme 1). Rapid proton transfer from the iridium
carbonyl cation to the CF3

� ion yields the observed products
(Scheme 1).[10] While investigating the mechanism of this
transformation, we discovered two different base-induced
elimination reactions from 1.

Upon vacuum transferring [D7]DMF to an NMR tube
containing 1 and a catalytic amount of potassium tert-
butoxide (0.2 equiv) at �196 8C, only 2, CF3H, and potassium
tert-butoxide were detected in quantitative yield, by NMR
spectroscopy upon warming to 22 8C. Using [D8]THF as
solvent gave similar results. The proposed mechanism for this
transformation involves rapid deprotonation of 1 to generate
the potassium iridate 4-K. Elimination of CF3

� from 4-K
followed by deprotonation of tert-butanol, produces 2 and
CF3H, which regenerates the base (Scheme 2). Treatment of 1
with a base which would irreversibly deprotonate it, gave an
unexpected result.

Compound 1 and 1.4 equivalents of tert-butyllithium were
dissolved in [D8]THF at low temperature and the subsequent
reaction was monitored by NMR spectroscopy as the solution
was warmed from �80 to 22 8C. At �80 8C one major species,

assigned as the lithium iridate 4-Li was detected in the
19F NMR spectrum at d =�69.2 ppm and in the 31P{1H} NMR
spectrum at d =�39.9 ppm. Upon warming, the chemical
shifts of all intermediates shifted slightly upfield. At �13 8C
only the acyl iridate 4-Li was detected;[11] at �6 8C new
products began to form. As the reaction mixture was warmed
above 0 8C, elimination of CF3Li gave iridium carbonyl 2, and
surprisingly, LiF elimination from 4-Li furnished difluoroke-
tene iridium adduct 5 in a 1:1 ratio (Scheme 2).

Isolation of the difluoroketene adduct 5 was by multiple
precipitations and crystallizations from a mixture containing 2
and 5 in a solution of diethyl ether and pentane at �38 8C (ca.
30% yield).[12] As a solid at 22 8C under a N2 atmosphere, the
difluoroketene adduct 5 showed no signs of decomposition
after two weeks. Heating a C6D6 solution of 5 at 75 8C resulted
in slow decomposition to 2 and unidentifiable products which
contained the {Cp*(PMe3)Ir} fragment.

The characterization of 5 began with heteronuclear NMR
spectroscopy experiments on the four NMR active nuclei. The
1H NMR spectrum showed a singlet at d = 1.75 ppm for the
Cp* ligand, and a doublet at d = 1.01 ppm with 2JH,P = 10.4 Hz
for the PMe3 ligand. In the 19F NMR spectrum, two inequi-
valent signals were observed in the region typical of fluorine
atoms bound to a sp2-hybridized carbon atoms. The signal at
d =�123.4 ppm was coupled to both phosphorus and fluorine
atoms to give a doublet of doublets with 2JF,F = 187 Hz and
3JF,P = 33 Hz. The more upfield signal at d =�132.1 ppm was
coupled only to the other fluorine atom with 2JF,F = 188 Hz.
The 31P{1H} NMR spectrum showed the signals for the PMe3

ligand as a doublet coupled to one fluorine atom at d =

�41.6 ppm with 3JP,F = 33 Hz. In the 13C{1H} NMR spectrum,
only singlets for the methyl and quaternary carbon atoms of
the Cp* ligand at d = 10.0 ppm and 96.1 ppm, respectively,
and a doublet for the PMe3 ligand at d = 18.3 ppm with 2JC,P =

42.3 Hz were found.
The difluoroketene carbon atom signals of 5 were

observed in a 19F-detected 2D 19F,13C heteronuclear single-
and multiple-bond correlation (HSMBC) experiment.[13,14]

This NMR experiment revealed 13C signals at d = 178.0 and
207.2 ppm, through correlation peaks with each of the 19F
signals (see Figure 1), mediated by 1JC,F (320–340 Hz) and 2JC,F

(5–10 Hz), respectively. Specifically, the 19Fa signal at
�123.4 ppm appeared as a ddd (1JFa,C = 344, 2JFa,Fb

= 187,

Scheme 1. Proposed mechanism for CF3H loss from 1.

Scheme 2. Deprotonation of 1 leading to 2 and difluoroketene adduct 5.

Angewandte
Chemie

6367Angew. Chem. Int. Ed. 2004, 43, 6366 –6369 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


3JFa,P = 34 Hz) in its correlation peak with the signal at
178.0 ppm, which therefore arises from the CF2 carbon
atom; and as a dd (2JFa,Fb

= 187, 3JFa,P = 34 Hz, 2JFa,C unresolved,
that is, < 10 Hz) in the cross peaks with the CO signal at d =

207.2 ppm. Analogously, the 19Fb fluorine signal at d =

�132.1 ppm appeared as a dd (1JFb,C = 327, 2JFb,Fa
= 187 Hz)

in its cross peaks with the CF2 signal, and as a doublet (2JFb,Fa
=

187 Hz; 2JFb,C unresolved, that is, < 8 Hz,) in its correlation
peaks with the CO signal. All four cross-peak patterns in the
2D spectrum are displaced by the 2JFa,Fb

coupling in both the
13C and 19F dimension. Reported 13C NMR spectroscopic data
for the h2-(C,C) carbon atoms of related phenyl- and
diphenylketene iridium complexes were significantly upfield
from these values.[15] The downfield resonances for the h2-
(C,C) carbon atoms are likely a result of the deshielding
effects of the fluorine atoms.

Solid-state ZnSe attenuated total reflectance (ATR)
FTIR spectroscopy of difluoroketene 5 showed strong bands
at 1725, 1172, 954, 938, and 837 cm�1. Medium to weak bands
were recorded at 1424, 1384, and 1287 cm�1. Using X-ray
analysis and isotopic 18O and 13C labeling, Grotjahn and co-
workers showed that the IR absorptions for a series of six
bisphosphine chloro-iridium and rhodium ketene complexes
were dependent on the coordination mode.[15] When the
ketene was coordinated through the carbonyl C�O bond an
intense IR band, assigned to the C=O stretch, was found
between 1632 and 1651 cm�1. Alternatively, when the ketene

was coordinated through the C�C bond, a strong absorption
was located between 1728 and 1802 cm�1. Based on these data
and the absorption at 1725 cm�1 for 5, the coordination mode
of our difluoroketene 5 was inferred to be h2-(C,C).

Pale yellow pyramidal crystals suitable for X-ray analysis
were grown from a concentrated solution of difluoroketene 5
in diethyl ether at �38 8C. The ketene adduct crystallized in
the C2/c space group with one molecule in the asymmetric
unit.[16] Coordination of the difluoroketene to iridium was
confirmed to be h2-(C,C) (Figure 2). An unusually short C�O

bond of 1.11(1) J for 5 compared to other iridium and
rhodium h2-(C,C)-bound ketene complexes suggests that
back-donation from the metal center to the ketene does not
elongate the C�O bond.[15,17] However, shorter Ir�C and C�C
bonds were also measured, which indicate that the difluoro-
ketene binds more closely than diphenyl- or phenylketene to
iridium.[18]

Overall loss of fluoride rather than the CF3
� ion, when

tert-butyllithium is used as the base to deprotonate 1, may be
attributed to reversible CF3

� loss from iridate 4. When 1 is
deprotonated with KOtBu to give iridate 4-K and HOtBu,
CF3

� loss followed by protonation to yield CF3H and 2 is
irreversible. However, in the absence of a proton source, F�

loss becomes competitive with CF3
� loss to give 5 (Scheme 2).

Unfortunately, attempts to increase the yield of 5 by adding
reagents which might assist in fluoride elimination were
unsuccessful.

Difluoroketene iridium complex 5 joins an important
group of complexes containing reactive organic fragments
that are stabilized by coordination to transition-metal centers.
The robust character of adduct 5 is attributed to the donating
ability of the electron-rich organometallic fragment that
coordinates to the electron-deficient difluoroketene. To our
knowledge, this is the first example of a dihaloketene complex
and the only structural data available for the difluoroketene
fragment in any form.

Received: July 22, 2004

Figure 1. The 2D 19F,13C HSMBC spectrum of 5 in C6D6, recorded at
11.7 T and 19 8C. (The 1D 19F NMR spectrum of 5 is displayed at the
top.) The HSMBC experiment was carried out using a Bruker
Avance 500 spectrometer equipped with a 5 mm (1H,X,31P) triple-reso-
nance probehead with an actively shielded z-gradient coil. The inner
(1H) coil was tuned to the 19F frequency (470.6 MHz), and the outer
(X) coil to the 13C frequency (125.8 MHz). The experiment used a gra-
dient-enhanced 2D HMBC pulse sequence without a low-pass filter,
allowing for observation of both 1JF,C and 2JF,C mediated correlations in
one experiment. No 13C-decoupling was applied during the detection
period. For further experimental conditions see ref. [19].

Figure 2. ORTEP diagram of 5 (thermal ellipsoids set at 50% probabil-
ity). Hydrogen atoms have been omitted for clarity. Selected bond
lengths [E] and angles [8]: Ir-C11 1.799(9), Ir-C12 1.994(10), Ir-P
2.256(2), C12-F2 1.37(1), C12-F1 1.39(1), C12-C11 1.38(1), C11-O
1.11(1); P-Ir-C11 92.9(3), P-Ir-C12 91.1(3), Ir-C12-C11 61.3(5), Ir-C11-
C12 76.6(6), C12-Ir-C11 42.1(4), F2-C12-C11 117.2(9), F1-C12-C11
124.1(8), F1-C12-F2 103.3(8), O-C11-C12 138(1), Ir-C11-O 143.9(9).
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218 ms (19F spectral width 9400 Hz, 4 K complex data points)
and 5 ms (13C spectral width 12,575 Hz, 128 real data points),
respectively. The relaxation delay was 1 s; 128 scans were
accumulated per t1 increment. Gradient ratios G1:G2:G3 were
3:1:3. The total acquisition time of the 19F,13C HSMBC experi-
ment on the difluoroketene sample (� 20 mg of 5 in 0.6 mL
C6D6) was 5 h 45 min. 19F Chemical shifts are referenced to
external CFCl3 at 0 ppm, 13C chemical shifts to internal TMS at
0 ppm.
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Nanostructures

Polymer–Monomer Pairs as a Reaction System for
the Synthesis of Magnetic Fe3O4–Polymer Hybrid
Hollow Nanospheres**

Yin Ding, Yong Hu, Xiqun Jiang,* Leyang Zhang, and
Changzheng Yang

Recently, hollow spheres have attracted increasing interest
because of their application in drug delivery,[1–3] cell and
enzyme transplantation,[4] gene therapy,[5] separation in
biomedicine, and as contrast agents in diagnostics.[6,7] Despite
significant advances in the preparation of hollow inorganic or
polymeric spheres,[8–11] the construction of nanosized hybrid
hollow spheres with both inorganic component and organic
polymers as the shells remains a major challenge. Currently, a
widely used approach for the synthesis of hybrid micro or
submicron hollow spheres is the core-template-based strategy
in which the inorganic components are coated on the polymer
particles by sol–gel chemistry[12]or layer-by-layer deposi-
tion.[13] One advantage of such an approach is that the
thickness of the coating layers is controllable. Although
successful in the preparation of hollow hybrid spheres, the
core-template-based approach faces limitations involving the
selection in core composition and nanosized core templates.
Furthermore, the core must be removed to create the hollow
center. Hence, a core-template-free strategy for the produc-
tion of hollow hybrid spheres is of particular interest.
Previous efforts towards the preparation of hollow hybrid
spheres with micrometer dimensions and in the absence of a
core template include the assembly of inorganic nanoparticles
into hollow spheres by using block copolymers,[14] the
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assembly of positively charged polyelectrolytes and nega-
tively charged inorganic nanoparticles,[15] and liquid-phase
deposition of inorganic nanoparticles on polymeric capsu-
les.[16] In previous work,[17] we introduced a core-template-free
approach to construct nanosized hollow polymeric spheres.
The basis of this approach is that the reaction system is
composed of water-soluble polymer–monomer pairs contain-
ing a cationic polymer and an anionic monomer. Depending
on their concentration in aqueous solution, such polymer–
monomer pairs can self-assemble to form micelles through
electrostatic interactions, and hollow polymeric nanospheres
are obtained by the polymerization of the anionic monomers
inside the micelles.

As a significant advance in attempts to produce inorganic–
organic hybrid hollow nanospheres, we present herein a
robust, core-template-free method to prepare magnetic
hollow Fe3O4–polymer hybrid nanospheres in completely
aqueous solution. The preparation procedure is schematically
illustrated in Scheme 1. We selected chitosan (CS), which
bears amino groups, as the cationic polymer and acrylic acid
(AA), which bears acid groups, as the anionic monomer. The
CS and AA polymer–monomer pair and Fe3O4 nanoparticles
stabilized by poly(vinyl alcohol) (PVA) were mixed and
formed micelles loaded with Fe3O4 nanoparticles; the cores
consist of the polyionic complexes of CS and AA (i.e.
positively charged protonated CS chains and negatively
charged dissociated AA) and the shells consist of protonated
CS chains. The formation of CS–AA micelles was confirmed
by fluorescent probe, dynamic light scattering (DLS), and
transmission electron microscopy (TEM).[17] Initiation of the
polymerization of AA with potassium persulfate (K2S2O8)
followed by cross-linking of the shells with glutaraldehyde
(GA) at the end of polymerization led to the formation of
magnetic hollow Fe3O4–polymer hybrid nanospheres.

The size and morphology of the hybrid spheres were
investigated by DLS in aqueous solution, and by TEM and
magnetic force microscopy (MFM) in the solid state. The
mean-number-average hydrodynamic diameter (Dh) for the
synthesized hybrid spheres in aqueous solution was measured
to be 76� 6.1 nm by DLS and the zeta potential to be 35�
2.6 mV by electrophoretic light scattering, suggesting that
chitosan molecules with ionized amino groups are at the
outermost layer of the hybrid spheres. Figure 1 shows
representative TEM images of the synthetic materials. After
the addition of Fe3O4 nanoparticles (4–6 nm in size) into an
aqueous solution of CS–AA followed by polymerization of
AA and selective cross-linking of CS at the end of polymer-
ization, spheres with incorporated Fe3O4 nanoparticles were
formed (Figure 1a). The average diameter of such a structure
is 58� 11 nm, smaller than that determined by DLS in

aqueous solution as a result of the sample being dry for
TEM analysis. The electron-diffraction pattern recorded from
these spheres confirms that magnetite nanoparticles with a
minor amount of Fe2O3 were loaded into the nanospheres. A
salient feature of Figure 1a is that these nanospheres have an
intense dark circle within the shells of the spheres and dark
spots at the surface of some spheres, which suggests that the
distribution of the Fe3O4 nanoparticles is not concentrated in
the core of the spheres. This is confirmed by high-resolution
transmission electron microscopy (HRTEM) observation
(Figure 1b,c). The lattice fringe planes of Fe3O4 nanoparticles
arranged in the dark stripe region, indicative of the crystalline
region of the Fe3O4 particles, are clearly observed inside the
shell of the spheres or at the surface of the spheres. The size of
the lattice fringe planes of individual Fe3O4 nanoparticles is
estimated to be 4–6 nm, which corresponds well to the size of
Fe3O4 nanoparticles used. The occurrence of Fe3O4 nano-
particles in the inner shell of the spheres indicates that the
magnetic nanoparticles are trapped inside the micelles before
polymerization by the interaction of AA and PVA attached to
the Fe3O4 nanoparticles, as verified by FTIR. The presence of
the magnetic nanoparticles the surface of the spheres suggests

Scheme 1. Illustration of the preparation process of hollow hybrid nanospheres.

Figure 1. a) Direct-view TEM image of the synthesized Fe3O4–polymer
hybrid nanospheres; b) and c) Direct-view HRTEM images of the
synthesized Fe3O4–polymer hybrid nanospheres; d) Cut-section TEM
image of the Fe3O4–polymer hybrid nanospheres after microtomy at
room temperature.
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that partial adsorption of Fe3O4 nanoparticles onto the
spheres occurs during the reaction process. The most inter-
esting feature of these nanospheres is their hollow interior, as
revealed by the TEM image in Figure 1d obtained by
microtomy of a hybrid nanosphere sample at room temper-
ature which had been prepared by depositing hybrid nano-
spheres on a polyimide sheet followed by embedding in epoxy
resin. The image shows the rings of sectioned spheres and the
cavity in the interior, thus providing compelling evidence for a
hollow sphere structure. Although the Fe3O4 nanoparticles
are too small to be distinguished, elemental analysis (energy-
dispersive spectrometer) provides evidence for the existence
of Fe3O4 nanoparticles in the hollow spheres.

MFM imaging provides further evidence for the morphol-
ogy of the hollow hybrid nanospheres and the distribution of
magnetite nanoparticles in the nanospheres. As seen from the
atomic force microscopy (AFM) image in Figure 2a, the
hybrid nanospheres appear as intact spheres with an average
height of 12� 2.5 nm and an average width of 47� 6.6 nm. In
the MFM image (Figure 2b), a significant magnetic signal

from the hollow hybrid nanospheres is detected. The rings,
which correspond exactly to the positions of spheres in the
AFM image, have diameters of 52� 4 nm; the thickness of the
circular shells is 15� 2 nm. No magnetic signal in the center of
the spheres is detected. Moreover, in an additional control
experiment, no bright ring was detected in the MFM analysis
of Fe3O4-free hollow chitosan–poly(acrylic acid) nanospheres.
This result indicates again that the magnetite nanoparticles
are distributed in the shell wall of the hollow hybrid nano-
spheres.

We now turn to the formation of the hollow Fe3O4–
polymer nanospheres. Based on the pKa values of 4.26 for AA
and 4.8 for poly(acrylic acid) (PAA),[18] the conversion of AA
monomers inside the micelles into PAA results in some
dissociated carboxylic groups becoming protonated carbox-
ylic groups. The original micellar core comprised of positively
charged protonated CS and negatively charged dissociated
AA gradually disintegrates owing to the polymerization of
AA. On the other hand, the residual dissociated carboxylic
groups in the produced PAA will interact with the protonated
amino groups in CS to form water-insoluble polyelectrolyte
complexes between CS and PAA, which causes a decrease in
the size of the micelles, as determined by DLS.[17] This process

experiences two kinds of force: The electrostatic attraction
between CS and PAA shrinks the spheres, whereas the
electrostatic repulsion from the shell tends to expand the
spheres. The equilibrium between the two opposing forces
results in the formation of the cavity in the center of the
nanospheres, with CS–PAA polyelectrolyte complexes as the
inner shell and protonated CS chains as the outer shell. As
PVA attached to the Fe3O4 nanoparticles interacts with PAA
by hydrogen bonding (as revealed by the shift of the carbonyl
absorption band of PAA from 1753 to 1713 cm�1 in FTIR
measurements), the Fe3O4 nanoparticles should occur in the
inner shell where polyelectrolyte complexes between CS and
PAA exist. This is confirmed by the TEM image shown in
Figure 1b.

The hollow hybrid nanospheres were calcined as part of
our efforts to use these materials. The polymers were
removed at elevated temperatures (550 8C) under argon for
1 h to afford the completely hollow inorganic nanospheres
(Figure 3). The electron-diffraction pattern confirms that
these hollow inorganic nanospheres are composed of Fe3O4.
The diameter and wall thickness of these hollow Fe3O4

nanospheres are 20� 2 nm and 5� 1 nm, respectively, which
are much smaller than those of uncalcined hollow hybrid
spheres. Apparently, the hollow Fe3O4 nanospheres undergo
significant shrinkage during the formation. In contrast to the
shrinkage rate (below 30%)[8] of hollow inorganic spheres
prepared by colloidal templates, the shrinkage rate is more
than 50% in our case. This may be due to the hollow interior
of synthesized hybrid nanospheres and the distribution of
Fe3O4 nanoparticles in the walls of hybrid nanospheres not
being compact. Furthermore, the low polydispersity in the
size of the hollow Fe3O4 nanospheres can be considered as
indirect evidence that the synthesized hollow hybrid nano-
spheres have a relatively uniform size.

In summary, we have illustrated a successful synthesis of
hollow Fe3O4–polymer hybrid nanospheres by the addition of
Fe3O4 nanoparticles to an aqueous solution of polymer–
monomer pairs composed of the cationic polymer CS and the
anionic monomer AA, followed by polymerization of AA and
selective crosslinking of CS at the end of polymerization. The
process is simple and allows the large-scale preparation of the
nanospheres. There is also the possibility of extending this
approach to other systems that involve different inorganic
nanoparticles and different polymer–monomer pairs.

Figure 2. a) AFM and b) MFM images of hollow Fe3O4–polymer hybrid
nanospheres. Vertical scales (from dark to bright): 0 to 15 nm and
�160o to �206o, respectively.

Figure 3. TEM image of hollow Fe3O4 nanospheres produced by
calcination of hollow Fe3O4–polymer hybrid nanospheres.
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Experimental Section
Synthesis: The hollow Fe3O4–polymer hybrid nanospheres were
prepared by adding 10 mL of a PVA-stabilized magnetite nano-
particle suspension (� 1 C 1018 Fe3O4 particlesmL�1) to 50 mL of an
aqueous solution of CS–AA, which consisted of 0.5 g of purified CS
(Mw = 200 kDa, degree of deacetylation = 90 %) and 0.22 g of AA,
with a stoichiometric molar ratio of 1:1.1 (glucosamine unit/acid).
Polymerization was then initiated by K2S2O8 at 70 8C under a nitrogen
stream. The concentration of K2S2O8 in the reaction system is about
5 mm. As the reaction system appeared opalescent, the reaction was
allowed to proceed for another 100 minutes at 50–608C. Afterwards,
0.5 mL of glutaraldehyde, a bifunctional crosslinker, was added to the
reaction system at 40 8C to crosslink chitosan selectively. The resultant
suspension was filtered to remove any possible aggregation and
treated by repeated ultracentrifugation and washes. The nonloaded
magnetite nanoparticles were separated in the ultracentrifugation
process. The Fe3O4 loading content was determined to be 11 % by
thermogravimetric analysis.

Characterization: The mean particle size and zeta potential of the
spheres were determined by DLS on a Brookhaven BI-9000AT
instrument and a Zetaplus (Brookhaven Instruments Corporation,
USA), respectively. All the measurements were repeated three times.
TEM analysis was carried out on a JEOL JEM-2010 instrument at an
acceleration voltage of 200 kV. For microtoming samples, an aqueous
suspension of the crosslinked hollow Fe3O4–polymer hybrid nano-
spheres was deposited on a polyimide sheet, and the sample was dried
naturally. The polyimide sheet deposited with hollow Fe3O4–polymer
hybrid nanospheres was embedded in an epoxy resin, and sections
approximately 70 nm thick were obtained by microtoming the resin
sample at room temperature. MFM analysis was performed on a
scanning-probe microscope (SPI3800, Seiko Instruments Inc, Japan)
by using magnetic-moment MFM tips. Soft-tapping conditions were
used. The lift mode (while tapping) was used to record the magnetic
signal in the phase-detection mode. The samples for MFM analysis
were coated with a 5-nm gold layer to avoid attachment of the
nanospheres to the tip.

Calcination of hollow Fe3O4–polymer hybrid nanospheres was
carried out in a high-temperature oven under argon at 550 8C for
1 hour.
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Organic Synthesis

Pd-Catalyzed Amination of Nucleoside
Arylsulfonates to yield N6-Aryl-
2,6-Diaminopurine Nucleosides**
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Palladium-catalyzed amination methods have become sig-
nificantly important in organic synthesis over recent years,
and major developments have been made in both the
development of the catalysts as well as insight into mecha-
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nisms.[1] Application of such methods to the modification of
biomolecules opens interesting new avenues for investigation,
with a plethora of potential applications for the end products.
In this context, we have focused our efforts on the under-
standing and development of Pd-catalyzed reactions of
nucleosides because these compounds display some unusual
reactivities that are often not comparable to simpler mole-
cules. Our contributions to Pd-catalyzed C�N bond formation
reactions, as well as the contributions of others, have led to
the synthesis of unusual nucleosides that contain entities
appended to the exocyclic amino groups of 2’-deoxyadeno-
sine, 2’-deoxyguanosine, and C-8 aryl aminonucleosides.[2–4]

Unnatural nucleosides have long since held interest as novel
pharmacophores and as probes of biofunction. These types of
applications provide added importance to newer methods
that lead to modification of nucleosides. For the synthesis of
N6-aryl 2’-deoxyadenosine analogues, the readily available
C-6 bromonucleoside 1 has been the substrate of choice,
whereas the O6-benzyl-2-bromonucleoside 2 has been used
for the synthesis of N2-modified 2’-deoxyguanosine deriva-
tives.[4] Although the O6-arylsulfonate derivatives of purine
nucleosides, and particularly those of guanine, are readily
available (3a–c in Figure 1),[5] the utility of these compounds
in Pd-catalyzed transformations has not been explored to
date. Purine arylsulfonates, on the other hand, have been used
for nucleophilic (SNAr) displacement chemistry.[5–7] By and
large, direct displacement of leaving groups at the C-6
position of purines is possible with good nucleophiles, and
amination reactions have been conducted with alkyl amines.[7]

There are not many examples of direct displacement reactions
with aryl amines, and recently a few examples with bromo-
nucleosides were reported.[8] Among simpler aromatic sys-
tems, Pd-catalyzed amination reactions of arene arylsulfo-
nates have been reported recently,[9,10] and herein we report
the first such studies that involve arylsulfonates of nucleo-
sides.

From our recent studies on the Suzuki–Miyaura reactions
of 3a, it was clear that insertion of Pd into the C�sulfonate
bond would occur quite readily.[11] However, experience with
amination reactions of 1 suggested that the product turnover
could highly depend on the nature of the ligand.[3] Therefore,
two lines of investigation were initiated: One investigation

was directed towards the determination of conditions that
lead to optimal coupling results, whereas the second involved
an evaluation of the influence of the sulfonate group on these
reactions. For this purpose, sulfonates 3a–c, which differ in
steric factors, were synthesized by known methods.

The supporting ligands chosen for this initial analysis are
shown in Figure 2.[12] The choice of these ligands originated
from various results that we obtained in previous amination

reactions of nucleosides. So far, L1 and L4 had been
successful for aminations, and L2 was chosen based upon
bite-angle considerations relative to L1 (L2 has a bite angle
of 1108 relative to 938 for L1).[13] L3 has been the preferred
ligand for C�C bond-forming reactions of nucleosides and
bears the core structure of L4 and L5, a factor that may be
useful in an analysis of the structural elements of ligands that
can be used for these amination reactions. However, L3 has
so far not been very useful for amination reactions of
nucleosides. L6 and L7 had not been tested for reactions of

nucleosides and were chosen because they contain
(Cy)2P moieties bound to the metal, a factor that
we have previously found to be important among
the biphenyl-based phosphanes (tert-butyl groups
in place of cyclohexyl (Cy) groups render the
ligands ineffective for amination).[2b]

The representative aryl amine chosen for the
optimization experiments was 4-toluidine, and a
Pd(OAc)2/ligand ratio of 1:3 was employed. Based
upon our experience with the C�C cross-coupling
reaction, sulfonate 3a was selected for the initial
experiments.[11] Parameters that were varied
include the ligand, the solvent, and the base; the
results of these experiments are summarized in
entries 1–6 of Table 1. Certain interesting obser-
vations emerge from the data in Table 1. From
entries 1 and 2, it becomes apparent that the

Figure 1. The substrates that were studied in Pd-catalyzed amination reactions.
TBDMS= tert-butyldimethylsilyl.

Figure 2. The ligands that were screened for the amination reactions.
Cy= cyclohexyl.
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solvent has a significant influence on the reaction which
involves L1 as the ligand. However, this does not appear to be
the case with L4 as the difference in the yields in entries 5 and
6 is only marginal, with the combination of L4/K3PO4 in 1,4-
dioxane producing a faster reaction. L1 and L2 produced
comparable results which indicate that a change in the bite
angle of the ligand does not seem to significantly alter the
coupling. As expected, L3 was ineffective which is consistent
with previous aminations at the C-6 position of purine
nucleosides.[2b]

As a reasonable set of reaction parameters had been
obtained, the coupling efficiency of the sulfonate 3b was next
studied. Interestingly, this less-hindered sulfonate substrate
gave a 10% increase in the yield of 4awithin 30 min (entry 7).
Another factor was the importance of tBuOH for the aryl
amination; this presented a critical deviation from the
amination of simpler arene arylsulfonates. It has been
reported that tBuOH is necessary for the amination reaction
and reactions in 1,4-dioxane or toluene were very slow.[9] This
was not the case here, and although the addition of tBuOH
appeared to provide a marginal improvement in yield and
product quality, reactions in its presence or absence pro-
ceeded rapidly (entries 7 and 8).[14] For this reason, all
subsequent reactions were conducted in a mixture of 5:1
1,4-dioxane/tBuOH.

Reaction of the hindered tri(isopropyl)benzenesulfonate
3c yielded another insight into a plausible steric effect. With
this substrate, no product was recovered after 30 min
although the sulfonate was consumed (entry 9): This appa-
rently implies that product turnover diminishes with
increased alkyl substitution proximal to the sessile C�O
bond. With L5 as the ligand, 4a was furnished in a yield that
was comparable to the yield obtained with L4, but the quality
of the product was lowered (entry 10). Use of Pd2(dba)3

(5mol%) and L5 (30mol%) led
to a significant amount of uncon-
verted 3b even after 5 h. The use of
ligands L6 and L7 did not provide
any product from the amination
step although 3b was completely
consumed in one case. In two cases
(entries 2 and 9) in which con-
sumption of the sulfonate occurred
and very little product formation
was observed, the 1H NMR spectra
of the reaction mixtures were ana-
lyzed. In both cases, formation of
some product (also discernable by
tlc) and nucleosidic resonances for
another uncharacterized com-
pound were observed. However,
no starting material was present as
resonances that correspond to the
arylsulfonate unit had completely
disappeared. No further attempt
was made at determining what
course these reactions had taken.
Finally, to ascertain whether any
product formation occurred

through a SNAr displacement mechanism, 3b was treated
with 4-toluidine in the absence of Pd(OAc)2 in the reaction
mixture. After 24 h at 110 8C, a 12% yield of highly impure 4a
was obtained which clearly indicates that under these
conditions, the metal-catalyzed process is the significant
contributor to the amination reaction.

These experiments provided a basis for a more detailed
analysis of the scope of the amination reaction with respect to
the steric and electronic nature of the aryl amine component
as well as different catalyst and ligand concentrations. Thus, a
series of experiments were conducted using several aryl
amines in the presence of different ratios of ligand/Pd. Table 2
provides some interesting insight into these amination
reactions. At a catalyst load of 10 mol% Pd(OAc)2 and
30 mol% L4, all of the amines that were studied reacted
smoothly within 30 min to afford the N6-aryl-2,6-diaminopur-
ine nucleosides 4a–h. The electron-deficient amines provided
high yields, and the yields obtained with 4-toluidine, 1-
naphthylamine, and 2-anisidine were also very good. A lower
yield in the reaction of the sterically encumbered 2-toluidine
(entry 2) was observed relative to that observed for 4-
toluidine (entry 1): this is consistent with a steric influence
and is reasonable when the yields obtained with 2-anisidine
are also considered (entry 3). Upon lowering the catalyst
loading to 5 mol% Pd(OAc)2 and 15 mol% L4, the unhin-
dered, electron-deficient amines and 4-toluidine again pro-
vided good (although slightly lower) yields. However, a
dramatic effect was seen with the ortho-substituted amines
and 1-naphthylamine (entries 2–4). In these cases, the reac-
tions were incomplete which is consistent with a steric
influence. The yield with 2-toluidine was significantly lower
than that with the sterically less-hindered 2-anisidine. With
5 mol% Pd(OAc)2 and 30 mol% L4 (1:6 Pd/ligand), some
other differences emerged. All of the reactions, with the

Table 1: Coupling of the nucleoside arylsulfonates 3a–c with 4-toluidine under various conditions.[a]

Entry Sulfonate Ligand Base Solvent Reaction time[b] Yield [%][c]

1 3a L1 Cs2CO3 PhMe 45 min 57
2 3a L1 Cs2CO3 1,4-Dioxane 30 min [d]
3 3a L2 Cs2CO3 PhMe 1 h 55
4 3a L3 Cs2CO3 PhMe 11 h [d]
5 3a L4 Cs2CO3 PhMe 1 h 63
6 3a L4 K3PO4 1,4-Dioxane 30 min 65
7 3b L4 K3PO4 1,4-Dioxane 30 min 75
8 3b L4 K3PO4 5:1 1,4-Dioxane/tBuOH 30 min 77
9 3c L4 K3PO4 5:1 1,4-Dioxane/tBuOH 30 min [d]
10 3b L5 K3PO4 5:1 1,4-Dioxane/tBuOH 30 min 71[e]

11 3b L6 K3PO4 5:1 1,4-Dioxane/tBuOH 5 h 0
12 3b L7 K3PO4 5:1 1,4-Dioxane/tBuOH 24 h [f ]

[a] Reaction conditions: 3 (0.1m in the respective solvent), aryl amine (2.0 equiv), Pd(OAc)2 (10 mol%),
L (30 mol%), base (1.5 equiv), 110 8C. [b] Disappearance of the sulfonate was monitored by tlc.
[c] Yields reported are of isolated and purified 4a. [d] The sulfonate was consumed, but an insignificant
amount of product formed. [e] The product was impure after chromatography. [f ] The sulfonate was still
present in the reaction mixture, and an insignificant amount of product formed.

Communications

6374 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6372 –6377

http://www.angewandte.org


exception of 2-toluidine, proceeded to completion with yields
that were comparable to those obtained when a higher
loading of Pd was used. Therefore, these results suggest that
with the exception of highly sterically congested ortho-
substituted aryl amines, which require 10-mol% Pd(OAc)2,
most reactions run successfully at 5-mol% Pd(OAc)2 as long
as the ratio of Pd/L4 ratio is � 1:6. Finally, two reactions of
3b and 4-toluidine were conducted at 10 and 5 mol%
Pd(PPh3)4 in 1,4-dioxane and 1,4-dioxane/tert-BuOH, respec-
tively. Both reactions were complete within 30 min to provide
a yield of 78–84% of 4a. In contrast, even with 10 mol%
Pd(PPh3)4, the amination of bromonucleoside 1 with 4-
toluidine was incomplete after 5 h under the reaction
conditions described here and those described previously.[2a]

Currently, complexes of L4/Pd appear to be generally good
for amination reactions of nucleosides.

In light of the results of the amination studies, we
reanalyzed the C�C cross-coupling reaction of 3a and 3b.
In our earlier report on the Suzuki–Miyaura cross-coupling

reaction using L3/Pd, 3a was
extensively studied and proved to
be a generally good substrate, but
one reaction with 3b indicated that
it might be comparable or superior
to 3a, whereas 3c had again proven
less useful.[11] Therefore, the reac-
tions of 3a and 3b with selected
arylboronic acids were tested in the
presence of Pd(OAc)2/L3 as well
as Pd(PPh3)4, which has also found
utility for such reactions, under
conditions that were previously
reported.[11,15] The results of these
experiments are summarized in
Table 3.

In the presence of 5 mol%
Pd(PPh3)4 and K2CO3 in toluene,[15]

the reaction of phenylboronic acid
with 3b was incomplete after 5 h;
upon prolonged treatment (over-
night), 5a was obtained in 48%
yield (entry 1). The replacement of
K2CO3 with K3PO4 gave signifi-
cantly superior yields with a
decreased reaction time (entry 2).
Little improvement was observed
upon increasing the Pd(PPh3)4 load
to 10 mol% in 1,4-dioxane
(entry 3). However, all of the sub-
sequent reactions were performed
at the higher load for comparison
with our previous reaction condi-
tions.[11] All of the reactions of 3a
and 3b gave good yields of the
product (Table 3, entries 2–6), but
3a appeared to be a better sub-
strate. A similar trend was seen for
reactions with 2-ethoxyphenylbor-
onic acid (entries 7–10). Reaction

of the electron-deficient 4-acetylphenylboronic acid with 3b
produced 5c in 45% yield (entry 11) with a prolonged
reaction time. On the other hand, with sulfonate 3a the
reaction was incomplete (entry 13). This is consistent with
previous reports in which electron-deficient arylboronic acids
gave low yields of the cross-coupled product with the
Pd(PPh3)4 catalytic system.[16] Both 3a and 3b gave a
comparable yield of the product in the presence of
Pd(OAc)2, L3, and K3PO4 (entries 12 and 14).[11] With 3-
thienylboronic acid, good recoveries of the product were
generally observed (entries 15–18), and Pd(PPh3)4 was some-
what superior to Pd(OAc)2/L3 despite the longer reaction
times required and incomplete reaction observed with 3a
(entry 17). The results summarized in Table 3 also show that
both 3a and 3b can be used for C�C bond-formation
reactions, and that the Pd(OAc)2/L3 system is applicable
with a variety of arylboronic acids.

Certain details on the nature of the catalytic systems
warrant comment. The Pd(PPh3)4 catalyst shows applicability

Table 2: Results of the amination reaction with various ratios of ligand/Pd.[a]

Entry ArNH2 Conditions[b] Time[c] Yield [%][d] Product

1

A
B
C

30 min
1 h
30 min

77
73
70

4a
4a
4a

2

A
B
C

30 min
5 h
30 min

58
22[e]

27

4b
4b
4b

3

A
B
C

30 min
5 h
30 min

66
42[e]

62

4c
4c
4c

4

A
B
C

30 min
8 h
30 min

79
56[e]

75

4d
4d
4d

5

A
B
C

30 min
2.5 h
30 min

95
78
94

4e
4e
4e

6

A
B
C

30 min
30 min
30 min

97
87
96

4 f
4 f
4 f

7
A
B
C

30 min
45 min
30 min

91
80
81

4g
4g
4g

8
A
B

30 min
2.5 h

87
63

4h
4h

[a] General reaction conditions: 3b (0.1m in 5:1 1,4-dioxane/tBuOH), aryl amine (2.0 equiv), K3PO4

(1.5 equiv), 110 8C. [b] Conditions: A: Pd(OAc)2 (10 mol%), L4 (30 mol%); B: Pd(OAc)2 (5 mol%), L4
(15 mol%); C: Pd(OAc)2 (5 mol%), L4 (30 mol%). [c] Disappearance of 3b was monitored by tlc.
[d] Yields reported are of isolated and purified 4a–h. [e] Incomplete reaction.
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for C�C bond-formation reactions and despite low yields with
electron-deficient arylboronic acids, it can provide good to
high yields when, in combination with K3PO4, other boronic
acids are used. On the other hand, the biphenylphosphane-
based catalysts appear to be more-broadly applicable, but
they show some interesting differences. From the results
presented in Table 1 and in our previous studies,[2] L3 appears
to be ineffective for the formation of C�N bonds at the C-6
position of purine nucleosides, whereas both L4 and L5
produce effective catalysts. However, L3 is an effective ligand
for C�C cross-coupling reactions.[2b,11] This leads us to
speculate about the nature of the ligand–Pd interactions
that may contribute to these two different reactions with the
same substrate. With L3, an intramolecular h1-arene coordi-
nation of the metal has been observed at room temper-
ature.[17] Such interactions or plausible cyclopalladation of the
biphenyl entity, as has been reported with the di(tert-butyl)
analogue,[18] could perhaps provide an active catalyst for the
formation of C�C bonds but not for C�N bonds. The
prevention of cyclopalladation either through hemilabile
heteroatom coordination to the metal in L4 or the simple
blockage of cyclopalladation centers in L5 could lead to
different types of non-cyclopalladated ligand–Pd complexes
that display activity for C�N bond-formation reactions.

In summary, we have shown for
the first time that an easily pre-
pared arylsulfonate derivative of
2’-deoxyguanosine can be effec-
tively utilized for Pd-catalyzed
amination reactions with aryl
amines to lead to N6-aryl-2,6-di-
aminopurine nucleoside analogues.
Furthermore, the results from our
studies on amination and C�C
cross-coupling reactions seem to
indicate a delicate interplay
between the nature of the ligand,
the substituents on the arylsulfo-
nate, as well as the type of reaction
that is conducted, all of which
contribute to the success of these
reactions.
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4
5
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3b
3b
3b
3b
3a
3a

A
B
C
D
C
D

17 h
45 min
30 min
30 min
30 min
30 min

48[d]

78
81
66
89
76[e]

5a
5a
5a
5a
5a
5a

7
8
9
10

3b
3b
3a
3a

C
D
C
D

5 h
5 h
5 h
5 h

72
27[f ]

76
65[e]

5b
5b
5b
5b

11
12
13
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3b
3b
3a
3a

C
D
C
D
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5c
5c
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3b
3a
3a

C
D
C
D
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5d
5d
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Heterogeneous Catalysis

In Situ Magnetic Resonance Investigation of
Styrene Oxidation over TS-1 Zeolites**

Jianqin Zhuang, Gang Yang, Ding Ma,* Xijie Lan,
Xiumei Liu, Xiuwen Han, Xinhe Bao,* and
Ulrich Mueller

As an efficient catalyst for the selective oxidation of various
organic substrates,[1] the titanium molecular sieve TS-1 has
shown great potential in industry, as it is also environmentally
benign. Over the past few decades, the synthesis of TS-1 as
well as novel reactions based on it, including the mechanisms
of these reactions, have attracted the attention of many
researchers from experimental and computational fields.[1–6]

For example, with aqueous H2O2 as the oxidant, alkenes
are converted into epoxides with high efficiency under mild
conditions. With FTIR spectroscopy, Frei and Lin observed
the TiOOH species that was determined to be the active site
in the oxidation of small olefins.[6] When the reaction was
extended to styrene, however, the main product was phenyl-
acetaldehyde (PADH), and only a small amount of epoxide
was obtained.[1c,3] Accompanying by-products included benz-
aldehyde (BADH) from cleavage of the C�C bond and 1-
phenyl-1,2-ethanediol (DIOL) from hydrolysis in the pres-
ence of water.[3b] Some reports claimed that a synergic effect
of TiOOH and a polar solvent (such as water) provided an
acidic environment and thus promoted the isomerization or
hydrolysis of styrene epoxide.[3,4] However, contrary opinions
have been voiced based on the fact that the rearrangement of
styrene epoxide is difficult owing to its high stability under the
reaction conditions.[5] The oxidation of styrene may instead
proceed by a radical mechanism with help from the aromatic
p ring. Therefore, PADH might be obtained directly from
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styrene, with the formation of styrene epoxide being a
competitive process. Kumar et al. used EPR spectroscopy to
observe the formation of Ti–superoxo radicals in TS-1
catalysts upon contact with H2O2 or urea–hydroperoxide
(UHP). The key site was determined to be a Ti–superoxo
species such as TiOOH or TiOOC.[4a,6] However, there was no
direct evidence for how PADH and styrene epoxide were
formed, and the overall reaction is still far from being
understood.
In the present work, in situ NMR spectroscopy, one of the

most powerful tools for the study of catalytic mechanisms,[7–9]

was applied to study the oxidation of styrene over TS-1
zeolites with UHP. The role of the Brønsted acidic sites, the
catalytically active sites, and the intermediates of PADH
formation were investigated. To supplement the NMR data,
EPR spectroscopy was also used. This technique is very
sensitive to paramagnetic species with one or more unpaired
electrons, and enables the detection of even small amounts of
the active sites or reaction intermediates. Through the
combination of density functional theory with the gauge-
invariant atomic orbital (GIAO) method, the 13C chemical
shifts of some key products were calculated. Then, a
mechanism for the overall reaction was proposed and verified
by subsequent density functional calculations.
Two kinds of TS-1 zeolite samples were used in the study:

one without Brønsted acidity (sample A) and one with
Brønsted acidity (sampleB). The acidity was confirmed by 31P
MAS NMR spectroscopy with trimethylphosphane (TMP) as
the probe (see the Supporting Information). When b-13C-
enriched styrene was adsorbed on sample A, two peaks
centered at d = 113.2 and 128.0–140.0 ppm were observed
(Figure 1A). These peaks correspond to the b carbon atom
and the other carbon atoms in styrene, respectively. When
styrene was adsorbed on premixed UHP and sample A, the
conversion of styrene can be observed (Figure 1B). In

addition to the signals of the reactant, two narrow peaks
centered at d = 50.2 and 102.2 ppm appeared. The former is a
typical signal for the b carbon atom of styrene epoxide, which
is formed by the epoxidation of styrene with UHP.[4a,10] The
latter signal is in the range for O-C-O species and assigned to
a hemiacetal species 1 bound to framework Ti species of the
zeolite. The local structure of the hemiacetal species was
optimized by density functional calculations, and then the 13C
chemical shift was computed by the GIAO method (see the
Supporting Information). The calculated chemical shift of this
species is d = 102.7 ppm, in agreement with the experimental
value of d = 102.2 ppm. In addition, a broad peak at d = 64.0–
68.0 ppm appeared, which can be assigned to a glycol species
bound to the framework Ti species. This assumption was
confirmed by calculation of the chemical shift at d = 64.7 ppm
for the corresponding structure 2 (see the Supporting
Information).

When the sample was heated at 313 K after adsorption,
the intensity of the signal for the hemiacetal species increased
at the expense of that of styrene (Figure 1C, D). Meanwhile,
the intensity of the signal for the styrene epoxide decreased
slightly and, at the same time, a broad peak at d = 64.0–
68.0 ppm appeared. In addition there were two other new
peaks: one centered at d = 163.2 ppm is ascribed to formic
acid, arising from further oxidation of styrene, and one at d =

87.0 ppm is due to an alkoxy group, whose nature needs
further investigation. It is important that no signal at d =

200 ppm corresponding to PADH, the dominant product for
styrene oxidation with aqueous H2O2, was detected.
Based on these results, it is clear that, with UHP as the

oxidant, styrene was mainly converted into the hemiacetal
species when catalyzed by TS-1 zeolite without Brønsted acid
sites. On the other hand, the concentration of the side
product, styrene epoxide, decreases slightly with increasing
reaction time (Figure 1B–D), suggesting that it may be in
equilibrium with other minor products. The hemiacetal
species are stabilized by the framework of the TS-1 zeolite
and thus cannot be released. Therefore, without Brønsted
acid sites, styrene could not be converted into PADH.
However, when TS-1 zeolite containing Brønsted acid

sites (sample B) is used, a different picture is presented. Most
importantly, after styrene reacted with a premixture of UHP
and sample B (Figure 2C) for 15 min at 313 K, a new peak at
around d = 202.0 ppm appeared. The intensity of the signals
for the corresponding species increased as the reaction

Figure 1. The in situ 13C MAS NMR spectra of styrene adsorbed on
sample A (A), and for the reaction of styrene with a mixture of sample
A and UHP at 313 K after 0 min (B), 15 min (C), and 45 min (D). The
asterisks represent side bands.
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proceeded (Figure 2D, E). On the other hand, the intensity of
the signal for the hemiacetal species (d = 102.2 ppm)
increased at first and passed through a maximum at the
same time as the depletion of styrene and the formation of
PADH, strongly suggesting that the hemiactetal species are
intermediates for PADH production. This rules out the
previous assumption that PADH results from the rearrange-
ment of styrene epoxide.[4] The intermediate role of the
hemiacetal species in the production of PADH is in agree-
ment with the well-documented equilibrium between hemi-
acetal and acetal, that is, the hemiacetal can be converted into
the acetal under acidic conditions.[11] Significantly, the only
difference between the two samples is that sample B contains
Brønsted acid sites; that is, Brønsted acid sites catalyzed the
conversion of hemicactal into PADH. Without Brønsted acid
sites, PADH is not formed, and the hemiacetal species
remains bound to the zeolite framework (Figure 1).
Much to our surprise, if a mixture of sampleA and UHP is

put aside overnight at room temperature and then allowed to
react with styrene, no hemiacetal species is formed (Figure 3).

The sole product was a small amount of styrene epoxide (d =

50.2 ppm). As the reaction proceeded, trace amounts of two
other minor products were observed, such as a glycol species
at about d = 68.0 ppm; no aldehyde was detected. This result
was completely different from that obtained upon the
immediate adsorption of styrene onto the mixture of sample
A and UHP (Figure 1), implying that the catalytic species
responsible for the formation of the hemiacetal had decom-
posed during the long delay. This interesting phenomenon
prompted us to investigate in detail the effect of delay time on
the product distribution. Figure 4 depicts the ratio of the

hemiacetal species to epoxide as a function of delay time. The
ratio decreased as the delay time increased, and after a 12-h
delay, the hemiacetal species was no longer present
(Figure 3).
We also followed the styrene oxidation by in situ EPR

spectroscopy. Figure 5a shows the EPR spectra of sample A
and UHP at room temperature with different delay times.
Two distinct signals were observed, which indicated the
existence of different Ti4+ sites in the mixture. The stronger
signal (gx = 2.0023, gy = 2.0090, gz = 2.0280) was assigned to
the Ti–superoxo species from the interaction between the
framework Ti and UHP. The other weak resonance at gz =

2.0200 was caused by the (SiO)2(OH)TiOO
�C species, that is,

the defects in the TS-1 zeolite[12] or the superoxo anion
dispersed on extra framework Ti sites.[13] As time went on, the
signal at gz = 2.0280 gradually wore off, whereas the signal at
gz = 2.0200 remained almost unchanged, indicating that the
Ti–superoxo species in the framework Ti sites was not stable
and easily quenched. When this result is coupled with that
from the NMR experiment, in which the ratio of hemiacetal
to epoxide decreased with the delay time, it is clear that
production of the hemiacetal species decreased with quench-
ing of the Ti–superoxo species. Thus it is natural to conclude
that the Ti–superoxo species was critical in the formation of
the hemiacetal species, that is, it represents the active center
for the formation of the hemiacetal species. To further
support this conclusion, different amounts of styrene were

Figure 2. The in situ 13C MAS NMR spectra of styrene adsorbed on
sample B (A), and for the reaction of styrene with a mixture of sample
B and UHP at 313 K after 0 min (B), 15 min (C), and 45 min (D). The
asterisks represent side bands.

Figure 3. The 13C MAS NMR spectra of styrene upon reaction with a
mixture of UHP and sample A at 313 K after 0 min (A), 10 min (B),
20 min (C), and 40 min (D). Before the adsorption of styrene, the
mixture of UHP and sample A was stored at room temperature
overnight.

Figure 4. Plot showing the ratio R of hemiacetals to epoxide as a
function of delay time before styrene adsorption/reaction. This ratio
decreased with an increase in delay time. The intensities of the differ-
ent species were obtained by integrating the area under corresponding
peaks in the 13C MAS NMR spectra.
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added to the mixture of TS-1 and UHP at 293 K (without
delay time). Indeed, the signal at gz = 2.0280 decreased in
intensity as the Ti–superoxo species was consumed by the
additional styrene, whereas the signal at gz = 2.0200 remained
almost intact (Figure 5b). This again proved
that the Ti superoxo radical species formed on
tetrapodal Ti ions was involved in the oxidation
of styrene and is responsible for the formation of
the hemiacetal species.
It is generally accepted that the first step in

the oxidation by the TS-1/H2O2 system is the
formation of the TiOOH species, the species
responsible for the epoxidation.[1b,2d,14] While
the production of the epoxide species was not
disturbed by a delay in reaction, it is clear that it
is formed at a different active center than the
hemiacetal species, the precursor of PADH.
This is different from previous studies that
suggested that PADH is just the rearrangement
product of epoxide.[4] As TiOOH is the precur-
sor for the generation of the Ti–superoxo
species (by the reaction TiOOH+HOC!
TiOOC+H2O),[15] the epoxidation and the rad-
ical reaction to form the hemiacetal/PADH are
competitive processes.
Based on these results and the theoretical

calculations (see the Supporting Information), a
mechanism for the oxidation of styrene is

proposed (Schemes 1 and 2). First, the framework Ti species
(which may be distorted[16]) reacts with H2O2 to form TiOOH.
Second, TiOOH either oxidizes styrene to styrene epoxide or
reacts with the OHC radical (generated from the decomposi-
tion of H2O2) to form the Ti–superoxo radical species. Third,
the superoxo species interacts with the C�C double bond of
styrene to form a new organic radical 3, which is immediately
converted into another radical 4 through hydrogen transfer
from the b-C atom to the a-C atom of the styrene side chain.
According to the theoretical calculations this process is
thermodynamically favorable (see the Supporting Informa-
tion). Finally, the OHC radical terminates the chain reactions
and form the hemiacetal species (13CMAS NMR signal at d =

102.2 ppm). Without Brønsted acid sites (as with sample A,

Figure 5. a) The EPR spectra of sample A after interaction with UHP at
RT for different lengths of time: A) 0 min, B) 20 min, C) 30 min,
D) 45 min, E) 55 min, F) 90 min. b) The EPR spectra of the reaction of
sample A and UHP with different amounts of styrene: A) 0 mL,
B) 0.05 mL, C) 0.10 mL, D) 0.15 mL, E) 0.20 mL, F) 0.25 mL,
G) 0.50 mL, H) 0.75 mL.

Scheme 1. The proposed mechanism for the formation of TiOOH and
styrene epoxide.

Scheme 2. The proposed mechanism for the radical reaction leading to the hemiacetal
species and PADH.
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Figure 1) the hemiacetal species is stable on the catalyst
surface and with Brønsted acid sites (sampleB) it is converted
into aldehyde and then released from the zeolite framework
(Figure 2). At the same time, TiOOH is recovered and thus
the catalytic cycle is accomplished.
In summary, the mechanism of styrene oxidation by TS-1/

UHP is discussed in detail. It was verified that the Ti–
superoxo radical is responsible for the formation of the
hemiacetal species, while Brønsted acid sites offer the active
centers for the transformation of the hemiacetal species to
PADH. Without these Brønsted sites, the hemiacetal species
remain stable on the framework of TS-1, and accordingly no
PADH is formed. Therefore, styrene epoxide and PADH are
formed by two competing processes: PADH does not result
from further reaction of styrene epoxide, as previously
suggested. Through the combination of experimental results
and theoretical calculations, a more reasonable mechanism
for styrene oxidation has been proposed.

Experimental Section
The two different TS-1 zeolites with (sample B) or without
(sampleA) Brønsted sites were synthesized according to a BASF
Aktiengesellschaft patent (WO 01/14251). X-ray diffraction con-
firmed the MFI structure of both samples. Chemical analysis was
performed with a SRS 3400 X-ray fluorescence spectrometer. The
overall SiO2/TiO2 ratios of these samples are 50 (sample A) and 52
(sample B).

The acidity in the samples was characterized by 31P MAS NMR
spectroscopy of trimethylphosphane (TMP) adsorbed on TS-1
zeolites. The samples were dehydrated by heating at 673 K under
vacuum (below 10�2 Pa) for 20 h. The adsorption of TMP (Acros
Organics) was performed by exposing the dehydrated sample to a
saturated vapor pressure at room temperature for 30 min. Each
sample was then evacuated for 20 min to remove the TMP physi-
sorbed on the surface. The sample was then filled into an NMR rotor
and sealed without exposure to air.

In situ 13CMASNMR spectra were measured by adsorbing b-13C-
rich styrene (Cambridge Co.) on samples A and B with a homemade
device. Before adsorption the samples were dehydrated by heating at
673 K under vacuum (below 10�2 Pa) for 20 h and then used directly
or mixed with urea–hydroperoxide (Acros Organics) uniformly under
N2. The mixture was evacuated at room temperature for 5 min and
styrene was then loaded at�196 8C (liquid nitrogen). The sample was
evacuated for 20 min to remove physisorbed styrene. Subsequently, it
was treated at 313 K for a precisely controlled period of time, and
then packed into the rotor.

All NMR spectra were obtained at room temperature on a
Bruker DRX-400 spectrometer with a BBO MAS probe using 4-mm
ZrO2 rotors. The

31P MAS NMR spectra with high-power proton
decoupling were obtained at 161.9 MHz by using a 2.0-ms pulse, 2-s
repetition time, and 1024–2048 scans; the samples were spun at 6 kHz
and referenced to 85% H3PO4. The

13C MAS NMR measurements
were made at 100.6 MHz with high-power proton decoupling by using
a 2-ms pulse and 2-s repetition time. For each 13C spectrum, 1600 free
induction decays were accumulated with a sample spinning rate of
7 kHz. Adamantane was used as the reference of the chemical shift.
The WINNMR program supplied by the instrument manufacturer
was employed for spectral deconvolution by using Gaussian–
Lorentzian lineshapes.

EPR spectra were recorded on a JEOL ES-EDX3 spectrometer.
Prior to the measurements, the samples (100 mg) were dehydrated at
673 K for 2 h under He and then mixed with 30 mg of UHP. The EPR
spectra were recorded at room temperature, operating at an X-band

frequency of 9.42 GHz and 100 kHz field modulation with a micro-
wave power of 1 mW. The g factors were calculated by taking the
signal of manganese as standard.
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Carbene Complexes

A Bis(thiophosphinoyl)methanediide Palladium
Complex: Coordinated Dianion or Nucleophilic
Carbene Complex?**

Thibault Cantat, Nicolas M�zailles, Louis Ricard,
Yves Jean,* and Pascal Le Floch*

Transition-metal carbene complexes are one of the most
widely studied organometallic species because of their high
activity in numerous catalytic processes.[1] Most efforts were
recently focused on the synthesis of isolable free carbene
ligands.[2] However, new and rapid synthetic strategies allow-
ing the generation of new carbenes in the coordination sphere
of metals from easily available and cheap precursors have yet
to be developed. In this perspective, phosphorus-substituted
methane derivatives have attracted the attention of many
groups as potential precursors.[3, 4] Besides the particular
electronic properties of phosphorus, which markedly differ
from that of their nitrogen counterparts, the interest of such
derivatives also resides in the possibility of using phosphorus
as an anchor for other heteroatoms through oxidation of
its lone pair. This approach was elegantly demonstrated
by Cavell and co-workers who successfully developed
the chemistry of bis(iminophosphorano)methanediide com-
plexes.[5]

As part of a program aimed at exploring the use of
thiophosphinoyl ligands in coordination chemistry and catal-
ysis[6] we recently explored the possibility of generating
analogous carbene complexes from the bis(diphenylthiophos-
phinoyl)methane ligand. This work was also motivated by the
tendency of thiophosphinoyl ligands to favor coordination of
electron-rich metal centers. Furthermore, sulfur ligands were
rarely employed as ancillary ligands in carbene chemistry.[7]

Herein, we report a new type of pincer ligand featuring a
formal “carbenic” atom and two ancillary sulfide ligands.

The new dianion 2 was readily synthesized in quantitative
yield through a double deprotonation of the methylene group
in 1 using MeLi in toluene at low temperature (Scheme 1)
following a similar procedure to that used for the deproto-
nation of bis(diphenyl-N-trimethylsilylphosphinimino)-meth-
ane.[8] Formation of 2 was evidenced by vigorous evolution of
methane at room temperature and the formation, over two
hours, of a yellow turbid mixture. Dianion 2 which is highly

sensitive towards moisture gives rise to a singlet in the
31P NMR spectrum at d = 20.6 ppm (121.5 MHz, toluene,
25 8C, 85 % H3PO4 as external standard) and was used without
purification for further reactions. The reaction of 2 with
[(PPh3)2PdCl2] yielded a burgundy red solution and a red
precipitate. The 31P NMR spectrum of the new species is
highly diagnostic. Indeed the new complex 3 gives rise to an
AX2 spin system (d(A) = 21.5 ppm; d(X2) = ++ 39.8 ppm,
CD2Cl2, 298 K) revealing a symmetrical structure featuring
three phosphorus atoms (Scheme 1).

After work-up aimed at eliminating the LiCl salt formed
and the free PPh3 ligand, complex 3 was fully characterized by
NMR spectroscopic techniques (1H and 13C) and elemental
analyses. Though no 13C NMR signal could be recorded for
the carbenic carbon atom (as was reported by Cavell and co-
workers for some carbene complexes[5g,h]), the absence of
methylenic protons was confirmed by both 1H and 13C NMR
spectroscopy. Fortunately, X-ray-quality red crystals of 3 were
obtained either from a concentrated CH2Cl2 solution or by
diffusion of hexanes into a CH2Cl2 solution of the complex
(Figure 1).[9] Complex 3 was found to be remarkably resistant
to moisture and it crystallizes with a molecule of CH2Cl2 a
situation which already points towards a weak nucleophilic
character. The shortest distances between the solvent and the
C1 and Pd atoms are 5.0 and 5.9 @, respectively.

Scheme 1.

Figure 1. View of one molecule of 3 (thermal ellipsoids set at 50%
probability). The hydrogen atoms and cocrystallized CH2Cl2 are
omitted for clarity. Selected bond lengths [#] and angles [8]: Pd1-C1
2.113(2), C1-P1 1.689(2), C1-P2 1.690(2), Pd1-S1 2.3741(6), Pd1-S2
2.3677(6), Pd1-P3 2.3030(6), P1-S1 2.0451(7), P2-S2 2.0424(8);
P1-C1-P2 139.2(1), C1-Pd1-S1 80.63(6), S1-Pd1-P3 96.45(2), P3-Pd1-S2
103.78(2), S2-Pd1-C1 80.91(6), C1-Pd1-P3 174.61(6), S1-Pd1-S2
158.42(2).

[*] T. Cantat, Dr. N. M5zailles, Dr. L. Ricard, Prof. Y. Jean,
Prof. P. Le Floch
Laboratoire H5t5ro5l5ments et Coordination
UMR CNRS 7653 (DCPH)
D5partement de Chimie
Ecole Polytechnique
91128 Palaiseau cedex (France)
Fax: (+33)1-6933-3990
E-mail: yves.jean@poly.polytechnique.fr

lefloch@poly.polytechnique.fr

[**] This work was supported by the CNRS and the Ecole Polytechnique.

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

Communications

6382 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200461392 Angew. Chem. Int. Ed. 2004, 43, 6382 –6385



The structure of 3 definitely establishes the presence of a
central tricoordinate carbon atom that is bound to the Pd
center and the two PPh2S groups. However, the relatively long
C1�Pd separation (2.113(2) @) rules out the formation of a
true double bond (2.005 @).[7] This bond is shorter than a
classical single Pd�C bond (about 2.15 @). Moreover, even
though the overall geometry around the palladium center is
square planar, the angle between the Pd�C1 bond and the
plane defined by the “carbene moiety” measures 102.08. Thus
in 3, the metal center seems to be located in a quasiperpen-
dicular plane to the carbene fragment. Similar distortions, but
to a lesser extent (angles varying between 0 and 37.78), were
also observed in some of CavellAs complexes.[5e] A striking
feature is the very short P�C1 bonds of 1.689(2) and 1.690(2),
which are similar to bond lengths found in carbodiphosphor-
anes and their complexes.[10] These short bonds very likely
result from negative hyperconjugation from carbon to
phosphorus s* orbitals. How can this geometry be rational-
ized? ONIOM calculations were carried out on the real
system using the Gaussian03 set of programs[11] (all phenyl
groups were calculated at the MM level and the other atoms
at the MQ level of theory).[12] Theoretical data are very
similar to those given by X-ray crystallography with the
exception of the P�S bond lengths which were found to be
slightly longer.

The electronic structure of 3 can be rationalized by
looking at the molecular orbital (MOs) which involve the np

and ns nonbonding orbitals on the carbenic center.[13] Owing
to the almost perpendicular orientation of the carbene ligand,
the sigma bonding MO results from the interaction between
the np orbital and a metal-centered orbital directed along the
Pd�C axis. This doubly occupied MO characterizes a s Pd�C
bond since its antibonding counterpart (the LUMO of the
complex) is vacant (Figure 2, right). The ns orbital interacts

with the dxz orbital through a p-type overlap. Note that both
the bonding and the antibonding combinations are occupied,
the latter being the HOMO of the complex (Figure 2, left).
Therefore the p interaction does not lead to any p bonding
character between the Pd and C1 centers. The bonding picture
which emerges from this six-electron four-orbital analysis is
that there is: 1) a single (s) metal–carbon bond involving the
np orbital on the carbenic center and 2) two nonbonding
electron pairs on Pd and C1, the electron pair on the carbenic
center is located approximately in the plane of the carbene (ns

orbital). A way to understand this particular electronic

structure is to consider that the complex results from the
interaction between a d10 PdL3 fragment and a neutral
carbene (Figure 3): an occupied MO of the metal fragment
interacts with the vacant np orbital, leading to a nearly
perpendicular orientation of the carbene ligand (distorted
“open book” conformation).[5e] A four-electron interaction
develops between the ns and dxz orbitals.

Or, one can assume the two electrons of the s bond to be
associated to the carbenic ligand as is usual for electron
counting in transition-metal complexes. Then, the whole
complex can be described as a d8 [PdL3]

2+ metal fragment
interacting with a dianionic carbenic center. A further
interpretation is found by using the isolobal analogy. The T-
shape d10 PdL3 fragment is isolobal to CH3

�
, so that complex 3

is analogous to the CH3�CH2
� ion (Figure 4) with a single

C�C bond and a lone pair on the pyramidalized methylene
moiety.[14]

The nucleophilic character of the carbenic atom was
confirmed by NBO calculations (qC =�1.39 and qPd = ++ 0.37).
To demonstrate the presence of a reactive lone pair on this
“carbenic” carbon atom, complex 3 was treated with various
electrophiles. For example, the reaction with MeI, which was
carried out in CH2Cl2 at room temperature, exclusively takes
place on the carbon atom. The cationic complex 4 formed was
isolated in a quantitative yield (Scheme 2).[15]

This new complex was fully characterized by NMR
spectroscopy, elemental analysis, and X-ray crystallography.
Orange crystals of 4 were grown by a slow diffusion of
hexanes into a dichloromethane solution of the complex (see
Supporting Information).[9] Interestingly, we note that the
C�Pd bond in 4 (2.146(2) @) is only slightly elongated with
regard to 3 thus confirming the pronounced single-bond
character of the C�Pd bond in 3 (2.113(2) @). Theoretical

Figure 2. HOMO and LUMO of the theoretical structure of 3 as given
by DFT calculations.

Figure 3. A) Usual bonding mode in carbene complexes, B) electronic
situation in 3 assuming a d10PdL3 fragment.

Figure 4. By the isolobal analogy complex 3 is analogous to the
CH3�CH2

� ion.
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calculations using the ONIOM method (same level of theory
than in 3) yielded a structure which is very close to that
experimentally observed. NBO calculations indicate that the
palladium-bound carbon atom still bears a substantial neg-
ative charge (qC =�1.02 and qPd = ++ 0.36).

In conclusion, we have developed an easy synthetic access
to a new type of nucleophilic “carbene” complex featuring
two pendant thiophosphinoyl ancillary ligands. Theoretical
calculations indicate that these new species can be either
regarded as a coordinated dianion with a strong delocaliza-
tion of the charge onto the two P�C bonds, or as a
nucleophilic carbene complex.

Experimental Section
All experiments were carried out under dry argon or nitrogen
atmosphere using distilled and degassed solvents.

3 : Two equivalents of MeLi (0.84 mL, 1.6m in diethyl ether,
1.34 mmol) were added to a solution of 1 (300 mg, 0.67 mmol) in
toluene (5 mL) at �78 8C. The mixture was warmed to room
temperature and stirred for 2 h leading to the formation of a yellow
suspension of 2. Then [PdCl2(PPh3)2] (470 mg, 0.67 mmol) was added
in one portion at room temperature. The resulting mixture immedi-
ately turned red and 31P NMR spectroscopy showed the reaction to be
complete by indicating the presence of complex 3 and PPh3. Complex
3 and LiCl are poorly soluble in toluene and were isolated by
centrifugation. Pure complex 3 was finally obtained in 88% yield
(480 mg, 0.59 mmol) after dissolution in CH2Cl2 (6 mL) followed by
filtration to remove LiCl and evaporation of the solvent. Selected
data: 1H NMR (300 MHz, CD2Cl2, 25 8C): d = 7.13–7.66 ppm (m,
35H; H of phenyl); 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 8C, 85%
H3PO4 as external standard): d = 21.5 (t, 3J(P,P) = 14.6 Hz; PPh3),
39.8 ppm (d, 3J(P,P) = 14.6 Hz; PPh2S); 13C{1H} NMR (75.465 MHz,
CD2Cl2, 25 8C, CD2Cl2 d = 53.73 ppm as internal reference): d =
125.4–139.1 ppm (m; C of phenyl), C-Pd not observed; elemental
analysis (%) calcd for C43H35P3PdS2: C 63.35, H 4.33, found: C 62.97,
H 4.05.

4 : Complex 4 was obtained by adding MeI (27 mL, 0.43 mmol) to
a solution of 3 (350 mg, 0.43 mmol) in CH2Cl2 (10 mL) at room
temperature. The mixture was stirred for five minutes and then taken
to dryness. Complex 4 was thus isolated in a quantitative yield (100%,
410 mg, 0.43 mmol). Selected data: 1H NMR (300 MHz, CD2Cl2,
25 8C): d = 1.86 (dt, 3J(H,P) = 16.2 Hz, 4J(H,P) = 8.6 Hz, 3H; CH3),
7.00–8.04 ppm (m, 35H; H of phenyl); 31P{1H} NMR (121.5 MHz,
CD2Cl2, 25 8C, 85% H3PO4 as external standard): d = 22.8 (t, 3J(P,P) =
15.8 Hz; PPh3), 62.3 ppm (d, 3J(P,P) = 15.8 Hz; PPh2S); 13C{1H} NMR
(75.465 MHz, CD2Cl2, 25 8C, CD2Cl2 d = 53.73 ppm as internal
reference): d = 20.7 (pq, J(C,P) = 5.0 Hz; CH3), 125.6 (dt, 1J(C,P) =

48.0 Hz, 2J(C,P) = 8.7 Hz; C-Pd), 127.7–135.4 ppm (m; C of phenyl);
elemental analysis (%) calcd for C44H38IP3PdS2: C 55.21, H 4.00;
found: C 55.10, H 3.87.
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Cover Picture

Armin de Meijere,* Alexander F. Khlebnikov, Sergei I. Kozhushkov,
Kazutoshi Miyazawa, Daniel Frank, Peter R. Schreiner,
B. Christopher Rinderspacher, Dmitrii S. Yufit, and
Judith A. K. Howard

The rigid helical frameworks of the molecules of (M)-(�)-[7]triangulane-1,9-
dimethanol associate through hydrogen bonds between their terminal hydroxy groups
in supramolecular helices, two of which form a supramolecular double helix. In the
cover picture, this is compared with the design by Leonardo da Vinci of a double-
spiral staircase. The hydrocarbon (M)-(�)-[9]triangulane does not organize itself as a
supramolecular double helix. For more information see the Communication by
de Meijere et al. on page 6553 ff. The cover picture was created by Dipl.-Chem.
Heiko Schill.

History of Science
The 100th anniversary is commemorated of the awarding of the Nobel Prize to Lord
Rayleigh and Sir Ramsay for their discovery and characterization of the noble gases.
J. M. Thomas describes in his Essay on page 6418 the important stages in the lives of
these two great scientists.

Protein Biosynthesis
In vitro and in vivo incorporation of noncanonical amino acids using an expanded
genetic code and the perspectives of this method for the synthesis of tailor-made
proteins are discussed in the Review by N. Budisa on p. 6426 ff.

Nanoporous Materials
Removal of the coil segments from an ordered rod–coil compound with a
honeycomb-like structure to give a perforated crystalline sheet of hexagonally
ordered nanopores is described by M. Lee and co-workers in their Communication on
page 6466 ff.
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The Nobel Price in Medicine this year went
to Richard Axel and Linda Buck, who

elucidated the molecular basis of the
olfactory reception of fragrances and the
neuronal preprocessing of information in
the olfactory system. From the viewpoint
of a chemist, these studies offer fascinat-
ing perspectives. For example, they enable
an understanding of the perception of
odors by transmembrane proteins (see
picture).
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The kiss of death for a protein is to be
labeled with ubiquitin (Ub, see picture).
The protein can then be recognized and

degraded by the 26S proteasome, an
important target in drug research, as it
regulates the concentration of certain
proteins. Recognition by the proteasome
is hindered by two novel proteasome
inhibitors, ubistatins A und B, which were
identified through a chemical genetic
approach.

Noble gases and Nobel prizes : To mark
the 100th anniversary of the awarding of
the Nobel Prize to Lord Rayleigh (see
picture; right) and Sir William Ramsay
(left) for their discovery and characteriza-
tion of the noble gases, tribute is paid to
two scientific greats whose work goes far
beyond their prize-winning discovery.

Room for one more : The genetic code of
life consists of 64 coding units that
control the incorporation of no more than
20 canonical amino acids in proteins—
enough space remains for codon re-
assignments, which render additional,
noncanonical amino acids (see picture)
translationally active substrates for the
protein biosynthesis machinery. This
review surveys methods, problems, and
perspectives of this genetic code
engineering.
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Self-assembly of rod-coil molecules with
an ester linkage gave a honeycomblike
supramolecular structure with 3D hexa-
gonal symmetry. Hydrolysis of the ester
linkages and removal of the coil segments
(light blue) from the perforated lamellar
structure afforded crystalline sheets (dark
blue) with in-plane arrays of nanopores
whose hydrophobic interiors entrap
nonpolar molecules.

Switchable formation of materials :
DNA-modified gold nanoparticles can
aggregate reversibly by the employment of
“fueling” oligomers that hybridize with
the linker oligomers within the aggregated
nanoparticles (see scheme). This
approach paves the way to the generation
of programmable functional materials.

Hydrogen-bonded duplexes of incompa-
tible polystyrene and poly(ethylene glycol)
chains have been prepared that show
microphase separation (see picture). Dif-
ferential scanning calorimetric studies of

the phase transitions for these copoly-
mers show that they behave like typical
covalently bonded diblock copolymers at
temperatures below 170 8C.

A phenalenyl-based singlet biradical that
shows highly amphoteric redox properties
(see scheme) has been prepared by a
stepwise synthesis. Its singlet biradical

character originates from a small
HOMO–LUMO gap, as suggested by
quantum chemical calculations and
experimental data.
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Yes or no? Mayenite without the clathra-
ted oxygen can be classified as an inor-
ganic electride based on combined
charge-density (see picture, A) and elec-
tron-localization-function (ELF) analysis
(B). Ionic chemical bonds are found to
form between extra electrons and the
positively charged crystal framework in
this material.

Three types of channel—right- (R) and
left-handed (L) helical, and achiral (A)—
alternate along the c axis in the structure
of the title compound (see picture). The
catalytically active groups of the 1-phos-
phonomethylproline ligands are directed
into the channels, thus suggesting appli-
cations of this material in asymmetric
catalysis.

You only need eyes to appreciate the color
change that occurs in a polymer matrix
when the bistable rotaxane shown is
switched between its ground-state (green)
and metastable-state (red) co-confor-
mers. Not only is an electrochromic
device within reach, but a universal
switching mechanism seems to be on
the cards.

Excellent diastereo- and enantioselectiv-
ities were obtained in the title reaction.
(E)-Crotylsilanes gave syn adducts,

whereas anti adducts were obtained from
(Z)-crotylsilanes (see scheme).
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Both enantiomers of the antiviral agent
virantmycin were synthesized in a
sequence of reactions in which the key
steps were a highly stereoselective porcine
liver esterase(PLE) mediated desymme-
trization of a prochiral diester and a

remarkably effective intramolecular aryl
amination of an ortho-substituted aryl
bromide with a highly hindered a-qua-
ternary formamide (see retrosynthetic
scheme).

A library of 4,6-linked analogues of the
drug tobramycin with various mono- or
diaminosugars attached to the 6-position
of the two-ring core has been prepared
(see scheme; Bn=benzyl, Tol=p-tolyl).

The compounds were screened against
different disease-related RNAs, and sev-
eral of the synthetic analogues showed a
high affinity and selectivity toward certain
RNA sequences.

Long-range steric interactions of the pro-
tecting groups of the 1,5-diol were har-
nessed for the successful atropselective
macrolactonization (A) in the synthesis of
the C-1027 chromophore framework (see
scheme). Subsequent LiN(SiMe3)2/CeCl3-
promoted acetylide addition to an alde-
hyde (B) in the setting of a rigid macro-
cycle formed the target nine-membered
ring system with a highly strained diyne.

Powerful dithiane coupling (A) of two
fragments and subsequent macrocycliza-
tion by ring-closing metathesis (B) pro-
duced the entire 27-membered carbocycle
of (þ)-pinnatoxin A (1), a major toxic
principle responsible for outbreaks of
shellfish poisonings in China and Japan.
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Easy access to axially chiral phthalides
that bear one or two oxymethylene func-
tionalities is provided by an enantioselec-
tive cross alkyne cyclotrimerization in the

presence of the cationic complex [RhI{(S)-
H8-binap}]+. The axial chirality is intro-
duced during the formation of the ben-
zene ring with high enantioselectivity.

Plumb line : A series of compounds trans-
[L(PMe3)4W�Pb(2,6-Trip2C6H3)]n+ (n=0:
L=Br, I ; n=1: L=PhCN, PMe3;
Trip=2,4,6-iPr3C6H2; see structure of
L=PMe3 derivative) containing W�Pb
triple bonds is reported. Quantum-chem-
ical analyses of the W�Pb bond in the
plumbylidyne complex [(PMe3)5W�Pb-
(2,6-Trip2C6H3)]+ confirm the electronic
analogy with Fischer-type carbyne com-
plexes.

Two simple steps, including a new intra-
molecular [4þ3] cycloaddition, are
required for the preparation of polycycles
that contain a seven-membered ring from
2-methyleneaziridines (see scheme). The

diene component is introduced by
selective lithiation/alkylation at C3 of the
aziridine ring. Lewis acid catalyzed
cyclization leads to the products in good
yields with stereocontrol.

The complete catalytic cycle of CO oxida-
tion with N2O is shown to occur on Ptn+

(see scheme); for Pt7+ it involves six
different elementary reactions. Poisoning
of the catalyst by sequential addition of
CO is observed. The extent of poisoning
can be adjusted with the ratio of N2O and
CO partial pressures.
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Seeing red : Aggregates in which methyl
red and naphthyl red moieties are stacked
alternately in a DNA duplex have been
prepared by hybridization of two DNA–
dye conjugates (see picture). A sharp

absorption band appears at 478 nm,
which is different from that of the indivi-
dual dyes. A strong CD effect is also
induced by the interstrand heterostacking
of the dyes.

Mistaken identity : The active catalyst in
the highly selective Cu-catalyzed nucleo-
philic addition of diorganozinc reagents
to N-diphenylphosphinoylimines (see
scheme) does not contain the bis(phos-
phine) ligand 1 but rather the hemilabile

monophosphine oxide 2. Ligand 1 is
oxidized when it is mixed with either
copper(ii) or copper(i) triflate. The
analogous reaction under nonoxidizing
conditions is slower and not enantio-
selective.

A proline-catalyzed Mannich reaction
produces a-aminomethylated ketones in
high yield and with excellent ee values (see
scheme). The Mannich bases resulting
from this highly practical one-pot three-

component asymmetric reaction are of
particular interest, for example, as syn-
thetic building blocks and precursors of
pharmaceutically valuable 1,3-amino
alcohols.

A possible prebiotic pathway for the
asymmetric incorporation of molecular
oxygen into organic compounds involves
the amino acid catalyzed reaction of
molecular singlet oxygen with ketones.

Amino acids and their derivatives mediate
the reaction between oxygen and
ketones with high efficiency to produce
a-hydroxyketones (see scheme).
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The combination of highly compatible
metal and enzyme catalysts allows the
fastest dynamic kinetic resolution of
alcohols ever reported. The use of ruthe-
nium catalyst 1a (or 1b) and an immobi-

lized lipase results in a highly efficient
enantioselective synthesis of acetates in
excellent yields at room temperature
(see scheme).

Flying to new destinations : Instrument
modifications, which give three detection
areas (see scheme) in a two-channel
detection scheme, extend the achievable
duty cycle of a Hadamard transform time-
of-flight mass spectrometer (HT-TOFMS)
to 100% and effectively converts TOFMS
into a continuous detection technique.
Beyond the improved signal-to-noise
ratio, this advance gives an increase in the
data-acquisition rate leading to a higher
detection speed.

The golden key : The use of N and N,O
ligands for gold(iii) complexes leads to
stable catalysts that facilitate an efficient
synthesis of tetrahydroisoquinolines with
substitution patterns difficult to access by
classic methods (see picture).

Convenient and direct : 1,4-Dicarbonyl
compounds are readily obtained through
a one-pot cerium-catalyzed oxidative C�C

coupling in the presence of oxygen and
subsequent fragmentation. The products
are suitable precursors for heterocycles.

Disproportionation of a metastable GaI

chloride solution and substitution with
phosphanides leads to a novel type of
metalloid Ga22 clusters ([Ga22(PtBu2)12] ,
see molecular structure, Ga: blue and
black, P: gray). The four previously dis-
covered Ga22 structural isomers—which
in solid-state chemistry would be referred
to as different phases—reflect the diverse
bonding possibilities in gallium
modifications.
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Remarkably high specific rotations, even
at 589 nm, are exhibited by the enantio-
merically pure s-[9]helicenes (M)-(�)- and
(P)-(þ)-[9]triangulanes (see scheme).
This significant power of rotation, which is

in very good agreement with calculated
values, must be attributed to the rigid
helical framework of s bonds in these
formally saturated hydrocarbons.
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P. Yang Receives Pure Chemistry
Award

The ACS (American Chemical Society)
Award in Pure Chemistry is awarded
to a young scientist based in North
America for fundamental research of
exceptional merit and originality in
pure chemistry. The recipient for 2005
is Peidong Yang, Associate Professor
of Chemistry at the University of Cali-

fornia, Berkeley. Born in
1971, Yang completed his
BS in Applied Chemistry at
the University of Science
and Technology of China in
1993. He continued his edu-
cation in the USA, where
he completed his MS and
PhD (1997) at Harvard Uni-
versity under the guidance
of Charles M. Lieber. Fol-
lowing a period as a post-
doctoral fellow in the
research group of Galen D.

Stucky at the University of California,
Santa Barbara, Yang became Assistant
Professor at Berkeley in 1999.

Yang3s research is centered on the
development of strategies for the
rational synthesis and organization of
low-dimensional nanoscale building
blocks, which can be used to assemble
complex architectures with novel elec-
tronic and photonic properties. He is
particularly interested in the thermal
stability, chemical stability, and opto-
electronic properties of nanowires. His
recent publication on the controlled syn-
thesis of platonic gold nanocrystals in
the form of tetrahedra, cubes, octahe-
dra, and icosahedra was highlighted on
the cover of Angewandte Chemie.[1]

Inorganic Chemistry Award to
W. J. Evans

William J. Evans is to receive the ACS
Award in Inorganic Chemistry for
2005. Evans completed his BS in 1969
at the University of Wisconsin (USA),
with research directed by Donald F.
Gaines on penta-
borane. After com-
pletion of his PhD
in 1973 at the Uni-
versity of Califor-
nia, Los Angeles,
where he studied
metallacarboranes
under the supervi-
sion of M. Freder-
ick Hawthorne, he
undertook postdoc-
toral research on
molybdenum phos-
phite chemistry with Earl L. Muetterties
at Cornell University. Evans then joined
the faculty at the University of Chicago
in 1975. He was promoted to associate
professor there before moving in 1982
to the University of California, Irvine,
where he has been ever since as a full
professor.

Evans embarked on pioneering
research into the chemistry of the lan-
thanide elements at the very beginning
of his independent research career. His
research program covers many aspects
of the chemistry of the lanthanides, acti-
nides, and early transition metals,
including synthesis, mechanistic studies,
and structural analysis. He is also inter-
ested in applications of these metals in
organic synthesis, polymers, the devel-
opment of high-technology materials,
and dinitrogen fixation. In his most
recent Communication in Angewandte
Chemie he described the formation of
dinitrogen derivatives of lanthanum
from organometallic and heteroleptic
precursors.[2]

E. Iglesia Receives George A. Olah
Award

Enrique Iglesia is the recipient for 2005
of the George A. Olah Award in Hydro-
carbon or Petroleum Chemistry, admin-

istered by theACS and awarded to a res-
ident of the USA or Canada who has
accomplished outstanding research in
the chemistry of hydrocarbons or of
petroleum and its products. Iglesia3s
research focuses on the design, synthe-
sis, and structural and mechanistic char-
acterization of catalysts for chemical
reactions important
in energy use, pet-
rochemical synthe-
sis, and environ-
mental protection.

Iglesia com-
pleted his PhD in
chemical engineer-
ing at Stanford
University (USA)
in 1982 under the
guidance of Michel
Boudart. After
gaining eleven
years of experience in heterogeneous
catalysis and reaction engineering at
the Corporate Research Laboratories
of Exxon Research and Engineering,
he accepted a position as Professor of
Chemical Engineering at the University
of California, Berkeley in 1993. He is
also a Faculty Scientist in the E. O. Law-
rence Berkeley National Laboratory of
the US Department of Energy, as well
as the founding and current director of
the Berkeley Catalysis Center. Iglesia
has received a number of awards, includ-
ing two for excellence in teaching from
the American Institute of Chemical
Engineers. He recently reported in
Angewandte Chemie on the structural
and mechanistic requirements for the
activation of methane and its chemical
conversion on supported iridium clus-
ters.[3]

[1] F. Kim, S. Connor, H. Song, T. Kuyken-
dall, P. Yang, Angew. Chem. 2004, 116,
3759; Angew. Chem. Int. Ed. 2004, 43,
3673.

[2] W. J. Evans, D. S. Lee, C. Lie, J. W. Ziller,
Angew. Chem. 2004, 116, 5633; Angew.
Chem. Int. Ed. 2004, 43, 5517.

[3] J. Wei, E. Iglesia, Angew. Chem. 2004,
116, 3771; Angew. Chem. Int. Ed. 2004,
43, 3685.

P. Yang

W. J. Evans E. Iglesia
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Chemistry of Odor Perception

The Molecular Basis of Olfactory Chemoreception**
Uwe J. Meierhenrich,* J�r�me Golebiowski, Xavier Fernandez,
and Daniel Cabrol-Bass

Dedicated to Professor R. LuftKeywords:
bioorganic chemistry · fragrances · gene expression ·
protein models · protein structures

Chemoreception is the aptitude of
living organisms to identify natural or
synthetic chemical compounds in their
environment and to evaluate their con-
centration.[1, 2] In April 1970, the organic
chemist Robert Luft was asked how
volatile odorant molecules are per-
ceived by the olfactory system. “Si vous
r�pondez ) cette question,” he replied,
“le Prix Nobel est ) vous”.[3] The 2004
Nobel Prize inMedicine was awarded 34
years later to Richard Axel and Linda B.
Buck of the Howard Hughes Medical
Institute, who deciphered the molecular
basis for the perception of odors and the
corresponding information preprocess-
ing in the olfactory system. From the
viewpoint of a chemist, these studies
offer fascinating perspectives.

Olfaction is initiated by a molecular
interaction of chemical compounds
called odorants with the olfactory neu-
rons located in the epithelium of the
nasal cavity. The required molecular
properties of odorants were determined

to be a moderate molecular weight, low
polarity, a certain water solubility, high
vapor pressure, and lipophilicity.[1] The
existence of peripheral olfactory recep-
tor (OR) proteins located in the cilia of
sensory neurons in the epithelium had
been postulated but remained unproven
prior to the work of Axel and Buck.[4]

Numerous theories had been formulat-
ed concerning the mode of interaction
between odorant molecules and the
olfactory neurons, including the vibra-
tional theory,[5, 6] the membrane-diffu-
sion theory,[7] the Piezzo effect,[8] com-
plexation,[9] the polarization theory,[10]

the chromatography analogy,[11] the hy-
drogen-bond-dispersion model,[12] and
the tunneling vibrational theory.[13, 14]

Since 1949, it had been thought that
only the characteristic molecular shape
of an odorant determined its odor.[15,16]

Based on the identification of a number
of different types of anosmia (the lack of
a sense of smell), it was concluded that
as many (between 7 and 30) specific
receptors with the capacity to recognize
different molecular shapes must exist.
Thus, the existence of an “alphabet” of
odor types with corresponding molec-
ular shapes was postulated. The combi-
nation of the letters of this alphabet
should lead to the perception of a multi-
tude of different odors.[17] Since then,
numerous chemical studies have been
devoted to the elucidation of structure–
odor relationships.[18,19] Despite some
success with specific series of molecules
and their odors (e. g. musks, ambergris,
sandalwood), numerous discrepancies
and exceptions remained.[1] Further-
more, it remained impossible to predict
the odor of a molecule from its molec-
ular structure. These difficulties are not
surprising, as structure–odor relation-

ships are several orders of magnitude
more complex than their pharmacolog-
ical counterparts, structure–activity re-
lationships.[13] More recently, the simpli-
fying “steric theory” of Amoore has
evolved into the olfactophore concept.
Olfactophores, like pharmacophores,
describe the spatial molecular arrange-
ment of interacting groups and were
found to be helpful for the computer-
aided design of new odorants.[20] Such
models were constructed without prior
knowledge about the receptor site.

In 1991, Axel and Buck published a
study that contributed considerably to
our understanding of the molecular
basis for the olfactory perception pro-
cess.[4] To assess the presence of poten-
tial receptors in the olfactory epithelium
they postulated that OR proteins belong
to the family of G-protein-coupled re-
ceptors (GPCR). GPCR proteins are
embedded in the surface membrane of
cells and cross this membrane seven
times. They are made up of seven
helices, which are joined together by
three extracellular and three intracellu-
lar loops. These transduction proteins
can receive chemical signals outside the
cell and transmit them into the interior
of the cell. The receptor activates the
intracellular G protein, which causes
effectors to produce a second signal
inside the cell. This second signal causes
the cell to react to the original external
chemical signal. A simplified schematic
representation of the transmembrane
protagonists is presented in Figure 1.

Prior to their interaction with trans-
membrane OR proteins, odorants are
thought to be associated with odorant-
transport (OT) proteins present in mu-
cus.[21, 22] OT proteins belong to a class of
carrier proteins present in physiological
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fluids. They contribute actively to the
transportation of the odorant from the
inhaled air stream through the mucus to
the cilia of the olfactory neurons.

The basic approach of Axel and
Buck was to design probes that could
recognize DNA sequences that encode
proteins located in the olfactory epithe-
lium. A new class of genes were found
that express a previously unknown fam-
ily of GPCR-type proteins, the so-called
OR proteins. The derived molecular
structure of an OR protein is depicted
in Figure 2 together with a complex of
the odorant 2-isobutyl-3-methoxypyra-
zine with an OT protein.

Gene analysis revealed that the OR
proteins had highly variable sequences
and that they were only encoded in the
olfactory epithelium. From then on, a
tremendous number of studies were
performed to determine the number
and functions of OR proteins.[24, 25] By
searching the human genome database,
Buck and co-workers identified 339
intact OR genes and 297 OR pseudo-
genes. Sequence comparison led to the
classification of the human OR proteins
into 172 families.[26] It was shown that a
single OR protein can be activated by

multiple odorants,[27–31] and that a single
odorant can activate several OR pro-
teins.[29] As a consequence, different
odorants are recognized by different
combinations of receptors, some of
which are closely related to one anoth-
er. Numerous odorants activate distinct
sets of OR proteins, even if overlaps
between these sets can exist.[29] From
these results, the molecular basis for the
first steps of olfaction was identified,
namely, that olfactory perception pro-
ceeds through a combinatorial process.
Indeed, given the large number of OR
proteins, this combinatorial process
could permit discrimination between a
vast range of chemicals. Buck and co-
workers estimated that even if an odor-
ant activated only three receptors (in
fact many more are activated), the
number of theoretically discriminable
odorants should be close to a billion.[29]

The biological method of chemical rec-
ognition is therefore far removed from
the simple “lock and key” analogy.
These findings are fully consistent with
the potential discrimination of a very
large number of chemical compounds
with different structures and shapes, as
well as distinct odors.

The sequence of the OR proteins
was determined indirectly through ex-
amination of the DNA sequence. Gen-
erally, three-dimensional protein struc-
tures can be determined through direct
measurements by X-ray crystallography,
electron microscopy, and NMR
spectroscopy. These techniques are,
however, suitable only for water-soluble
proteins, and not for GPCR proteins,
which require precisely balanced phys-
icochemical conditions for structural
and functional integrity. As such con-
ditions are difficult to achieve, new
techniques, such as two-dimensional
cryomicroscopy, have to be employed
to attempt the elucidation of these
structures.[32] Therefore, the amount of

Figure 1. Schematic illustration of odorant binding and signal activation. The transduction
mechanism of chemical reception through the cilia is initiated by the binding of an odorant
molecule o from the gaseous phase A to a water-soluble OT protein,[21] which transports the
odorant to the OR protein through the olfactory mucus M. Subsequently, the intracellular (I)
G protein G is activated, and this protein in turn activates adenine cyclase AC, resulting in an
opening of the ion channels located in the cell membrane C. The cell is depolarized through the
entry of Ca2+ ions and leaving of Cl� ions.

Figure 2. Three-dimensional structure of a
complex between the odorant 2-isobutyl-3-me-
thoxypyrazine and a water-soluble OT protein
located in the mucus (top).[23] It is assumed
that the odorant molecule is transferred to the
transmembrane GPCR olfactory receptor (bot-
tom).[22]
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experimental information available on
the three-dimensional structure of
GPCR proteins is limited. So far, only
the rhodopsin GPCR structure has been
determined by direct measurements,[33]

and the structures of OR proteins have
been derived from rhodopsin-based
models.[34] Recent studies started to
evaluate the differential responses of a
receptor to a broad variety of ago-
nists.[35] Much progress has been made
towards understanding the molecular
basis of olfactory perception, but many
questions remain unanswered because
of its combinatorial nature.

The pioneering transdisciplinary
studies of Axel and Buck have tremen-
dous implications for flavor and fra-
grance research. Knowledge about the
molecular interactions betweenOR pro-
teins and odorants can contribute to the
evaluation of the interaction of a specif-
ic odorant with a given set of OR
proteins, a strategy that has already
been patented.[36] The combinatorial
aspect of information processing in the
olfactory bulb and the perception of
odor by pattern recognition throw light
on the success and failure of previous
approaches based on studies of struc-
ture–odor relationships and olfacto-
phore modeling. After the confirmation
of the three-dimensional OR protein
structure, chemists will be in a better
position to undertake the rational de-
sign of odorants for the activation of
specific OR proteins. However, for
practical applications, odorants are sel-
dom used as pure compounds, but rather
as mixtures, which may be very complex.
Thus, the successful application of odor-
ants will always depend on their formu-
lation. The field for the search for new
odorants, deodorants, and odor modifi-
ers is wide open.
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Proteasome Inhibitors

A Fatal Affair: The Ubiquitinylation of Proteins
Markus Biel, Veit Wascholowski, and Athanassios Giannis*

Keywords:
drug design · inhibitors · proteasome · ubiquitin

The activity, stability, and subcellular
distribution of proteins can be modu-
lated by different post-translational
modifications. The awarding of the
Nobel Prize in Chemistry for 2004 to
Ciechanover, Hershko, and Rose
pushed ubiquitinylation into the center
of scientific attention. Ubiquitinylation
is not only a signal for the degradation
of unnecessary or defective proteins, but
it also plays an important role in com-
plex biological processes, such as cell-
cycle control, DNA repair, apoptosis,
and immune response.[1]

Ubiquitin (Ub) is a 8-kDa protein
made up of 76 amino acids. Usually it is
bound to other proteins by an isopeptide
bond between its C terminus and a
lysine side chain of the protein (Fig-
ure 1).[2] The ubiquitin-activating en-
zyme E1 adenylates the carboxy func-
tion of the C-terminal glycine residue of
ubiquitin and transfers the activated
species to an internal cysteine residue
of the enzyme with the formation of a
thioester bond. In a second step, Ub is
transesterified from E1 to the ubiquitin-
conjugating enzyme E2. A ubiquitin
ligase E3 then selectively catalyzes its
transfer from E2 to the target protein.
As ubiquitin itself possesses internal
lysine residues (e.g. lysine 48, lysine 63),
the enzymatic cascade can be repeated
several times to form a chain of Ub
units.

Substrate molecules with a single Ub
unit may be recognized by proteins that
possess special ubiquitin-binding do-
mains. The monoubiquitinylation of his-

tone H2B, which is part of the postu-
lated histone code, serves as a signal for
the activation of transcription,[3] where-
as the same modification at receptor
tyrosine kinases (RTKs) leads to their
endocytosis and subsequent transport to
the lysosome. Polyubiquitinylated spe-
cies with Ub chains linked through
lysine 63 are responsible for the media-
tion of nonproteolytic, reversible
events,[4] including the modulation of
protein properties, such as activity, sub-
cellular distribution, and protein–pro-
tein interactions. On the other hand, if
polyubiquitin chains are linked through
lysine 48, the labeled proteins are rec-
ognized by the 26S proteasome and
degraded by this 2.4-MDa multisubunit
enzyme.[5]

The proteasome is present in both
the nucleus and the cytoplasm of a cell
and has a cylindrical shape. It consists of
a catalytic 20S component, which is
closed on both sides by a regulatory

19S component. This 19S unit recogniz-
es and binds proteins with Ub chains
that are linked through lysine 48 and
forwards them, after cleavage of the
ubiquitin chain and unfolding of the
structure under ATP hydrolysis, to the
catalytic 20S unit. The enzymatic mech-
anism[6] is not based on the catalytic
triad common to most proteases, but on
a single, highly conserved N-terminal
threonine as the active-site nucleophile.
The products of degradation by the
proteasome are peptides with a length
of 3 to 25 amino acids.

The proteasome has become an
interesting target for the development
of drugs. Not only does it control gene
expression, but it represents a further
mechanism for regulating the concen-
tration of certain proteins inside the
cell.[7] For example, cycline-dependent
kinases (CDKs) are regulators of cell-
cycle progression,[8] and their activity
depends on cyclines, phosphatases such

Figure 1. Mechanism of the E1/E2/E3-catalyzed attachment of ubiquitin to proteins; ubiquitinyl-
ation marks a protein for degradation by the 26S proteasome.
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as CDC25, and different cellular inhib-
itors (WAF1, KIP1). The proteasome is
responsible for the well-ordered degra-
dation of cyclines and CDK inhibitors.
Furthermore, it is linked to the stabili-
zation of CDC25 during cell-cycle pro-
gression.[9] The inhibition of protea-
some-mediated degradation is an im-
portant possibility for the induction of a
cell-cycle arrest and is therefore of
clinical relevance, for example, in the
treatment of malignant tumors. More-
over, ubiquitin–proteasome-mediated
degradation is linked to the signaling
pathways of p53,[10, 11] which serves as a
signal for numerous cellular responses,
such as DNA repair, cell-cycle arrest,
differentiation, and apoptosis, and to the
NF-kB family[12,13] of transcription fac-
tors (Figure 2).

Until now, proteasome inhibitors
have been subdivided into five classes:
peptide aldehydes (MG132), peptide
vinyl sulfones (NLVS), peptide boro-
nates (bortezomib), peptide epoxyke-
tones (epoxymycin), and b-lactones (PS-
519; Scheme 1).[5a,6] They all contain an
electrophilic group, which interacts with
the threonine residue in the active site of
the proteasome. As a result of metabolic
instability and lack of enzyme specific-
ity, only two proteasome inhibitors have
reached the stage of clinical develop-
ment: PS-519 (also known as MLN519)
influences anti-inflammatory processes,

whereas bortezomib (PS-341, vel-
cade)—now a commercially available

drug—shows significant antineoplastic
effects in various tumor-cell lines. The

Figure 2. Cellular signaling pathways linked to the proteasome. Stress (e.g. radiation or chemi-
cals) induces DNA damage and leads to the accumulation of the tumor suppressor p53, which
activates gene expression. This process results in the induction of apoptosis. The ubiquitin li-
gase MDM2 blocks this pathway by ubiquitinylation and subsequent degradation of p53 in the
proteasome. Proteasome inhibitors may prevent the destructive degradation of p53 in tumor
cells which overexpress MDM2. Moreover, chemotherapy, radiation, viruses, and cytokines lead
to the phosphorylation of the inhibitor of NF-kB (IkB) and thus to its degradation. Subsequent-
ly, the active NF-kB enhances several signaling pathways, thus ensuring the survival of the cell.
Therefore, NF-kB is an important target for antineoplastic drugs.

Scheme 1. Selected structures of inhibitors of proteasome degradation.
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exact mechanism of action and the
specificity of each proteasome inhibitor
are still under investigation, but much is
known about the role of the inhibitors in
carcinogenesis, angiogenesis, and meta-
stasis. The biological effects of inhibiting
proteasome activity are apoptosis, in-
creased sensitivity to chemotherapy and
radiation therapy, and decreased resist-
ance to these therapies.[5a,6, 7]

Recently, two new inhibitors of pro-
teasome-dependent protein degrada-
tion, ubistatins A and B, were identified
by a chemical genetic screen in Xenopus
extracts.[14] The ubistatins do not bind to
the active site of the proteasome, but
interact with the ubiquitin–ubiquitin
interface of lysine 48 linked ubiquitin
chains, thus preventing the recognition
of these proteins, which are marked for
degradation, by the regulatory 19S unit
of the proteasome. The ubistatins there-
fore form a new class of proteasome
inhibitors and belong to the small group
of modulators that function by disrupt-
ing critical protein–protein interac-
tions.[15]

The experimental basis for this
screening system is illustrated in Fig-
ure 3. The ubiquitinylation of cyclin B
by the E3 ligase APC/C (anaphase-pro-
moting complex/cyclosome) and its sub-

sequent degradation is a prerequisite for
exiting mitosis and progression into the
next phase of the cell cycle. The use of a
cyclin B–luciferase fusion protein allows
the identification of compounds that
block the degradation of cyclin B and
therefore influence cell-cycle progres-
sion. Several control experiments were
necessary to explore the exact mecha-
nism of action of the most potent com-
pounds. It was found that the ubistatins
form specific protein–protein interac-
tions with lysine 48 linked Ub chains
and prevent their recognition by the
proteasome. Titration experiments
monitored by NMR spectroscopy with
lysine 48 linked ubiquitin dimers
showed that the inhibitors alter the
molecular environment of specific hy-
drophobic sites of the ubiquitin units.
Further investigation of these inhibitors
in cellular assays may be hindered
through their high polarity and low
membrane permeability. Nevertheless,
these results underline the importance
of chemical genetic approaches for the
discovery of new lead structures that
wouldnFt be found by using methods
such as structure-based drug design or
computer modeling.
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statins A and B. The luminescence of luciferase indicates the presence of cyclin B: Compounds
that inhibit the degradation of cyclin B lead to continuous luminescence in this test system.
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In 1904 two London-based scientists
became the first British citizens to be
awarded the Nobel prize. Lord Ray-
leigh, at the Davy–Faraday Research
Laboratories of the Royal Institution,
won the Physics prize “for his investiga-
tion of the densities of the most impor-
tant gases and for the discovery of argon
in connection with these studies”; and
Sir William Ramsay of University Col-
lege, London, won the Chemistry prize
“for his discovery of the inert gaseous
elements in air, and his determination of
their place in the periodic system.” The
significance of their discoveries, in par-
ticular their remarkable joint paper
(“Argon, a New Constituent of the
Atmosphere”, Philos. Trans. R. Soc.
London Ser. A 1895, 186, 187–241) is
seen to be even more profound now
than it was a century ago. But it must not
be thought that these two individuals,
like some other scientists who have won
the Nobel prize subsequently, were
focused upon and conquered just one
large problem. On the contrary, these
two, in diverse ways, were scientific
giants, in ways not revealed by the
Nobel citation, and the lessons that
present-day practitioners in chemical
science may draw from the talents, in-
sights, generosity of spirit, humanity,
activity, and achievements of Rayleigh
and Ramsay are not only instructive to
ponder but inspirational to aspiring
young scientists (Figure 1).

An Outline of Rayleigh’s Career

Lord Rayleigh (1842–1919), last of
the great British classical physicists,
made contributions to every single
branch of the physical sciences known
in his day. His penetrating insight and
prodigious capacity for detailed work
enabled him to solve problems previ-
ously perceived by his progenitors and
contemporaries as intractable as well as
to suggest new lines of research that
engendered the blossoming of much of
20th (and 21st) century science and
technology. No name stands higher in
the general esteem of physical scientists,
engineers, and applied mathematicians

the world over than that of JohnWilliam
Strutt (Third Baron Rayleigh) who was
“to the manor born” in rural Essex,
some sixty miles from London. No name
occurs more frequently in relation to
phenomena, principles, and effects with
which any student of classical physics
must become acquainted than that of
Rayleigh. “Rayleigh Scattering” (of
electromagnetic waves and the explan-
ation of the blue sky and red sunset),
“Rayleigh Waves”, “Rayleigh Criteri-
on” (governing resolving power in mi-
croscopes and telescopes), “Rayleigh
Number” (in convection), “Rayleigh
disc” (for measuring the absolute inten-
sity of sound), “Rayleigh Fading and
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21 Albemarle Street, London W1S 4BS (UK)
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University of Cambridge
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Figure 1. Sir William Ramsay and Lord Rayleigh. The picture was taken shortly after the isolation
of the first noble gas.
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Rayleigh Distance (terms used in the
propagation of electromagnetic waves),
”Rayleigh Damping“, the ”Rayleigh–
Jeans Law“ (for black body radiation)—
these are by no means an exhaustive list
of the impact of his work. They reflect
but a fraction of the fields and phenom-
ena in which his interests ranged with
the most fruitful of results. For example,
in 1885 Rayleigh published an article on
the propagation of surface acoustic
waves. This was a seminal paper that,
for modern-day seismologists and earth
scientists, is the basis for detecting and
pin-pointing the location of distant
earthquakes, and for electronic engi-
neers forms that basis for practical delay
lines in circuits used in radar and tele-
vision.
Rayleigh was born John William

Strutt at Terling Place in the county of
Essex on November 12, 1842. As an
infant he exhibited no sign of precocity,
and he was almost three years old before
he could talk. His schooling was rather
fragmentary, short spells first at Eton
then at Harrow (two of the premier
private schools in the UK) being termi-
nated by ill health. In the autumn of
1857 he was put under the care of Rev.
George T. Warner, who took pupils at
Torquay where he remained for four
years. He entered Trinity College, Cam-
bridge in October 1861 and was soon
following the rigorous courses in math-
ematics given by or Edward J. Routh (of
Peterhouse) a phenomenally successful
tutor who, in 33 years of teaching pro-
duced 27 senior wranglers (the name
given to the person who came top in the
mathematical tripos examinations).
J. W. Strutt was senior wrangler in
January 1865. Sir James Jeans, the emi-
nent astronomer and cosmologist, writ-
ing some 60 years later, said that “there
still lingers in Cambridge a tradition as to
the lucidity and literary finish of his
answers in the examination”. The fine
sense of literary style which Strutt dis-
played even under pressure in the ex-
aminations never deserted him. Every
paper he wrote—and there were some
450 over a fifty year period—even those
dealing with the most abstruse sub-
jects—is a model of clarity and simplic-
ity, and conveys the impression of hav-
ing been written with effortless ease.
After his triumph in the mathemat-

ics examination he took a course on

chemical analysis (fromGeorge D. Live-
ing, the newly appointed Professor of
Chemistry at Cambridge). This choice of
course was partly because young Strutt
had a passion for experiment, but chiefly
because no course was available in
Cambridge dealing with experimental
physics—an incredible state of affairs
for the University where Newton had
studied and taught.[1] In 1866 he was
elected a fellow of Trinity College but it
was not until 1869 that his first scientific
paper appeared bearing the title “On
Some Electro-Magnetic Phenomena
Considered in Connection with the
Dynamical Theory”[2] This paper was a
brilliant example of the method and
style that its author was to pursue
throughout his career. The “dynamical
theory” in question was James Clerk
MaxwellFs monumental work on the
electromagnetic field, which Maxwell
had cast in terms of complicated math-
ematical equations that were not readily
transparent and fully appreciated by his
contemporaries. Strutt elucidated and
simplified this recondite theory—al-
most, as Jeans said later, made it intelli-
gible to the average person. This sim-
plification was done by showing that the
intricate processes of the electromag-
netic field found practically perfect
analogies in such well-understood phe-
nomena as the bursting of a water pipe
under sudden pressure. And so, by add-
ing to his towering mathematical skills
the capacity for[3] “understanding every-
thing just a little more deeply than any-
one else, and the consequent capacity for
exhibiting it in its simplest aspect”, Strutt
began on his extraordinary scientific
career, one marked by a catholicity of
tastes and an exceptional combination
of mathematical power and (later) ex-
perimental virtuosity.
Soon after his lucid interpretation of

MaxwellFs electromagnetic work, there
came another major contribution which
emerged from his reading the articles of
Hermann von Helmholtz on sound. In
1860, Helmholtz had studied the acous-
tic resonator, now associated with his
name. The 28 year old Strutt felt he
could improve the mathematical treat-
ment considerably, and this formed his
first excursion into acoustics, which led
to his classic paper entitled “On the
Theory of Resonance”[4] In this major
paper he attacked the problem of the

oscillations of the air in the mouth of a
resonator from the standpoint of ener-
gy; and he also introduced the invalu-
able concept of the acoustic conductivity
of an orifice. He significantly extended
HelmholtzFs results, including (among
other novelties) a discussion of coupled
resonators. Ruminating over Helm-
holtzFs famous treatise on tone,[5] he
realized that there existed no up-to-date
book on acoustical problems that pro-
vided an adequate mathematical treat-
ment of well-established experimental
phenomena.[6] No one had taken the
trouble to summarize in a single text the
classical memoirs of Euler, Lagrange,
DFAlembert, Bernoulli, and other theo-
rists of the eighteenth century.
By that time, 1871 to be precise, he

had married Evelyn Balfour, sister of
Arthur J. Balfour, the future Prime
Minister, and later the author of the
Balfour declaration that established a
national home for the Jews.[8] Shortly
thereafter he was struck by a severe
attack of rheumatic fever, which led to
his devoting a winter to travel in Egypt
and Greece. It was while he was holiday-
ing on a houseboat on the Nile that he
drafted—without access to a library—
Volume One of his monumental two
volume The Theory of Sound, in which
he examined questions of vibrations and
the resonance of elastic solids and
gases.[9] But before he left for theMiddle
East he had, in a two year period,
published a dozen other outstanding
papers. Arguably one of his most cele-
brated is entitled: “On the Light from
the Sky: its polarization and colour”[10]

and it marked the beginning of his
concern for the scattering of radiation
in general. He arrived, in this paper, at
both the intensity and polarization of
the scattered light by use of dimensional
analysis and properly explained why the
sky is blue and the sunset is red.[11] The
amplitude of the Rayleigh scattered
light is inversely proportional to the
square of the wavelength.
In 1873, the year that his father died

and when, therefore, he inherited the
title of Lord (the Third Baron Ray-
leigh), he was elected Fellow of the
Royal Society (FRS). Taking up resi-
dence in the family seat, Terling Place,
he built a laboratory adjacent to the
manor house. Although his primary
interest was (and remained throughout
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his life) scientific research, he now
found himself compelled to devote a
part of his time to the management of
his estates. He acquired considerable
knowledge of agriculture, which, com-
bined with his general scientific knowl-
edge and acumen led to his practice in
estate management being in many re-
gards in advance of its time.
This period saw the commencement

of RayleighFs lifelong interest in psychi-
cal research.[13] According to Sir James
Jeans,[3] at first Rayleigh expected that
investigation would rapidly lead to a
definite conclusion, either positive or
negative. Apparently he expected the
former, in which case he was prepared to
throw the greater part of his energies
into a study of psychic phenomena.
Rayleigh returned to orthodox scientific
work when it became clear that no such
definite conclusion was being attained.

Professor at Cambridge and at
the Royal Institution of Great
Britain

In 1879 James Clerk Maxwell, the
first occupant of the Cavendish chair of
experimental physics at Cambridge,
died of intestinal cancer. Rayleigh
agreed to serve as the second Cavendish
professor for the period 1879–1884. He
took his university duties very seriously
both with respect to the instruction of
students and to the carrying out of a
vigorous research program that set
about redetermining the values of elec-
trical standards (the ohm, volt, and
amp). A classical series of papers re-
sulted from this ambitious project. But
after a five-year tenure, he returned to
his laboratory at Terling Place. Later he
became (from 1887 to 1905) professor of
Natural Philosophy at the Royal Insti-
tution.[14] In the intervening time, he
accepted the secretaryship of the Royal
Society, vacated by the resignation of
one of his former teachers, Sir George
Gabriel Stokes. The duties of such a post
were not onerous, and there was no
falling off of RayleighFs output through-
out his eleven years of secretaryship.
The tenure of this office gave him

the opportunity to discover (in 1891)
and rescue from oblivion the valuable
memoir in which John J. Waterston[15] in

1846 had anticipated some of the im-
portant features of the kinetic theory of
gases.

Helping Miss Pockels

An example of RayleighFs scientific
generosity was the support that he gave
to some research byMiss Agnes Pockels.
In January 1891, after he had published
several papers relating to liquid surfaces
and surface tension, Rayleigh received a
long letter (in German) from Agnes
Pockels (1862–1935) of Braunschweig

(Figure 2). She had read RayleighFs
paper in her brother FriedrichFs[16] jour-
nals and wanted to tell him of some
experiments on surface forces that she
had carried out in her kitchen sink. At
that time no mechanism for the formal
university training of women existed in
Germany. So after she completed her
education at the Municipal High School
for Girls, she came under the tutelage of
her scientifically adroit brother. In 1880,
while still a teenager, she had begun a
series of researches on the effect of oil
films on the surface tension of water. To
measure surface forces quantitatively,
she had suspended a horizontal disk
from one arm of a balance scale until the
disk just touched the surface of the pure
(or contaminated) water. Based on her
“surface-balance” work, she sent letters
outlining her results to various German
scientists, but they displayed little inter-
est in her work. It was her brother who
urged her to write to Rayleigh, who

immediately saw that she had achieved
several fundamental advances in the
surface physics of liquids. Rayleigh then
published her paper in Nature in 1891,
with an introduction by himself com-
menting on the importance of her work.
This public recognition by a distin-

guished British scientist brought her
instant fame: her later papers, it was
alleged,[12] were treated by journals with
deferential respect. Professor Voight of
the Physical Institute, Braunschweig,
offered her laboratory facilities. She
later visited illuminati such as Quincke,
Ostwald, andWeber, all eminent surface
scientists. Irving Langmuir, a later No-
bel laureate (1932), adopted essentially
her method for measuring surface
forces.

The Discovery of Argon[17]

It was at the Royal Institution that
Rayleigh largely conducted the work
that earned him the Nobel Prize in
Physics and brought him his greatest
fame. Rayleigh had long been intrigued
by ProutFs hypothesis that the atomic
weights should be integral numbers. If
we assign hydrogen to be 1, oxygen
should be 16, but it was not quite so. Was
the discrepancy real? Rayleigh there-
fore determined the densities of hydro-
gen and oxygen; and then he moved on
to nitrogen (in 1892). In a letter to
Nature (submitted September 24 of
that year, published September 29) he
wrote:[18]

I am much puzzled by some results
on the density of nitrogen, and I shall be
obliged if any of your chemical readers
can offer suggestions as to the cause.
According to the methods of preparation,
I obtain two quite distinct values. The
relative difference, amounting to about
one part in 1000, is small in itself, but it
lies entirely outside the errors of experi-
ment, and can only be attributed to a
variation of the character of the gas.
His two sources of nitrogen had

been ordinary air with the oxygen re-
moved by heated metallic copper, and a
“lighter” nitrogen obtained by decom-
position of ammonia. No illuminating
response came at that time from the
chemical public, but his colleague at the
Royal Institution, Sir James Dewar, said
that some of the atmospheric N2 was in

Figure 2. Agnes Pockels.
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an allotropic state, such as N3, just as
some oxygen exists as ozone O3. Ray-
leigh was skeptical about this; and he
continued (for two years) to prepare
nitrogen by several methods. Such
chemically produced nitrogen was al-
ways lighter in density than atmospheric
nitrogen. One of RayleighFs lecture-
demonstrations at the Royal Institution
was a repeat of some of Henry Cavend-
ishFs studies, carried out a century ear-
lier, in which a globe of ordinary air was
subjected to electrical sparking so as to
consume the oxygen as an oxide of
nitrogen (that could be absorbed by
potash). In this manner, all of the nitro-
gen was removed, excect, as Cavendish
had noted, a very small residue. In other
words, Rayleigh verified the reclusive
CavendishFs results that had lain unno-
ticed in the literature for over 100 years.
Rayleigh expatiated on these puz-

zling facts in a lecture given to the Royal
Society on April 19, 1894. This prompt-
ed a member of the audience, William
Ramsay, to converse with Rayleigh. By
the end of May of that year, Ramsay had
shown that nitrogen gas, when repeat-
edly exposed to heated magnesium (to
form the solid nitride) could be made
progressively denser. Continuing his ex-
periments through the summer, Ramsay
produced in early August a gas, appa-
rently unaffected by further treatment
with magnesium (Figure 3). This result
led to an exchange of letters. Sir William
Crookes examined the gas and reported
that it was new and quite distinct from
nitrogen. Rayleigh told Ramsay that the
residue was neither oxygen nor nitro-
gen. The two immediately joined forces,
and on January 31, 1895 announced to

the Royal Society the discovery of a new
gaseous element, apparently inert chem-
ically, which they called argon (for inert,
without work).
Rayleigh and RamsayFs 54-page

joint paper gave the density, refractive
index, solubility in water, ratio of spe-
cific heats (Cp/Cv), and atomic spectrum
of the new gas, and they postulated a
new zeroth column, for noble gases, in
MendeleeffFs Periodic Table. Some sci-
entists argued that so heavy an element
could not possibly be a gas. Rayleigh,
with aristocratic humor, replied:

…the result is, no doubt, very awk-
ward. Indeed, I have seen some indica-
tions that the anomalous properties of
argon are brought as a kind of accusation
against us. But we had the very best
intentions in the matter. The facts were
too much for us, and all that we can do
now is apologize for ourselves and for
the gas.
In the process of isolating argon,

Rayleigh designed the refractometer
that bears his name, and the Rayleigh
modification of the Huygens manome-
ter. Lord Kelvin hailed argon as un-
doubtedly the greatest scientific event of
the year. Specifically, he said:

If anything could add to the interest
which we must all feel in this startling
discovery, it is the consideration of the
way by which it was found—arduous
work—commenced in 1882, has been
continued for 12 years by Rayleigh, with
unremitting perseverance.
When Rayleigh received his Nobel

Prize in 1904 the monetary value
amounted to some £7700, a huge sum
in those days. He donated his money to
the University of Cambridge, and it was
used to construct a new extension to the
Cavendish Laboratory, the so-called
RayleighWing. This institution was built
using wooden pegs and stone and ce-
ment instead of metal nails, to provide a
facility better suited for sensitive elec-
trical measurements. (WilsonFs cloud-
chamber measurements were carried
out in this extension. All my present
efforts in electron microscopy are also
done in the Rayleigh wing). In his later
years, honors and responsibilities fell
much upon Rayleigh. He was one of the
original recipients (1902) of theOrder of
Merit, and he accepted that Presidency
of the Royal Society in 1905 (having
earlier declined it).

According to Sir James Jeans:
…his massive, precise and perfectly

balanced mind was utterly removed from
that of the erratic genius who typifies the
great scientist in the popular imagina-
tion…The outstanding qualities of his
writings were thoroughness and clear-
ness ; he made everything seem obvious.
Rayleigh died is Essex on 30 June 1919,
having been at work on a scientific paper
only five days previously…The inscrip-
tion on his memorial in Westminster
Abbey, NAn unerring leader in the ad-
vancement of natural knowledgeF, does
not overstate the case.

Sir William Ramsay (1852–1916)

RayleighFs co-discoverer of argon
was born in Glasgow on October 2,
1852. He inherited scientific ability from
both his parents; for, whilst his father
was a civil engineer of no mean achieve-
ment and his paternal grandfather a
well-known manufacturer of chemicals
used by dyers, his mother was descended
from a Scottish family which had pro-
duced many medical doctors of note.
As a child he showed remarkable

skills with language and, like the poly-
math, Thomas Young (1773–1829), is
said to have read the Bible when he was
about four years of age. Brought up in a
Calvinistic (Methodist) background he
was exposed as a young child to long
(and for him rather boring) sermons,
during the course of which he acquired
aptitude for German and French by
reading the Bible in those languages.
In his early teens while pursuing a
conventional classical education (he
was intended for the church) he broke
his leg and spent a long convalescent
period in bed. To while away the time,
his father gave him chemicals with
which he experimented. Ramsay later
wrote:[19,20]

I had the misfortune to break my leg
at football. During my convalescence I
read Graham:s chemistry, chiefly, I must
admit because I wanted to know how to
make fireworks. I remember that my
father gave me small quantities of potas-
sium chlorate, phosphorus, sulphuric
acid, and some small flasks and beakers
and a spirit lamp, and with these I
amused myself during several weary
months.

Figure 3. The opening sentence of the letters
in which Rayleigh and Ramsey report their
simultaneous isolation of argon.
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The thought that a young child had
access to the potentially explosive mix-
tures of potassium chlorate and phos-
phorus in his bedroom fills one with
alarm even now!
Young Ramsay attended an elemen-

tary (state) school and then proceeded
to Glasgow Academy where he quickly
revealed his flair for languages. Apart
from knowing much of the Bible by
heart, he acquired fluency in German
and French (later he learned to speak
Italian, Norwegian, Swedish, and Dutch
and could read several other ancient and
modern languages).
At Glasgow University, which he

entered in 1866, Ramsay studied classics
general literature, logic and mathemat-
ics; but after a year he decided to
become a chemist. In 1869 he worked
for a short while in the laboratory of the
chemical supplier Robert Tatlock. At
the close of the Franco–Prussian War he
went to Heidelberg with the intention of
studying under Robert W. Bunsen, but
early in 1871 he changed to Rudolf
FittigFs laboratory at TQbingen where he
obtained the degree of Ph.D. for re-
search on toluic acid (methylbenzoic
acid) and nitro-toluic acids. In 1874 he
became the assistant to the Professor of
chemistry at the University of Glasgow,
but in barely six years he became (1880)
first, Professor of Chemistry at Univer-
sity College, Bristol, and then, a year
later (shortly after his marriage to
Margaret Buchanan) its principal. In
1887 he succeeded the renowned organ-
ic chemist A. William Williamson as
head of general chemistry at University
College, London. By the time he left
Bristol, Ramsay had established himself
as a formidable physical chemist, knowl-
edgeable about critical phenomena, un-
der which liquids and gases are in
equilibrium, and dexterous in the design
and imaginative use of his own appara-
tus for handling minute volumes of
gases.
The meeting between him and Lord

Rayleigh in 1894 after the latterFs lec-
ture (on the anomalous density of nitro-
gen) at the Royal Society marked a
major turning point in RamsayFs career.
Their joint discovery of argon was soon
followed by another of equal impor-
tance. It came about after Sir Henry
Miers (1858–1947) of the British Muse-
um had suggested that argon might be

identical with an inert gas, supposedly
nitrogen, that William Hillebrand
(1853–1925), of the United States Geo-
logical Survey, had obtained by heating
certain uranium containing minerals,
such as cleveite (impure UO3). Ramsay
prepared this gas and found that it was
not argon, but yet another, new inert
gas, identical in its spectrum with the
element helium, the presence of which
in the sun had been spectroscopically
detected during the eclipse of 1868 by
Sir Norman Lockyer and Sir Edward
Frankland.
Recognizing the remarkable inert-

ness of both argon and helium, Ramsay
divined that there must exist a whole
related family of such inert elements. He
set about, with almost frenetic speed
(along with his galvanized collaborators,
especially his pupil Morris W. Travers)
to search for others (Figure 4); and after
many months of hard work using the
process of fractional distillation three
new inert elementary gases, neon (the
new one), krypton (the hidden one), and
xenon (the strange one) were all isolated
and identified in mid-summer, 1898.
These gases were isolated by Ramsay
and Travers from one hundred and

twenty tons of air which had been
liquefied!
At the turn of the nineteenth and

twentieth centuries, Ernest Rutherford
and Fredrick Soddy[21] discovered, at
McGill University, Montreal, that tho-
rium had associated with it, in minute
quantities, a radioactive gas, which they
designated thorium emanation. It, too,
was chemically inert. In 1903 Soddy
joined RamsayFs department at London
and began to apply the refined techni-
ques of analysis perfected earlier. The
“emanation” gas showed no discharge
spectrum, but after a time, the spectrum
of helium developed. This was incon-
trovertible proof of the transmutation of
elements, an idea that, in 1903, had been
proposed by Rutherford and Soddy. In
late 1910, the “emanation”, later called
radon, was weighed by one of RamsayFs
colleagues (Whytlaw-Gray) with a bal-
ance of (then) unsurpassed sensitivity.
They found that 6.58 R 10�5 cm3 of radon
weighed 6.55 R 10�7 g, and thus they
arrived at the atomic weight (222),
thereby completing the entire Nobel
gas group of the Periodic Table.

Ramsay’s Character, Style, and
Humanity

Apart from being one of the greatest
chemical discoverers—he and Humphry
Davy between them discovered 14 of the
elements of the Periodic Table—he was
gifted with rare scientific insight and
imagination, and was the possessor of a
most wonderful skill and dexterity in the
devising, constructing, and use of appa-
ratus for the delicate and exact inves-
tigation of gases. According to one of his
greatest protSgSs, Frederick George
Donnan (1870–1956)—of membrane
equilibria fame—who succeeded Ram-
say as Professor in 1913, he was:

…a man of sanguine and courageous
temperament, of tireless energy, and
power of instant action, he fearlessly
attacked problems the experimental dif-
ficulties of which would have dismayed
and deterred most men…. Nothing was
ever postponed. What an ordinary very
active man would do on Monday morn-
ing, Ramsay did on Saturday afternoon.
He was endowed with extraordinary
personal charm, and a most kindly,
generous and gentle disposition… An

Figure 4. Picture by the London cartoonist-
Leslie Ward (“Spy” 1851–1922); Ramsey
points to the eighth group of the Periodic
Table which only contains elements that
he discovered and isolated.
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excellent linguist and musician, a witty
and humorous speaker both in public
and in private. The quickness and recep-
tivity of his mind were remarkable, so
that he was ever the enthusiastic friend
and exponent of new advances in science.
Thus he was one of the first chemists in
England to teach and expound the work
of Ostwald, Van:t Hoff and Arrhenius
with each of whom he could converse in
their mother tongue.
Ramsay, like Rayleigh extended his

activities in many directions: he found
time to write a number of excellent texts
on chemistry, was an ardent apostle of
reform in converting the University of
London into a great teaching University,
and served as a member of the Royal
Commission on sewage disposal and
several other public bodies. Like many
other truly great scientists, he could spot
winners, two outstanding examples be-
ing Fredrick Soddy, Nobel Laureate
1921, and Sir Stafford Cripps, FRS
(1889–1952) Statesman, Lawyer, Leader
of the House of Commons in Winston
ChurchillFs war-time cabinet, and chan-
cellor of the exchequer in Clement R.
AtleeFs post-war government.[22] The
papers which won Cripps from Win-
chester a Natural Science Scholarship to
New College, Oxford in 1907 were so
remarkable that Ramsay, who had been
asked to scrutinize, persuaded Cripps to
prefer the better equipped laboratories
of University College London. This
change meant that Cripps was doing
advanced research even as an under-
graduate. It resulted in Cripps being a
part author of a paper on the properties
of xenon read before the Royal Society
when he was twenty-two.[23]

A Harmonious Partnership

It is fitting that this essay should end
with reference to Helmholtz a natural
philosopher greatly admired by both
Rayleigh and Ramsay. Rayleigh heard
Helmholtz give the Faraday Lecture at
the Royal Institution in 1881, and it was
HelmholtzFs pioneering work that
stimulated Rayleigh to write his The
Theory of Sound.During the course of a
memorable Friday evening Discourse at
the Royal Institution on “Argon” in
1895, Rayleigh said:

In what I have to say from this point
onwards, I must be understood as speak-
ing on behalf of Professor Ramsay as for
myself. At the first, the work which we
did was to a certain extent independent.
Afterwards we worked in concert, and all
that we have published in our joint name,
must be regarded as being equally the
work of both of us. But, of course,
Professor Ramsay must not be held
responsible for any chemical blunder
into which I may stumble tonight.
These are the very words uttered

and written by Rayleigh in the enthral-
ling account that he gave at the Royal
Institution.[24] Rayleigh ended his lec-
ture with the following words:

It will be known to many that during
the last few months of his life Helmholtz
lay prostrate in a semi paralyzed con-
dition, forgetful of many things, but still
retaining a keen interest is science. Some
little while after his death we had a letter
from his widow, in which she described
how interested he had been in our
preliminary announcement (upon the
subject of Argon), and how he desired
the account to be read to him again. He
added the remark, :I always thought that
there must be something more in the
atmosphereF.

I acknowledge with gratitude the advice
and guidance given to me by many:
Professors Alwyn Davies, E. A. Davis,
Arthur Humphrey, R. J. H. Clark, and
C. R. Calladine and Dr. Andrea Sella
and Dr. Aimee Morgan. I am also grate-
ful for the kind assistance provided by
Ms Joanna Corden (Royal Society), Ms
Erica McDonald (Peterhouse), Ms Sha-
zia Riaz (Davy Faraday Research Labo-
ratory), and Dr. Robert Raja.

[1] Sir George Gabriel Stokes (another
senior wrangler), the Lucasian Professor
of Mathematics, whom Strutt greatly
admired, did carry out some lecture-
demonstrations, and he also ran his own
laboratory, where, he discovered the
phenomenon of fluorescence. The only
experimental courses available in Cam-
bridge in the mid-1860s were those in
chemistry, mineralogy, and certain bio-
logical sciences, a narrowness of choice
which Strutt greatly resented.

[2] J. W. Strutt, Philos. Mag. 1869, 38, 1 – 15.
[3] Sir James H. Jeans, Dictionary of Na-

tional Biography, 1912–1921, p. 515.

[4] J. W. Strutt, Philos. Trans. R. Soc. Lon-
don 1870, 161, 77 – 118.

[5] H. von Helmholtz, Lehre von den To-
nempfindungen, Berlin, 1863 (translated
by A. J. Ellis under the title Sensations
of Tone (1875).

[6] HelmholtzFs monograph specialized pri-
marily[7] in physiological and psycholog-
ical accoustics and music.

[7] R. B. Lindsay, Lord Rayleigh : The Man
and His Worth, Pergamon, 1970.

[8] Evelyn Balfour was also the niece of
another British Prime Minister, Lord
Salisbury.

[9] The first volume appeared in 1877, the
second in 1878. This treatise soon be-
came, and remains, the standard and
authoritative text dealing with all as-
pects of the production and propagation
of sound and acoustic attenuation in all
kinds of elastic media.

[10] J. W. Strutt, Philos. Mag. 1872, 41, 107 –
120; J. W. Strutt, Philos. Mag. 1872, 41,
274 – 279.

[11] Dimensional analysis, pioneered as a
mathematico-physical tool by Strutt,
was later extended by others, notably
the Nobel Laureate Percy W. Bridg-
man[12] .

[12] “The Scientific Research of John Wil-
liam Strutt, Third Baron Rayleigh”: J. N.
Howard, Proc. R. Inst. GB 1988, 60, 73 –
86.

[13] One should not be surprised by the fact,
for there were other contemporary,
great scientists (like William Crookes,
inventor of the radiometer and discov-
erer of the element thallium, and later,
like Rayleigh, President of the Royal
Society) who were deeply interested in
psychical phenomena. That was a widely
held view. In fact when the journal
Scientific American published an edito-
rial in 1920, under the heading “The
Future Based on an Analysis of the last
70 Years”, it was predicted that whereas
the eighteenth century was character-
ized scientifically by advances in elec-
tricity the twentieth century would be
equally remembered for advances in
psychic research.

[14] The basic duties at the Royal Institution
were light: the incumbent was to give
each year a course of six Saturday
afternoon lectures before Easter, as well
as one Friday evening Discourse per
annum, the lectures to be illustrated by
experiments. In return he would have
the year-round use of a laboratory of
three rooms in the Royal Institution.
The real attraction, it seemed, was that
the Royal Institution was wired for
electricity (thanks to the effort of the
then Director, Sir James Dewar), which
his laboratory at Terling was not.

[15] J. J. Waterston (1811–1883) developed
the early Kinetic Theory of Gasses and
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largely anticipated the theory put for-
ward by R. J. E. Clausius in (1857).

[16] Who is now remembered for his studies
of the Pockels effect, used in electro-
optical modulators.

[17] Part of this account is based on the
excellent Friday Evening Discourse giv-
en, at my invitation at the Royal Insti-
tution by J. N. Howard during my tenure
of the Directorship. See ref. [12] for
fuller details.

[18] “Density of Nitrogen”: Lord Rayleigh,
Nature 1892, 46, 512 – 513.

[19] W. M. Travers, A Life of Sir William
Ramsay, Arnold, London, 1956; see also
obituary notice in Proc. R. Soc. London
Ser. A 1956, 93, 1916 – 1917.

[20] I am greatly indebted to Professor
Alwyn G. Davies FRS for making avail-
able to me his notes for a lunchtime
lecture (on Ramsay) given at University
College London, March 19, 2004.

[21] Ramsay had spotted Soddy in 1898 as a
bright young student at the University of
Oxford where he was external examiner

and Soddy had headed the honours list
in chemistry.

[22] Other members of RamsayFs team in
London, included M. W. Travers,
E. C. C. Baly, N. Collie, F. Soddy, R.
Whytlaw-Gray, and E. Egerton, all of
whom, like Donnan, became Fellow of
the Royal Society.

[23] H. S. Patterson, R. S. Cripps, R. Whyt-
law-Gray, Proc. R. Soc. London Ser. A
1912, 86, 579 – 590.

[24] Lord Rayleigh, Proc. R. Inst. GB 1895,
14, 524 – 538.
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“Wenn es uns gelingt, in dem dunklen Gebiet der organischen
Natur auf einen lichten Punkt zu treffen, der uns wie einer der
Eing!nge erscheint, durch die wir vielleicht auf die wahren Wege
zur Erforschung und Erkennung dieses Gebietes gelangen
k#nnen, so hat man immer Ursache sich Gl%ck zu w%nschen,
selbst wenn man sich der Unersch#pftheit des vorgesetzten
Gegenstandes bewusst ist.”

F. W%hler and J. Liebig, Ann. Pharm. 1833, 3, 249

1. Introduction

[+]

1.1. Genetic Program and Natural Laws

Life is a continuous interaction of an autonomous self-
perpetuating system, composed of organic matter, with its
physicochemical environment. Two factors shape this process:
first, the deterministic laws of chemistry and physics (Natural
laws) and second, the genetic program which determines all
biological activities and phenomena. The existence of such a
genetic program distinguishes living and non-living matter.[1]

In the frame of such a program nucleic acids encode
information and proteins replicate it.

The genetic information is defined by a precise sequence,
either of bases in nucleic acids, or of amino acids in proteins.
The information stored in deoxyribonucleic acid (DNA) may

be retained as regulatory DNA, transferred to ribonucleic
acid (RNA) and retained as tRNA, rRNA, snRNA, tmRNA
etc., “reversed” from messenger RNA (mRNA) back to
DNA (by a reverse transcriptase), or further transferred from
RNA (through mRNA) to a protein. The “central dogma” of
molecular biology, proposed originally by Crick,[2] was the
first hypothesis capable of predicting a direction of transfer of
genetic information in living beings. It states that “the transfer
of information from nucleic acid to nucleic acid or from
nucleic acid to protein may be possible, but transfer from
protein to protein, or from protein to nucleic acid is
impossible.” This transfer is governed by the genetic code as
a set of rules that precisely relates the sequence of base
triplets in nucleic acids (polynucleotides) with a sequence of
amino acid residues in proteins (polypeptides). After the
elucidation of the triplet genetic code,[3,4] it became clear how
information for linear amino acid sequences was contained in
the collinear nucleic acid sequences. That the 20 standard or
canonical amino acids are assigned by 61 coding triplet
combinations and three termination signals (Figure 1) is now
considered as basic biochemical knowledge.

Protein synthesis and its relation to the genetic code was for a
long time a central issue in biology. Rapid experimental progress
throughout the past decade, crowned with the recently elucidated
ribosomal structures, provided an almost complete description of
this process. In addition important experiments provided solid
evidence that the natural protein translation machinery can be
reprogrammed to encode genetically a vast number of non-
coded (i.e. noncanonical) amino acids. Indeed, in the set of 20
canonical amino acids as prescribed by the universal genetic
code, many desirable functionalities, such as halogeno, keto,
cyano, azido, nitroso, nitro, and silyl groups, as well as C=C or
C�C bonds, are absent. The ability to encode genetically such
chemical diversity will enable us to reprogram living cells, such
as bacteria, to express tailor-made proteins exhibiting functional
diversity. Accordingly, genetic code engineering has developed
into an exciting emerging research field at the interface of biol-
ogy, chemistry, and physics.
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[+] When we are successful in finding a glimmer of light in the dark field
of organic nature, which seems to provide us with a comprehensible
entry to research in this field, one has always enough reasons to
consider himself as lucky, even when one is fully aware of how
inexhaustible this matter is.
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1.2. What Is Genetic Code Engineering?

Experimental approaches for the expansion of the
number of amino acids that can serve as basic building
blocks in ribosome-mediated protein synthesis are described

in the literature under different names. Examples include
“expanded scope of protein synthesis”,[5] “expanded amino
acid repertoire”,[6] “expanded genetic code”,[7] “tRNA-medi-
ated protein engineering” (TRAMPE),[8] “site-directed non-
native amino acid replacement” (SNAAR).[9] All these
approaches have in common experimental re-coding, read-
through, or changes in meaning of coding triplets in the frame
of the existing universal genetic code. In principle, exper-
imental readthrough can be achieved either by the reassign-
ment of evolutionary assigned coding triplets (i.e. sense
codons), or by suppression of termination triplets (UGA,
UGG, UGU) or non-triplet coding units. In the context of
protein expression, this can be achieved by controlling
environmental factors (i.e. selective pressure) and/or by
supplementation with redesigned translation components.
The result of these experimental interventions at the level of
the universal genetic code is an increase in its coding capacity
by expanding the amino acid repertoire. In other words, the
changes in the interpretation of the genetic code lead to the
expanded scope of ribosome-mediated protein synthesis. The
term “engineering of the genetic code” unifies all these
aspects as it strictly refers to experiments aimed at changing
the interpretation of the universal genetic code and thus at
changing the structure of the code by introduction of novel
coding units.

1.3. Terminology of Code Engineering

Engineering of the genetic code can be regarded as a
novel interdisciplinary research field. This causes some
difficulties in gaining a comprehensive overview of the field.
For example, the subdiscipline of genetics brings with it a
rather complex terminology. Widely used terms such as
“functional genomics” or “proteomics” cover gene actions
and interactions for the genome and proteome, reespectively,
and include at least four levels of complexity: genes (the
genome), messenger RNA (the transcriptome), proteins (the
proteome), and metabolism (the metabolome).[10] It becomes
even more complicated when other aspects such as post-
translational modifications or pharmacological properties are
included since each of these research areas uses its own
terminology.

There is currently no generally accepted nomenclature for
the field of code engineering. A simplified terminology[6]

classifies amino acids in two general groups: canonical and
noncanonical. Other distinctions include cognate/non-cog-
nate, coded/non-coded, proteinogenic/non-proteinogenic,
standard/nonstandard, natural/unnatural/non-natural, special
canonical amino acids and biogenic amino acids. Amino acids
isosteric or similar to the canonical ones are regarded as
analogues or surrogates, and their mode of translation in
proteins can be position-specific (directed by reassignments
of rare codons and by suppression of termination or
frameshifted coding units) or multiple-site (usually directed
by reassignments of common coding triplets or codon families
in the target sequence).

Nediljko Budisa, born 1966 in Sibenik (Cro-
atia), studied chemistry, biology, molecular
biology, and biophysics at the University of
Zagreb (Croatia). He carried out his Ph.D.
work in the laboratory of Robert Huber at
the Max-Planck-Institute f3r Biochemie in
Martinsried and defended his Ph.D. thesis in
1997 at the Technical University, Munich.
He continued his Postdoctoral work in Mar-
tinsried in the laboratories of Robert Huber
and Luis Moroder where was been leading a
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Figure 1. The structure of the genetic code. Twenty amino acids are
encoded by 61 triplet coding units or codons (“sense” codons), while
the remaining three codons (UAA, UGA UAU) serve as termination
signals in protein translation (“nonsense” codons). The set of 20 can-
onical amino acids is the result of the evolutionary assignment of
coding triplets (codons) or codon families to particular amino acids
(below). Note the increased redundancy in coding of strictly polar and
apolar amino acids with the highly synonymous quotas for Arg, Ser
(XGX codons), Leu and other hydrophobic amino acids (XUX codons).
On the other hand, amino acids such as Met (AUG) or Trp (UGG) are
assigned with only a single coding triplet.
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1.4. Routes towards an Expanded Amino Acid Repertoire

The current methodological developments in the field of
genetic code engineering can be divided into two methodo-
logically different, but equally valuable and promising
approaches based on different traditions. The first approach,
which is based on the use of auxotrophic strains, can be traced
back to the classical experiment performed by Cowie and
Cohen in 1957.[11] It relies on classical genetics based on
breeding, strain construction, and selection of intentionally
induced genetic variations in intact host expression cells that
are forced to make “mis-incorporations” by environment
control and manipulation, that is, by an externally imposed
selective pressure. Usual terms used for this experimental
approach are codon reassignments and multiple-site mode of
incorporation.

The second approach can also be dated back to early
experiments performed in an attempt to elucidate the genetic
code and to get insights into the process of protein synthesis.
The most prominent example is the classical discovery by
Chapeville et al.[12] in 1962 which demonstrated that misacy-
lated tRNAs (i.e. tRNAs charged with non-cognate amino
acids) are able to participate in peptide bond formation at the
ribosome in a fashion consistent with the adapter hypothesis.
This discovery can be regarded as the birth of the exper-
imental approaches that use mostly tRNAs with changed
identity, usually suppressor tRNAs. By the use of chemically
or enzymatically aminoacylated tRNAs the original meaning
of coding units is “suppressed” leading to suppression-based
methodologies, usually associated with the position-specific
mode of incorporation.

1.5. Scope of This Review

The intention of this article is to provide a broader context
for discussing the importance of selective-pressure-based
methods in the field of genetic code engineering.[6,13–17] This is
indeed necessary due to the lack of recent comprehensive and
critical reviews covering this topic. In addition, for a complete
overview of this field a critical and systematic review of
suppression-based methodologies is also provided. The diver-
sity of topics and themes in chemistry and biology touched by
this novel research field will be illustrated through discussions
of challenging problems in contemporary biological chemis-
try. Apart from the attempt to contribute to a clarification of
the taxonomic issues, this study will also address possible
future research ventures. In this context, it is also important to
consider potential global impacts of code engineering on the
society.

A great deal of the discussions in this review of code
engineering is actually related to the chemistry of Escherichia
coli which till date, remains the main model microorganism
for protein expression in biochemistry. A major task for
future experiments is to realize engineering of the genetic
code in eukaryotic cells to larger extents, which will certainly
provide additional, novel, and exciting insights and concepts.
Related fields such as protein modifications, peptide syn-
thesis, recombinantly expressed protein and native ligation,

and in vitro use of chemically misacylated tRNAs will not be
addressed since numerous reviews and textbooks are avail-
able on these topics.

2. Basic Features and Requirements for Cellular
Protein Synthesis

2.1. Chemistry and Metabolism of Canonical and Noncanonical
Amino Acids

One of the greatest successes of 19th century biochemistry
was the establishment of the nitrogen-balance concept, which
is closely related to amino acid metabolism.[18] Only after the
advent of radioactive labeling in metabolic studies it became
clear that this concept can be understood in terms of a balance
between protein synthesis and catabolism. Because of this
balance, amino acids are found in living organisms in both
their free (modified or unmodified) forms, covalently inte-
grated into peptides and proteins, or conjugated into other
structures. Since life is based on protein chemistry, through its
evolution on earth, a large variety of organisms has developed
idiosyncratic ways of handling amino acids. Therefore, many
findings regarding 1) mechanisms of amino acids formation,
2) their chemical nature, and 3) their intracellular transport
turnover and discharge properties in Escherichia coli apply
equally well to mammalian and other cell types.[19] In general,
amino acids are either metabolically generated or are
imported into tissues by means of active transport.

They may undergo different metabolic pathways serving
as substrates for deamination that result in keto acid residues
capable of entering the glycolytic pathway at the level of
pyruvate or acetyl CoA or alternatively enter the Krebs cycle.
In addition, they are both fundamental building blocks for
protein synthesis as well as important components in the
biosynthesis of numerous bioactive molecules such as nucleic
acids, glutathione, nicotinamide sphingosins, porphyrin deriv-
atives, various metabolic cofactors, neurotransmitters, and
pigments.[10]

Under the normal physiological conditions and along with
the steady state conditions of the growth medium, the amino
acid levels in intracellular pools remain constant—oscillations
and changes are associated with the cell cycle phase.[20] The
transport of amino acids across the plasma membrane is an
active process mediated by membrane permeases grouped
according to their preference for certain types of amino acids.
Living cells inspect many substances that can and do interfere
with their metabolism. However transport systems are quite
promiscuous and are also not capable of distinguishing
between chemically and sterically similar amino acids (and
other small molecules) and thus, cells pay the penalty of being
penetrated by harmful substances.[19] Therefore, the forma-
tion of a pool of noncanonical amino acids is expected to take
place just as much as of those of canonical ones.

Because of such a lack of specificity in the cellular uptake
mechanisms, a particular cell would treat d- and l-forms in a
similar, if not, identical manner and allow the incursion of all
kinds of small molecules, which leads to the formation of
intracellular pools of b-imino, b-, and g-amino acids, cyclized

Protein Biosynthesis
Angewandte

Chemie

6429Angew. Chem. Int. Ed. 2004, 43, 6426 – 6463 www.angewandte.org 	 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


forms etc. Once such substances are present in the cytosol,
they may affect a variety of metabolic, synthetic, and other
physiological functions. In general, these amino acids have
several effectrs: 1) They influence the amino acid biosynthe-
sis, 2) they interact with catabolic enzymes, 3) they act as
mechanism-based irreversible enzyme inhibitors, 4) they
interfere with the amino acid transport and storage, and
finally 5) they act in the translation process by serving as
substrates for protein synthesis (i.e. they enter the genetic
code).[19, 21]

2.2. Why Are There Only 20 Canonical Amino Acids?

Numerum combinationum in terminis etiam numero finitis
esse infinitum; si rite omnia expendantur. In ipso immenso
combinatorium numero in immensum plures esse combina-
tiones inordinatas, quam ordinatas.

(Careful examination reveals the infinite number of
combinations between the finite numbers of terms. In this
large number of combinations there are far more without order
than with it.)

R. J. Boscovich, Theoria philosophiae naturalis redacta ad
unicam legem virium in natura existentium, Venetiis, Ex
Typographia Remondiana, 1763, p. 254–256.

Assembling polymeric molecules from building blocks by
means of predefined combination rules would certainly lead
to combinatorial explosions.[22] The number of the monomeric
building blocks is defined, whereas their transient assemblies
(i.e. polymers) become entities of great variety, some of which
are capable of function. The organized polymeric structures in
living beings originate by a self-organization process under
nonequilibrium conditions that is facilitated by self-enhance-
ment or cooperativity.[23] These structures are constructed
around a template and the choice of their fundamental
building blocks is dictated by the need to implement the
biological functions carried out by them. In this process of
assembly, evolution led to the accumulation of structures/
functions on account of their selective advantages. The main
questions in this respect are as follows. What basic features
should such polymers have? What limits their size, diversity,
and complexity?

A few decades ago, Miller and Weber[24] were considering
the hypothetical scenario for the independent origin of life on
another planet in which proteins would function as catalysts.
Which basic building blocks would then be used for the
synthesis of the proteins? Applying physicochemical, genetic,
and historical argumentation[25] for such a scenario, Miller and
Weber concluded that about two-thirds of the basic building
blocks would be of the same physicochemical nature as those
on earth. According to this concept, amino acids that have
adverse effects on protein structure, stability, and function,
were excluded from the code. The explanation for the
exclusion of other amino acid types that do not violate
these rules is most probably historical, such as their unavail-
ability or insufficient evolutionary time to produce them
metabolically.[26]

Therefore, the answer to the question as to why only 20
amino acids represent the standard repertoire of the universal
genetic code is an evolutionary one. The establishment of this
set was certainly a historical process, a sort of “bottleneck”
event to which all coding properties could be traced.[27] The
establishment of the standard repertoire of 20 amino acids
might be depicted either as the “last universal common
ancestor”,[28] as “progenote” local populations.[29] In other
words, in their evolutionary development living beings must
have reached a stage when any further amino acid repertoire
expansion (i.e. further invasion or reassignments of coding
triplets) were not possible without lethal effects. Indeed,
genome and proteome complexity of evolutionary advanced
eukaryotic cells allows further functional diversification by
other means as has been extensively discussed elsewhere.[27]

In this way, the amino acid repertoire of the genetic code
can be regarded as conserved. Canonical amino acids as basic
monomers of protein structure have a capacity to allow
foldable, properly stable, and functionally active structures
with well-balanced and optimized sequence compositions,
fully integrated into the cell metabolism and bioenergetics. As
a result of these evolutionary optimizations, characteristic
folds and stable conformations in proteins are largely
preserved despite their great variations in their sequences.

In spite of such strict conservation in the code repertoire,
it has been possible for decades to substitute, to a certain
extent, in the whole proteome one canonical amino acid with
a similar noncanonical one by simple experimental design.
This procedure foresees simple selective pressure experi-
ments based on the phenotype selection (metabolically
engineered cells, e.g., auxotrophs), together with the fermen-
tation conditions and amino acid supply control. Recombi-
nant DNA technology brings these possibilities down to the
level of single proteins (see Section 3.4).

Novel “intrinsic” codon reassignments designed exper-
imentally should be chemically plausible. Every amino acid
“privileged” for entry in such a “tailored” genetic code must
be optimally designed to fulfil the selective requirement, for
example, for polarity, hydropathy, molecular volume, iso-
electric point, position in the protein structure with optimized
codon template. Correspondingly, it was expected that a
carefully designed selective pressure experiment should
exploit the fact that there is sufficient room for increasing
the diversity of the genetic code vocabulary.

2.3. Basic Features of Ribosome-Mediated Protein Synthesis

The genes involved in replication, transcription, amino-
acylation and translation are almost universally conserved
among the living kingdoms. Protein synthesis, a key step in
realizing templated genetic information is performed by
ribosomes in all living organisms. These translate the genetic
information, previously transcribed from the DNA template
to an mRNA (template replica), into the amino acid sequence
of a protein. The DNA-replication, RNA-transcription, and
protein translation are mutually interdependent processes
that are intrinsically coupled with the proper folding of a
target protein[6] (see Figure 2).
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The protein translation process is shaped by two crucial
molecular recognition events: codon–anticodon interaction
between tRNAs and mRNAs on the ribosome (translation of
the genetic information in sensu strictu) and a specific
selection of the amino acid substrates by the enzyme actions
of the aminoacyl-tRNA synthetases[30] (interpretation of the
genetic code). It means that translation of the genetic message
relies on interactions between nucleic acids (i.e. base pairing),
whereas interpretation of the genetic message relies on the
enzyme catalytic actions (i.e. enzyme–substrate interac-
tions)[31] of the aminoacyl-tRNA synthetase (aaRS), and in
exceptions on other enzymes as well. In fact, this second
recognition event is the tRNA-aminoacylation catalyzed by
corresponding enzymes, the aminoacyl-tRNA synthetases,
which are highly specific for particular amino acids and their
cognate tRNA isoacceptors. Therefore, aaRSs and tRNAs are
central players in translation,[32] catalyzing the amino acid
activation and accurate biosynthesis of aminoacyl-tRNAs, the
immediate precursors for encoded proteins.

Transfer RNA plays a role of an adapter between amino
acids and mRNA molecules[2] since it links in a collinear
manner the information coded in the nucleotide sequence of
mRNA with the amino acid sequence of the corresponding
protein. Because of the degeneracy of the genetic code, there
are more than forty adapters in E. coli alone. The basic
architecture of tRNA molecules[33, 34] consists of an acceptor
stem capable of being loaded with one amino acid and an
anticodon loop which provides complementarity for coding
triplets at the mRNA. Such a design predisposes the tRNA
molecule to participate in both recognition events crucial for
correct translation of a particular mRNA into the target
protein sequence.

The original proposal of the adaptor hypothesis postulates
that the synthesis of proteins from messenger RNA is possible

since each cognate tRNA would be aminoacylated by a
unique enzyme.[2] However, it is now well documented that
many Archaea bacteria possess only 16 of the 20 canonical
aaRSs. The absence of particular aaRSs (such as AsnRS and
GlnRS) is often compensated in indirect ways, that is, by the
recruitment of enzymes of intermediary metabolism.[32]

Interestingly, the absence of CysRS is compensated by the
dual function of the ProRS (which obviously recognizes both
substrates).[35] These surprising findings will most probably be
further extended in future genome and proteome mapping
among different life kingdoms.

Other features of the translational apparatus include the
existence of quality control mechanisms responsible for
discrimination between the cognate/noncognate/biogenic
amino acid.[36–38] Each tRNA from the cellular pool has its
own “identity”, which is defined as a sum of properties that
enable its recognition through cognate aminoacyl-tRNA
synthetase and prevent binding of other enzymes.[39,40] Sim-
ilarly, the “identity problem” of amino acids can be faced in
the frame of the expanded amino acid repertoire as well. It is
conceivable that one amino acid serves as a substrate for two
synthetases. The two different tRNA species are then loaded
as isoacceptors with the same amino acid and have the same
“identity”. For example, Tirrell and co-workers[41] clearly
demonstrated that norleucine and norvaline are not only
substrates for MetRS but also for LeuRS with attenuated
editing activity. Similarly, chlorinated and brominated Phe
analogues were equally good substrates for engineered
PheRS from E. coli[42] as well as TyrRS from M. jannaschii.[43]

Thus, it is reasonable to expect that future experimental
manipulations with the intracellular concentrations as well as
substrate specificities of aaRS will certainly yield “identity
switches” of particular noncanonical amino acids between
different coding triplets in the protein translation.

Figure 2. Flow chart depicting the transmission of genetic information. The accuracy of the translational process depends largely on two succes-
sive independent recognition events: 1) selection, activation, and covalent linkage of cognate amino acids with cognate tRNAs (aminoacylation)
and 2) noncovalent interactions between charged tRNA with ribosome-bound mRNA (translation in sensu strictu). The basic coding is achieved
through the conservative mRNA–tRNA codon–anticodon specific base pairing; the meaning of each codon is interpreted through the stringent
substrate specificity of aminoacyl-tRNA synthetases (aaRS) in the aminoacylation reaction. Local changes in codon meaning and post-translation
modifications provide a means to diversify protein functionality beyond its basic coding.
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3. Traditional Auxotroph-Based Methods

It is well known from the evolution theory that mutations
in living organisms occur spontaneously regardless of their
fitness,[1,44] that is, they are random and the environment
(selection) acts as a filter to those that are beneficial.[45] The
transmission of this strategy from nature into the laboratory
facilitates an anthropogenic selection of the phenotype of
interest. Rapidly evolving organisms such as viruses, bacteria,
protozoa or some organelles or fast growing mammalian cells
in culture are usually selected for work in laboratory
conditions on very short human time scales. A special class
of mutants of bacterial or eukaryotic cells deprived of its own
amino acid supply (auxotrophs) can be bred and selected by
using methods of classical genetics.[46] The engineering of the
genetic code benefits from such cells which are, in fact, either
metabolically engineered microorganisms or eukaryotic cells.
Cells selected in this way offer an almost ideal platform to
affect the selection of the amino acids for protein biosynthe-
sis, that is, to expand its amino acid repertoire. In general, to
obtain new amino acids as building blocks for proteins, the
selective pressure should be specifically designed for such a
compound of interest. Successful experiments include 1)
uptake of the noncanonical amino acid, 2) its attachment onto
tRNA, and 3) its incorporation into the nascent polypeptide
chain.

At the level of the genetic code and genetic message
translation, this traditional auxotrophic approach results in
sense-codon reassignments, which result in a canonical!
noncanonical amino acid substitution in the protein sequence.
Substitution experiments were done at the level of the whole
proteome.[11] Later, when extra-chromosomal plasmid-
directed protein expression systems became available, it was
possible to replace amino acids in single target proteins (for
example, see refs. [13,17,47–49]).

3.1. Early Experiments

The substitution of canonical amino acids with non-
canonical ones is a relatively old approach in protein
chemistry.[50,51] The recent revival of these methods can be
seen as a renaissance of the pioneering work and ideas from
the 1950s and 1960s.[52] Numerous observations and findings
from these early studies are still relevant for the development
of current methods. In the pioneering work, Escherichia coli
had still not become a “model” organism for protein
expression. Indeed, other microorganisms (Staphylococcus,
Bacillus, Lactobacillus, Salmonella, Leuconostoc) and a
variety of eukaryotic cells types (Saccharomyces, Neurospora,
Tetrahymena, different carcinoma cell lines such as HeLa,
hepatocytes, and lymphocytes) were used for incorporation
experiments as well.[52]

The initial attempts to introduce variations into the amino
acid composition in proteins were made by the fermentation
of microorganisms in the presence of structural analogues of
amino acids.[53] The basic criterion for one substance to be
regarded as an “analogue” was the requirement of having a
shape and size similar to those of the naturally occurring

molecule without dramatic differences in biophysical proper-
ties. Such amino acid analogues that are sterically almost
identical to the canonical ones are named isosteres (e.g., Met/
SeMet[11] or Arg/canavanine[54]). Modifications that include
addition/deletion of one or more methylene group in the side
chain (e.g., Met/ethionine[53]) or other groups resulted in
homologues of the amino acids. In recent research such amino
acids are usually termed as “surrogates” (for examples see
Chapter 4).

The first property of such analogues/surrogates observed
was their potential to serve as antimetabolites and to
penetrate into the amino acid pool of bacteria by the same
route as their canonical counterparts. These pools are in
dynamic equilibrium with the protein-synthesizing machinery.
It was also shown that certain analogues, such as 3-a-
indoleacrylic acid, indeed inhibits the endogenous supply
(i.e. biosynthesis) of tryptophan.[55] In the context of the
fermentation experiments such antimetabolic actions were
observed as an emergence of “linear” instead of exponential
growth in the cultures supplemented with these analogues.[56]

This linear growth was correctly attributed to the incorpo-
ration of amino acid analogues into the vital cellular enzymes,
which reduces or even abolishes the enzyme function. Almost
all documented fermentation experiments with a variety of
analogues (except SeMet) reported a linear growth of the
culture upon addition of an analogue into the synthetic
growth media.[57] These pioneering experiments confirm that
the composition of proteins can be influenced by environ-
mental changes, that is, by experimentally imposed selective
pressure. Since then, experimental effort has focused towards
more specifically defined goals to shed more light on the
factors that determine amino acid incorporation into proteins.
However, neither these earlier studies nor recent develop-
ments in this field, yielded general rules that are capable of
predicting which changes will produce translationally active
amino acid analogues. To date there are only empirical
observations that are concerned with the chemical reactivity,
molecular structure, volume, and other properties of the
analogues/surrogates.

Nonetheless, these early studies paved the way for more
extensive studies of the effects of the exchange of canonical
for noncanonical amino acids on the enzymatic and immuno-
logical properties of selected proteins. Numerous historical
examples of amino acid analogue applications in various
fields ranging from microbiology to biomedicine are exten-
sively reviewed elsewhere.[50, 51,58]

3.2. The Importance of Cellular Extracts for Early Incorporation
Experiments

As early as the beginning of 1950s it had been shown by
several investigators that ribosome-mediated protein syn-
thesis does not require the integrity of the cell and can
continue after cell disruption.[59] Ribosomes in these cell
extracts were programmed with endogenous DNA templates.
These systems were invaluable in studies of molecular
mechanisms of protein biosynthesis, requirements for protein
synthesis, and elucidation of the genetic code. The introduc-
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tion of the exogenous messengers as demonstrated by
Nirenberg and Matthaei[3, 4, 60] paved the way not only to
unambiguous deciphering of the genetic code, but also to the
development of modern cell-free systems with dramatically
improved performance. The availability of these cell-free
extracts was also important for studying the requirements for
protein translation with amino acid analogues/surrogates.

That a large number of amino acid analogues could be
activated was well documented, even before a clear picture of
the aminoacylation reaction emerged. In these initial experi-
ments, extracts of E. coli were used to study the activation of
noncanonical amino acids. Norvaline, a-amino-b-chloro-buty-
ric acid, p-fluorophenylalanine, Nle, SeMet, and ethionine
were activated by E. coli extracts.[52] The most important
observation in these studies was that the rate of activation
does not directly correlate with the translation of amino acid
analogues into protein sequences. For example, extracts of a
Phe-requiring E. coli strain were capable of activating b-2-
thienylalanine at the same rate as Phe. On the other hand it is
a poor substrate for protein synthesis in intact E. coli cells.
The lesson from these experiments was obvious: activation of
a particular amino acid does not automatically mean that it
leads to translational activity. Later, extracts of the microbial
auxotrophic strains as working material were replaced with
purified aminoacyl-tRNA synthetases (aaRS) and activation
was directly tested in ATP-pyrophosphate exchange reac-
tions. By the end of 1970s an impressive number of non-
canonical analogues capable of participating in activation
reactions were known.[61]

3.3. Proteome-Wide Replacements: An “Unnatural
Microorganism”

By the 1950s it was well known that amino acid analogues
could be incorporated into the proteins of E. coli as well as
that those substitutions might result in various biological
effects.[52] However, the most important and far-reaching
finding was the SeMet-incorporation into proteins made by
Cowie and Cohen by use of the Met-auxotrophic E. coli
ML304d strain.[11] Since the growth rate of the culture was
dependent on the external Met supply, it was possible to
design a defined synthetic medium in which Met was replaced
by SeMet. In such cultures, ML304d cells grow more slowly
than in cultures supplied with Met, but the shape of the
growth curve was nevertheless exponential. SeMet, when
offered as a sole source of replacement for Met, was found to
completely and uniformly substitute Met in all cellular
proteins retaining exponential growth. In other words, the
cellular viability was not dramatically harmed by SeMet
replacements and this first “unnatural” organism had similar
properties to its Met-containing parental cells.

This landmark experiment by Cowie and Cohen[11] was
certainly the first demonstration of proteome-wide substitu-
tion of Met residues through selenomethionine. SeMet is one
of the few analogues for which a great substitution capacity
has been demonstrated. Moreover, the work of Cowie and
Cohen[11] is an excellent example of experimentally imposed
changes in the interpretation of the genetic code (that is, the

Met!SeMet reassignment for the AUG coding triplet) by
use of metabolically engineered cells (Met-auxotrophs). In
the following decades, the focus was on the mechanism of the
incorporation of SeMet in different cells as well as its role in
aminoacylation reactions and protein synthesis. The recent
renaissance of SeMet incorporation into proteins was possible
only after Hendrickson[62] rediscovered the approach adopted
by Cowie and Cohen as an important tool for structural
biology. Namely, the replacement of sulfur for selenium in
Met residues of proteins was recognized as a very effective
anomalous scatterer of X-rays, a main prerequisite for
multiwavelength anomalous diffraction (MAD) for solving
the phase problem in X-ray crystallography of proteins.[63] The
ever increasing number of protein structures resolved by
MAD is a clear sign that SeMet proteins are not just another
ephemeral trend in biochemical sciences.[64]

A second example of an “unnatural” microorganism was
provided by Wong who reported a series[65] of microorganisms
capable of intrinsically changing their preference for amino
acids. In this experiment, Bacillus subtilis QB928 Trp-
auxotroph was serially mutated and cultured for many
generations in a defined minimal medium containing 4-
fluorotryptophan. The resulting Bacillus subtilis mutant
HR15, which shows a higher preference for 4-fluorotrypto-
phan than for canonical Trp, has been described as the “first
free-living organism in the past couple of billion years to have
learnt to thrive on a genetic code that departs from the
universal code”. Unfortunately, an accompanying genotype
analysis was not presented and experiments that would
reproduce these exciting findings have not been done yet, to
the best of our knowledge. Since 4-fluorotryptophan exhibits
no characteristic fluorescence at room temperature, related
labeled proteins should exhibit “silent” (i.e. suppressed)
fluorescence. This was demonstrated in a study of ribosomal
proteins isolated from B. subtilis HR15, which upon Trp/4-
fluorotryptophan replacement lost their fluorescence.[66] The
importance of WongLs experiments, however, lies in the fact
that he demonstrated the power of genetic selection and the
possibility of imposing experimental pressure on the member-
ship mutation of the genetic code, that is, of making a
microorganism with a changed genetic code vocabulary.

The approach adopted by Wong to design an “unnatural
organism” has recently been revived by Ellington and Bacher.
In 2001 they attempted to evolve E. coli variants that could
survive on 4-fluorotryptophan ((4-F)Trp),[253] the growth-
inhibitory properties of which are well known. They hypothe-
sized that a relatively small number of proteins might be
adversely affected, and some cells might mutate and emerge
through many generations created in a simple serial transfer
experiment in a way that (4-F)Trp could be accommodated in
the proteome. After continuous evolution for 250 h and 14
serial transfers, the parent strain was adapted to 99% of (4-
F)Trp in the medium. Although mutant strains capable of
growing on 99.97% of (4-F)Trp in the synthetic medium have
been isolated, the evolved strains maintained an absolute
requirement for Trp. The authors concluded “that the
incorporation of unnatural amino acids into organismal
proteomes may be possible but that extensive evolution
might be required to reoptimize proteins and metabolism to
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accommodate such analogues”. In their most recent contri-
bution, Bacher, Bull, and Ellington switched to bacteriophage
Qb as a model system for the generation of chemically
ambiguous proteomes.[254] The Qb phage is a relatively simple
model system, defined as a quasi-species since its genome is a
weighted average of a large number of different individual
sequences. The replication of this phage was examined in E.
coli Trp-auxotroph in the presence of a series of monofluori-
nated Trp analogues. Even though the fitness of the phage
after 25 serial passages increased substantially, an absolute
requirement for traces of l-Trp remained.

Genetic selection was also the tool of choice for ambitious
experiments performed by Marliere and co-workers[67] in
which the goal was to design “microbial strains with a clear-
cut requirement for an additional amino acid that should be
instrumental for widening the genetic code experimen-
tally”.[68] Mutagenesis/selection cycles that resulted in E. coli
mutant strains capable of installing translational pathways
specific for additional amino acids in vivo, were selected. In
this particular experiment, an E. coli mutant was grown with a
defective thymidylate synthase; thus it lacked an essential
enzyme for growth and viability. After the essential arginine
codon (for Arg126) in the gene of the thymidylate synthase
had been mutated to a leucine-codon, cells were able to grow
only in the presence of azaleucine, that is, the activity of this
enzyme could be restored only when azaleucine (whose
structure mimics leucine, but serves as a functional substitute
for arginine) was incorporated at position 126 of the enzyme.
In other words, carefully designed selective pressure led to
phenotypic suppression that causes Arg compensation with
the antibiotic amino acid azaleucine. In the subsequent
experiments, DOring and Maliere[69] selected stable bacterial
strains with coding triplets that can be read ambiguously. The
captured coding signal was the rare isoleucine codon AUA,
and cysteine was used as “codon captor” due to the rarity of
its codons in genomes. The possibility for total reassignment
in E. coli by proper selection under experimentally defined
pressure was proposed for the rare codon AUA. Most
recently Marliere and co-workers[67] constructed an E. coli
strain with a defective editing function of ValRS (Thr222Pro)
capable of overall amino acid replacements by almost 24%
valine with a-amino butyric acid in the cellular proteome.

3.4. Substitutions in Single Target Proteins under Selective
Pressure

It is a general rule that nearly all amino acids outside the
20 canonical and metabolic intermediates are toxic (i.e. they
do not support cellular growth at all). An exception to this
rule is SeMet,[70] and it was shown very early that E. coli Met-
auxotroph ML304d substitutes completely Met with SeMet in
cellular proteins.[11] On the other hand, it was also observed
that toxic analogues (fluorinated phenylalanines, norleucine,
and canavanine) might serve as substrates in protein syn-
thesis. However, when such toxic analogues are supplied
together with their canonical counterparts in the synthetic
growth media, usually lower incorporation levels in all
cellular proteins can be achieved. For example, the Met

analogue norleucine leads to replacement of only 38% of the
total cellular Met in proteins accompanied by greatly
impaired viability of E. coli ML304d.[57] More recent experi-
ments have shown that it is possible to replace about 50% of
the total cellular proteins in this way, since one further
division of bacterial cells takes place after Met was exhausted
in the intracellular pool and extra-cellular medium.[71,72]

The basic problem to overcome to achieve full substitu-
tion in target proteins was how to retain the translation
capacity and at the same time exclude the metabolic toxicity.
The use of auxotrophic mutants of bacteria provided a
solution to circumvent toxic metabolic effects. Namely, such
cells are suitable for design of successful replacement experi-
ments because preferential incorporation of a noncanonical
amino acid over a canonical one can be achieved. A
particularly effective approach was to starve host cells of a
specific canonical amino acid and to induce the synthesis of a
specific protein, with concomitant addition of the analogue to
the culture medium. Sykes et al.[73] succeeded in this way in
replacing 10% of all Tyr residues in alkaline phosphatase.
Bacteriophage-coded proteins labeled with fluorinated amino
acids have been prepared in a similar manner by simultaneous
initiation of bacteriophage infection and amino acid analogue
addition.[50]

However, the auxotrophic approach for complete labeling
of target proteins could be fully generalized to a single target
protein only after the introduction of recombinant DNA
techniques. Cohen, Boyer, and co-workers[74] found a means
to reassemble isolated DNA fragments and genes in new
arrangements and to propagate these fragments in living cells.
With this method at hand, highly efficient expression systems
capable of generating heterologous proteins in large amounts
become available. On the other hand, such controlled extra-
chromosomally encoded protein expression systems provide
an excellent platform for the expansion of the amino acid
repertoire. In particular, the stringent control of a heterolo-
gous gene expression allows the full exercise of selective
pressure on the translation apparatus to produce a single
substituted target protein in the context of the host cell with
an unchanged proteome.

Most importantly, the desired noncanonical amino acids
can be incorporated in single target proteins without harmful
global effects on the expression host. The basic requirements
include: 1) selection of proper cell and expression system, 2)
control of fermentation conditions (i.e. environment), 3)
selective pressure for the replacement of the amino acid (i.e.
the reassignment of the sense-codon(s)) in a single protein.[13]

This approach is termed as the selective pressure incorpo-
ration (SPI) method since it is based on the principle that the
choice of the amino acids for protein synthesis could be
conditioned by the control of environmental factors such as
amino acid supply and fermentation parameters, that is by an
experimentally imposed selective pressure.[6]

The SPI method has been practised under various names
by different research groups (e.g. the auxotroph method,
media-shift) in the past decade. In the course of this research,
a large number of noncanonical amino acids have been
incorporated into proteins. The experimental pressure on a
selected expression host has been exercized as follows. The
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target gene activity is kept silent while the host cells are grown
to an appropriate density. After sufficient “healthy” cells are
produced, the synthesis of the target protein is induced. From
this point on, the host cells serve only as a “factory” to
produce the desired recombinant protein. The fermentation
in minimal media with growth-limiting concentrations of the
native amino acid as natural substrate leads to its depletion in
the medium. At this point, the noncanonical amino acid is
added and the protein synthesis is induced. As a result of such
a pressure on the translation apparatus, the target protein
containing exclusively noncanonical amino acid(s) is accu-
mulated. This procedure leads to the arrest of cellular growth,
but in the light of a successful expression of target protein
variants, this fact is of less importance.[15] Thus, the toxicity
can be circumvented in quite a simple and straightforward
way. Alternatively, biosynthetic pathways of host cells, as the
endogenous supply, can be blocked by intracellular supple-
mentation with proper inhibitors during incorporation experi-
ments.

In fact, the SPI approach as an extension of the
heterologous expression is based on the incapability of
aaRS, as crucial enzymes in the interpretation of the genetic
code, to distinguish between a variety of structurally and
chemically similar substrate analogues in the aminoaylation
reaction (Figure 3).[6] It enables generally a reassignment of
the coding triplets, that is, changes in the interpretation of the
genetic code under the experimentally imposed selective
pressure in the context of an intact proteome of the host cell.
The basic advantages of the SPI method lie in the possibilities

for sense-codon-directed (residue-specific) substitutions,
expression and purification of variant proteins at wild-type
levels, as well as in the simple, reproducible methodology. For
these reasons, SPI is still the method of choice for the
production of labeled proteins on a larger scale, for example,
for sample-intensive methods of structural biology (such as
NMR spectroscopy[73,75] or X-ray crystallography of pro-
teins[63, 70,76]) or the production of therapeutic proteins on an
industrial scale (Section 7).[14,15,77]

3.5. Enhanced Translation System for the Biosynthesis of Proteins

Selective pressure based methods can be further improved
by a manipulation of the activity of particular translation
components. For example, Tirrell and co-workers tested a
library of nine unsaturated Met analogues for translation
activity (Figure 4)[5] in order to introduce the various termi-
nally saturated Met analogues. However, only trans-crotyl-
glycine acid (12) was incorporated into a model protein. The
other Met-surrogate, cis-crotylglycine (17), was not transla-
tionally active in spite of its modest activation capacity. An
efficient incorporation (over 90%) of the latter into model
proteins has been achieved only after endogenous co-
expression of recombinant MetRS.[78] This clearly demon-
strates an obvious correlation between activation and trans-
lation capacity at least in aaRS (Tyr, Met) without any
additional editing function. In this way, a whole repertoire of
the Met analogues was incorporated into proteins after

Figure 3. The main routes towards the expanded amino acid repertoire for ribosome-mediated protein synthesis. In the center of these experimen-
tal efforts is the tRNA with a changed identity or tRNA aminoacylated with the desired noncanonical amino acid. Such a aminoacylated tRNA can
be created either by chemical synthesis (left), or by the use of cognate aminoacyl-tRNA synthetases (aaRS, right). The construction of chemically
aminoacylated tRNAs takes advantage of the fact that all tRNAs have a common acceptor sequence (-CCA). Controlled digestion allows the
removal of two terminal nucleotides (-CA) in every type of tRNA.[158] The amino acid of interest can be chemically acylated to the dinucleotide
p(d)CpA and then attached to the suitably prepared suppressor tRNA by T4 RNA ligase.[166] Such tRNAs can be mainly used for in vitro protein
synthesis and only in special cases in vivo. On the other hand, enzyme-mediated aminoacylation can be performed either in vivo or in vitro. Since
native aaRS are often promiscuous in their substrate specificity, a rather large number of noncanonical amino acids can be loaded onto cognate
tRNAs and translated into the target protein sequences.[6]
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fermentation and expression of target proteins in Met-
depleted cultures of E. coli in which MetRS was overex-
pressed and the medium supplemented with the analogue at
millimolar concentrations.

In addition, this approach can be employed even with
synthetases with well documented editing activity, but only if

the desired noncanonical amino acid is not a substrate for
editing reactions. For example, the leucine analogue trifluor-
oleucine is about 200-fold less active than leucine in the ATP-
pyrophosphate exchange activation assay.[79] Nevertheless, it
can easily be incorporated into relatively small coiled-coil
proteins under normal expression conditions.[80] On the other

Figure 4. Expansion of the coding capacities of AUG and UGG triplets, which are in the genetic code assigned to the canonical amino acids
methionine (1)[13, 76] and tryptophan (19),[17,74,75, 102–106] respectively. These evolutionary codon assignments make Met and Trp obligatory building
blocks in protein synthesis, as they both belong to the first coding level. Experimental reassignments of AUG and UGG coding triplets enable
entire libraries of mostly isosteric, noncanonical amino acid analogues and surrogates to serve as substrates for ribosome-mediated protein syn-
thesis, building in this way a second or facultative coding level in the genetic code. Noncoding levels consist of amino acid substrates for which
experimental attempts at incorporation were unsuccessful to date. One of the main tasks of code engineering is to “move” translationally inactive
amino acids from the noncoding level to coding levels. Most of the translationally active amino acids presented here were incorporated into pro-
teins by the groups of Budisa and Tirrell. Note that translationally active allylglycine, 2-butynylglycine (not shown) as well as norvaline (9), norleu-
cine (3), homoallylglycine (11), and homopropargylglycine (8) might serve as substrates for engineered LeuRS as well.[102–106] This novel feature in
the translational process (“identity problem”) is discussed in detail in the text. Methionine analogues and surrogates: selenomethionine (SeMet,
2), 2-aminoheptanoic acid (4), telluromethionine (TeMet, 5), S-nitrosomethionine (6), trifluoromethionine (7), ethionine (10), trans-crotylglycine
(12), selenoethionine (13), azidohomoalanine (14), metoxinine (15), azidoalanine (16), cis-crotylglycine (17), and trifluoronorleucine (18). Transla-
tionally active tryptophan analogues and surrogates: 7-azatryptophan (20), 4-, 5-, and 6-fluorotryptophan (21–23), 5- and 4-hydroxytryptophan (24
and 25), 5- and 4-aminotryptophan (26 and 27), l-b-(thieno[2,3-b]pyrrolyl)alanine (28), l-b-(thieno[3,2-b]pyrrolyl)alanine (29), b-selenolo[2,3-b]pyr-
rolyl-l-alanine (30), and b-selenolo[3,2-b]pyrrolyl-l-alanine (31). The 7-fluorotryptophan, and 4-methyltryptophan are not shown. Translationally
inactive Trp analogues and surrogates: 5-cyanotryptohan (32), benzothienopenalanine (33), azulene (35), 1-, 6-, and 7-aminotryptophan (34, 36,
37), 7-trifluoromethyltryptophan (38), and azatryptophan (39). The IUPAC names of the compounds are available in the Supporting Information.
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hand, the leucine analogue hexafluoroleucine does not
support protein synthesis because it is activated approxi-
mately 4000-fold more slowly than leucine. The elevated
intracellular concentrations of leucyl-tRNA synthetase
proved to be a crucial factor for the incorporation of
hexafluoroleucine as a response to the leucine-coding triplets
in the mRNA sequence of coiled-coil protein HA1.[81]

It now becomes clear that at least some of the non-
canonical amino acids that do not support protein synthesis
under conventional expression conditions, can indeed be
efficiently incorporated into proteins after the amount of
intracellular aaRS is increased in the microbial host.

3.6. Engineering the Catalytic and Editing Function of aaRS

The aminoacylation reaction is one of the main “filters”
for the entry of noncanonical/non-cognate amino acids into
the genetic code.[38] The “classical” SPI approach simply
exploits a “promiscuity” of the wild-type aaRSs to expand the
amino acid repertoire.[6] Nevertheless, the number of non-
canonical amino acids capable of entering the genetic code by
this route is regarded to be relatively small and the range of
desired chemical diversity is rather modest when compared to
that obtained with the suppression-based methodologies that
exploit chemical tRNA aminoacylation. Therefore, the in vivo
expansion of the amino acid repertoire by using the SPI
approach must profit to a greater extent, if aaRSs of the
microbial host would be supplemented or replaced with
designed enzymes with changed or relaxed substrate specific-
ity.

Kast and Hennecke[82] reported an engineered mutant of
phenylalanyl-tRNA synthetase (PheRS) with a mutation in
the binding pocket (Ala294Gly) which charges tRNAPhe with
p-chlorophenylalanine. Later, Ibba, Tirrell, and co-work-
ers[42,83] demonstrated that it was possible to introduce amino
acids such as p-chlorophenylalanine (45) and p-bromophenyl-
alanine (52) into recombinant luciferase and dihydrofolate
reductase by using bacterial hosts extra-chromosomally
supplemented with this PheRS variant, which exhibits relaxed
substrate specificity. A novel mutant of E. coli PheRS
computationally designed with the additional mutation
Thr251Gly further relaxed the substrate specificity. The E.
coli expression host supplemented with this enzyme was
capable of incorporating a whole set of Phe analogues and
surrogates such as O-acetyltyrosine (65), p-bromophenylala-
nine (52), p-iodophenylalanine (46), p-cyanophenylalanine,
p-ethynylphenylalanine (66), p-azidophenylalanine (59), and
2-, 3-, and 4-azaphenylalanine (53, 55, 56)[83, 84] into the model
protein dihydrofolate reductase (Figure 5).

Aminoacyl-tRNA synthetases without editing activity
such as TyrRS are especially attractive targets for substrate-
specificity engineering. For example, the mutant Phe130Ser of
TyrRS from E. coli, whose affinity for 2-azatyrosine (61) is
elevated, was selected by screening of E. coli cells trans-
formed with the mutant TyrRS gene (tyrS) harboring
plasmids.[85] Similarly, yeast TyrRS-engineering based on the
available three-dimensional structure of the enzyme from
Bacillus stearothermophilus, yielded the mutant Tyr43Gly-

TyrRS which was able to utilize several 3-substituted Tyr
analogues as substrates for aminoacylation.[86] Moreover, this
yeast Tyr43Gly-TyrRS imported into E. coli preferentially
recognizes 3-iodotyrosine (49) rather than Tyr itself. Schultz
and co-workers[87] chose the TyrRS from Methanococcus
jannaschii to produce a library of its mutants with novel
substrate specificity. In this way they selected a mutant with
higher specificity for O-methyltyrosine (60) than for Tyr
itself.[88]

A more sophisticated system was reported recently based
on combined genetic selection and screening. This system
allowed rapid evolution of the substrate specificity of TyrRS
from M. jannaschii. An antibiotic marker was used in
combination with the amplifiable fluorescence reporter to
screen for variants with the desired change in amino acid
specificity.[43] An advantage of this approach is that the
amplifiable fluorescence reporter allows evaluation of aaRS
activity and selectivity. In this way, the amino acid binding
pocket of a TyrRS from M. jannaschii was systematically
mutated, which allowed one to select a series of novel TyrRS
variants that leads to specific aminoacylation of various Tyr
analogues, that is, Tyr-like (or Phe-like) amino acids sub-
stituted with different functional moieties such as methoxy,[88]

amino,[89] alkenyl,[90] keto,[91] azido,[92] and naphtyl groups[93] as
well as substrates with photocrosslinking groups[94](Figure 5).

Another way to achieve a greatly expanded amino acid
repertoire for one particular system is the use of synthetases
with deleted or attenuated editing activity. Recently, Mur-
sinna and Martinis[95] reported a rational design that led to a
blocking of amino acid editing in LeuRS from E. coli. In this
enzyme a single Thr at position 252 (in the amino acid binding
pocket of the editing active site) plays a critical role in the
editing reaction; its mutation with bulky amino acids such as
Phe or Tyr results in the loss of the editing reaction. Such
inactivated LeuRS has the potential to provide an efficient
and facile enzymatic synthetic route to generate tRNAs
loaded with noncanonical amino acids. Tirrell and co-workers
isolated and characterized three LeuRS mutants (Thr252Tyr;
Thr252Leu; Thr252Phe) with attenuated editing activity.[41]

The LeuRS Thr252Tyr mutant was endogenously overex-
pressed together with target proteins, which allows the
incorporation of the noncanonical amino acids norvaline (9)
and allylglycine. In addition, noncanonical amino acids
described as Met-surrogates were incorporated at the Leu
positions of the model protein, for example, homoallyglycine
(11), homopropargylglycine (8, Figure 4), and 2-butynylgly-
cine.[41]

Finally, a computational approach for predicting the
relative energies of the binding of different noncanonical
amino acids into the binding site of aaRS on the basis of
crystal structures or homology-derived models represents a
useful approach for virtual screening of amino acid analogues.
In this context, Goddard et al. reported that the calculated
binding energies of some Phe analogues to PheRS correlate
well with their translation activities in E. coli.[96] Another
recently reported example includes a computing procedure
termed as the “clash opportunity progressive computational
method” for designing mutants of aaRS with higher prefer-
ence for noncanonical amino acids.[97]
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4. Power and Limits of Selective Pressure:
Engineering a “Second” Code

Expansion of the amino acid repertoire, especially in vivo
is constrained by general limits imposed by this specific
experimental milieu. These limits are metabolic constraints
(related to the metabolic toxicity of most of the amino acids
outside the canonical 20 as prescribed by the genetic code),
proofreading mechanisms in the transmission of genetic
information that are providing the fidelity of protein trans-
lation, and finally protein folding rules that are closely related
to the structure of the genetic code and physicochemical
properties of the amino acids. To challenge these constraints
and to find means to bypass, change, or modulate aaRSs
activities is one of the most fundamental problems of the
engineering of the genetic code.

The expansion of the amino acid repertoire as presented
in Figure 6 reveals that the postulated universality of the
genetic code should not be limited to its first (restricted) part,

but also to its second part (relaxed or second code) which can
be experimentally assessed.[6] Three levels in the structure of
the genetic code can be postulated (Figure 4 and 5): the first
coding level includes canonical amino acids whose entry in
the genetic code is obligatory; the second coding level
includes noncanonical amino acids whose entry is allowed in
the code (i.e. entry is facultative); the third or non-coding
level includes all amino acid analogues whose entry in the
genetic code by sense-codon reassignments is not allowed (i.e.
entry is forbidden) at this level of the method development. In
other words, for each amino acid in the standard genetic code
table it should be possible to establish or define a whole
library of translationally active substances, capable of being
incorporated in proteins. The final goal would be to build up
an extended structure of the genetic code that would have an
additional (i.e. second) coding level with a defined library of
translationally active analogues and surrogates for each
canonical amino acid. Alternatively, the goal can be defined
as an attempt to move amino acids from the non-coding to

Figure 5. Canonical amino acids Phe and Tyr, encoded with two coding triplets are especially attractive substitution targets for amino acid reper-
toire expansion. Their “second” coding levels include at least 25 analogues and surrogates. Note that in terms of “identity”, many of them can be
assigned either as Tyr or Phe analogues, or surrogates, depending on the system in which they were used. For example, p-iodophenylalanine (46)
and p-bromophenylalanine (52) can be incorporated into proteins either by using E. coli cells whose PheRS exhibit relaxed substrate specificity or
by using plasmids harboring TyrRS from M. jannaschii with novel substrate specificity. Although analogues such as p-aminophenylalanine (57), p-
azidophenylalanine (59), p-benzoylphenylalanine (62), and 2-naphthylalanine (64) are introduced into model proteins in a response to the termina-
tion UGA coding unit by using suppressor tRNA, there is no doubt that they can be translated into proteins in a response to UAU or UAC sense
coding triplets by using designed TyrRS and cognate tRNAs (see text for more details). Presented amino acids: tyrosine (40), phenylalanine (41),
o-, m-, and p-fluorophenylalanine (42–44), o- and p-chlorophenylalanine (51, 45), o- and m-fluorotyrosine (47, 48), m-iodo- and m-chlorotyrosine
(49, 50), 2-, 3-, and 4-azaphenylalanine (53, 55, 56), 2,6-diazaphenylalanine (54), 2- and 3-thienylalanine (73, 58), O-methyltyrosine (60), 2-azatyro-
sine (61), O-allyltyrosine (63), O-acetyltyrosine (65), p-ethynylphenylalanine (66), m-amino- and m-metoxytyrosine (67, 71), m-hydroxytyrosine
(DOPA, 68), b-fluorophenylalanine (69), 3,5-diiodotyrosine (70), 3-thienylglycine (72), cyclooctatetraenylalanine (74), cyclohexylalanine (75) (4-bor-
onic acid)phenylalanine (76), carboranylalanine (77). The IUPAC names of the compounds are available in the Supporting Information.
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coding levels. In Sections 4.1–4.9, a brief overview of eleven
amino acids that were targets for replacements.

4.1. Tryptophan

Tryptophan is an attractive target amino acid for replace-
ment since it is the source for almost all of the absorption and
fluorescence of proteins. The diverse and rich indole chemis-
try offers numerous Trp analogues, which can be tested for
translation activity. As the rarest amino acid with only about
1% of all residues of globular proteins, Trp provides an
almost site-specific intrinsic probe for studying protein
structure, dynamics, and function.

The initial attempts to expand the amino acid repertoire
for the Trp-coding triplet UGG were reported by Pardee et al.
in 1956[98] and by Brawerman and Yčas in 1957.[99] These
groups incorporated 7-azatryptophan (20) and 2-azatrypto-
phan (34) into all proteins of E. coli, and incorporated Trp
analogues into eukaryotic proteins. Schlesinger reported
alkaline phosphatase as the first single enzyme to be labeled
with these amino acids in the context of intact cells.[47] Sykes
and Ho and their respective co-workers introduced for the
first time fluorotryptophan-substituted proteins as tools
suitable for 19F NMR analysis.[73,100] In the last decade
Szabo, Ross, and their co-workers[17, 101,102] have further
extended this repertoire by introducing 5-hydroxyryptophan
(24) as a useful intrinsic fluorescent probe. Selenophen-and

thienyl-containing Trp analogues have proved to be useful as
pharmacologically active substances and markers for X-ray
crystallography of proteins.[76,103] One of the most recent
advances is the incorporation of aminotryptophan analogues,
which opens the possibility to design protein-based sensors
(see Section 7).[104,105]

The expanded repertoire for the Trp-coding triplet UGG
achieved by the use of the SPI method, currently includes the
following translationally active analogues and surrogates
(Figure 4): 4-fluorotryptophan (21),[66] 5-fluorotryptophan
(22), 6-fluorotryptophan (23), 7-fluorotryptophan, 4-methyl-
tryptophan, 7-azatryptopahan (20), 4-hydroxytryptophan
(25),[105] 5-hydroxytryptophan (24),[106] 4-aminotryptophan
(27), 5-aminotryptophan (26),[105] l-b-(thieno[3,2-b]pyrrolyl)-
alanine (28), l-b-(thieno[2,3-b]pyrrolyl)alanine (29),[77] b-
selenolo[3,2-b]pyrrolyl-l-alanine (31), and b-selenolo[2,3-
b]pyrrolyl-l-alanine (30).[76,103]

Although early work suggest that the methylated Trp
analogues might be good substrates for tryptophan-tRNA
synthetase (TrpRS), and translation machinery,[106] recent
experiments indicate that only 4-methyltryptophan is a
substrate for native E. coli translational machinery.[107] The
protonated nitrogen atom of indole obviously has its unique
significance in the recognition of Trp and its analogues by
TrpRS and translation apparatus in general. This was
demonstrated by the synthesis of such analogues in which
the imino group was replaced with other heteroatoms
(selenium, sulfur, or oxygen); the resulting amino acids
were translationally inactive.[77] For example, Trp-like blue
amino acid 35 with an azulene ring system is not a substrate
for native translation machinery[108] even when it is chemically
charged onto tRNA for an in vitro reaction.

To date, there are no reports about the systematic
attempts to extend the substrate specificity of TrpRS.[109] It
is indeed not difficult to foresee how much additional
chemical diversity in proteins could be achieved with such
engineered TrpRS at hand. Moreover, attempts to create an
orthogonal pair that would use the rare UGG codon would be
the most straightforward way to achieve both position-
specific and multiple replacements.

4.2. Tyrosine

The experiments of Munier and Sarrazin, in 1962[110] that
demonstrated the incorporation of m-fluorotyrosine ((3-
F)Tyr, 48) in b-galactosidase mark the beginning of the
development of an expanded amino acid repertoire for the
Tyr-coding triplets UAU and UAC. In the 1970s, Sykes, Lu,
and co-workers[73, 111] recorded 19F NMR spectra of the lac-
repressor labeled with (3-F)Tyr as well as of alkaline
phosphatase from E. coli. One decade later, Ring and
Huber probed the role of catalytic Tyr in the active site of
b-galactosidase by the global replacement of all Tyr side
chains with (3-F)Tyr.[112, 113] Brooks et al.[114] succeeded in
expanding the repertoire of translationally active Tyr ana-
logues by incorporating o-fluorotyrosine (47) and 2,3-difluoro-
tyrosine into ketosteroid isomerase from Pseudomonas tes-
tosteroni. An early report by Calender and Berg[115] about the

Figure 6. The concept of the “second” coding level of the genetic code
in the frame of an expanded amino acid repertoire.[6] Canonical amino
acids are neither metabolically toxic nor do they undergo proofreading
functions. For entry into the genetic code, noncanonical amino acids
must fulfil three criteria: they must not be toxic, they should permit
proofreading, and they should allow folding of target protein. Addi-
tional difficulties might include problems with cellular uptake, meta-
bolic activation, or modification before, or after their charging onto
cognate tRNAs. Once such a noncanonical amino acid is reproducibly
translated into a protein sequence, it attains full membership in the
“second” coding level of the universal genetic code. Proteins expressed
in this way that contain noncanonical or artificial amino acids are
termed “alloproteins”[121] or “tailor-made” (or custom-made).[204]
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possibility of using l-DOPA (68) for incorporation into
proteins was not supported by recent experiments[116]

(Figure 5).
The investigations into the modification of tyrosyl-tRNA

synthetase (TyrRS) from E. coli yielded a mutant Phe130Ser-
TyrRS capable of introducing the Tyr analogue azatyrosine
(61) into cellular proteins. Yokoyama and co-workers[86]

developed a suppressor tRNATyr and a mutant TyrRS that
incorporate m-iodotyrosine (49) into proteins in mammalian
cells. The research group of Schultz have evolved a couple of
orthogonal M. jannaschii TyrRS/tRNACUA

Tyr pairs with an
impressive wide range of substrate specificity.[43] Amino acids
such as O-methyltyrosine (60), O-acetyltyrosine (65), O-
allyltyrosine (63), 2-naphthylalanine (64), p-aminophenylala-
nine (57), p-iodophenylalanine (46), p-bromophenylalanine
(52), p-azidophenylalanine (59), p-benzoylphenylalanine (62)
were incorporated into the green fluorescent proteins,[89]

glutathione-S-transferase[117] and dehydrofolate reductase[88]

as a result of efficient suppression of the UGA termination
codon (Figure 5).

Interestingly, a structural homology of TyrRS and TrpRS
indicates that the two enzymes can be described as conforma-
tional isomers. It remains to be seen whether this feature can
be used for a switch or relaxation in their substrate specificity
and thus allow an additional expansion of the amino acid
repertoire.

4.3. Phenylalanine

Fluorinated phenylalanine analogues were used in the
initial incorporation experiments as well as in the last few
years mainly for protein NMR spectroscopy. Yoshida[118]

found the stability of Bacillus subtilis a-amylase remains
unchanged upon partial replacement of Phe with p-fluoro-
phenylalanine (44) but its activity was altered. Conversely,
Richmond[52] found that Bacillus cereus exopenicillase
changed its immunological properties upon substitution with
p-fluorophenylalanine. On the other hand, for alkaline
phosphatase from E. coli, replacement of 56% of the Phe
groups with p-fluorophenylalanine had no detectable effects
on stability and activity. More recently, o-, m-, and p-
fluorophenylalanine (42, 43, 44) were systematically incorpo-
rated into recombinant proteins or recombinantly produced
materials[119] providing them with interesting optical[120] and
thermal properties as well as with altered kinetics. Janecek
and Rickenberg[121] have shown that b-galactosidase
expressed in the presence of the Phe surrogate 2-thienylala-
nine (73) is more labile than the normal enzyme. They also
found that this 2-thienylalanine although a substrate for
protein synthesis, inhibits permease action, that is, its active
transport in the cytosol. This is the reason why incorporation
of this analogue is quite poor in auxotrophic strains with
intact permease function. More recently, the Phe analogue 3-
thienylalanine (58) was incorporated into a recombinant
periodic protein that forms lamellar crystals comprising
regularly folded b-sheets.[122] Koide et al.[123] reported the
incorporation of Phe analogues with pyridyl groups in
recombinant human epidermal growth factor. These ana-

logues, for example 2-azaphenylalanine (53), 3-azaphenyl-
alanine (55), and 4-azaphenylalanine (56), are protonated in
acidic solutions (Figure 5).

The discovery of a bacterial PheRS variant with relaxed
substrate specificity by Kast and Hennecke[82] paved the way
for further expansion of the translationally active Phe
surrogates and analogues. The halogenated analogues p-
chloro- (45), or p-bromophenylalanine (52) were incorpo-
rated into full-length luciferase in vitro.[42] Further redesign of
the active site of PheRS and its use for a coexpression in E.
coli resulted in replacement of Phe residues by O-acetylty-
rosine (65), p-aminophenylalanine (57), p-iodophenylalanine
(46), p-bromophenylalanine (52), p-azidophenylalanine (59),
p-chlorophenylalanine (45), p-cyanophenylalanine, p-ethy-
nylphenylalanine, (66) p-azidophenylalanine (59), and 2,6-
diazaphenylalanine (54) in dihydrofolate reductase.[83,124]

These designed PheRS variants allow efficient in vivo
incorporation of aryl ketone functionality into proteins,
which is normally rejected by the cellular translational
machinery.[84] Several Phe-based amino acid substrates such
as p-bromophenylalanine and p-iodophenylalanine were
incorporated into proteins as a response to the amber stop
codon using engineered TyrRS from M. jannaschii.[43] In this
way, all these amino acids can have a “dual identity” serving
as substrates for both systems (Figure 5).

4.4. Histidine

Histidine analogues 1,2,4-triazolyl-3-alanine and 2-methyl-
histidine have been successfully incorporated into E. coli
alkaline phosphatase. The resulting enzyme was inactive since
it could not dimerize.[58] The same analogues were incorpo-
rated into aspartate transcarbamylase and a mutant phos-
pholipase A2. The products of these modifications differ
dramatically from the native enzyme with regard to the
activity–pH profiles.[125] In fact, the replacement of His by its
noncanonical counterpart 1,2,4-triazolyl-3-alanine yields an
enzyme with high activity at acidic pH.[126] A similar effect was
achieved by the incorporation of 2-fluorohistidine[127] and 4-
fluorohistidine; the pKa value reduced by approximately 5 pH
units.[58] Such a dramatic increase in the acidity of the
imidazole ring dramatically alters the activity and properties
of the fluorohistidine-containing proteins. This strong effect
on pKa possibly induces a loss in enzymatic activity in many
proteins in the physiological milieu making such His replace-
ments with 2-fluorohistidine and 4-fluorohistidine responsible
for the toxicity of these substances.[58] These considerations
were fully confirmed in the studies of ribonuclease S with
semi-synthetically incorporated 4-fluorohistidine.[128]

Recently, Ikeda et al. demonstrated the possibility of prepar-
ing a versatile set of histidine analogues as efficient substrates
for protein synthesis.[129]

His residues are specially attractive for engineering
enzyme activity and catalysis since they are often found in
the active sites of different enzymes, functioning as catalysts
in acid–base and nucleophilic processes. Isosteric replace-
ments in the frame of some canonical amino acids such as Ser/
Cys, Thr/Val represent an excellent tool to study the nature of

N. BudisaReviews

6440 	 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6426 – 6463

http://www.angewandte.org


the catalytic mechanism of residues directly involved in
enzyme catalysis. However such replacements are not possi-
ble for His side chains. Therefore, engineering of histidyl-
tRNA synthetase (HisRS) to extend its substrate specificity
will greatly expand the scope and versatility of the enzyme
catalysis.

4.5. Leucine, Valine, Isoleucine

Pioneering work by Anker and co-workers demonstrated
that 5’,5’,5’-trifluoroleucine was incorporated by bacteria but
not by eukaryotic systems. These early results were recently
confirmed by Tirrell and Tang[80] who in addition succeeded in
incorporating hexafluoroleucine into peptides expressed in
vivo.[81] Lactobacillus casei dihydrofolate reductase expressed
in E. coli was substituted with (2S,4S)-5-fluoroleucine to study
conformational changes of the protein upon ligand binding
with 19F NMR spectroscopy.[130] The translational activity of
threo-3-hydroxyleucine was reported by Hortin and Boime.[50]

More recently, Apostol et al.[131] found that norvaline (9) can
be incorporated in place of leucine in recombinant proteins.
By using the T252Y mutant of leucyl-tRNA synthetase with
attenuated editing activity in E. coli under conditions of its
constitutive overexpression, the noncanonical amino acids
norvaline (9), norleucine (3), allylglycine, homoallylglycine
(11), homopropargylglycine (8), and 2-butynylalanine were
inserted efficiently at the leucine sites of recombinant
proteins.[41]

The valine analogues 2-amino-3-chlorobutyroneic acid,
cyclobutaneglycine, penicillamine, and allo-isoleucine have
been used to probe the process of membrane transversion of
secretory proteins through the endoplasmatic reticulum.[51]

However, the extent of their incorporation to date is still
unclear. For example, Porter et al.[132] reported that “cyclo-
butaneglycine is activated by ValRS and forms cyclobutyl-
glycyl–tRNAVal, and presumably is incorporated into proteins
in lieu of valine”. Therefore, additional experiments are
necessary to resolve these ambiguities. On the other hand, a
recent experiment by Marliere and co-workers unambigu-
ously demonstrated proteome-wide substitution of valine up
to 24% by a-aminobutyrate in an engineered E. coli strain
with attenuated ValRS editing function.[67]

Isoleucine analogues, such as 4-thiaisoleucine, O-ethyl-
threonine, O-methylthreonine, 4-fluoroisoleucine, and allo-
isoleucine were used in pioneering experiments.[50–52] Novel
isoleucine analogues incorporated more recently into a few
model target proteins include furanomycin and trifluoroiso-
leucine.[133]

The systems for the selection and tRNAs aminoacylation
of leucine, valine, and isoleucine evolved in their synthetases
additional domains for a “double sieve” discrimination[36] of
cognate from non-cognate, noncanonical and biogenic amino
acids. Engineered valyl-tRNA synthetase or leucyl-tRNA
synthetase with inactivated or attenuated editing function
should have a great potential to fill up the second coding
levels of leucine, valine, and isoleucine with a large number of
analogues, surrogates, or similar amino acids.

4.6. Methionine

Methionine residues in proteins contribute to their
structures with both hydrophobic interactions and hydrogen
bonding; they are relatively rare (1.5% of all side chains in
proteins of known structures), and usually located in positions
inaccessible to the bulk solvent with only 15% of all Met
residues exposed to the surface.[134] Met (1) has always been
an attractive replacement target in proteins and peptides
because of its facile reversible conversion into a hydrophilic
sulfoxide form upon oxidation. Using natural translation
machinery in E. coli or even yeast and mammalian cells, it was
possible to substitute Met residues with SeMet (2),[11] Nle
(3),[49, 71,72] ethionine (10),[13,52] and even telluromethionine
(5).[13, 135] Honek and co-workers demonstrated the possibility
of incorporation of trifluoromethionine (7) into phage
lysozyme.[136]

A target of the editing activity of the MetRS is the Met
metabolic precursor homocysteine.[137] In general, all Met-like
amino acids smaller in size than Met itself are edited (with Nle
on the border of this size-based exclusion).[138] More recently,
Jakobowski showed that S-nitrosomethionine (6) can be
transferred to tRNAMet by MetRS and incorporated into
proteins in E. coli and in the rabbit reticulocyte system.[139]

Removal of the nitroso group from S-nitorosomethionine-
tRNAMet results in homocysteinyl-tRNAMet, and subse-
quently, its in vitro incorporation into proteins in place of
Met side chains.

The increase in the intracellular MetRS concentration by
coexpression experiments in the E. coli Met auxotroph
CAG18491 and the model protein dihydrofolate reductase[140]

allowed further extension of the number of Met-based amino
acid analogues and surrogates: homoallylglycine (11), homo-
propargyl-glycine (8), cis-crotylglycine (17), trans-crotylgly-
cine (12), allyglycine, 2-butynylglycine, 2-aminoheptanoic
acid (4), norvaline (9), and azidohomoalanine (14)[141]

(Figure 4). Some of these amino acids have a “dual identity”,
such as norvaline (9), 2-butynylglycine, homoallyglycine (11),
and allylglycine, since they can serve as substrates for both
MetRS and LeuRS with attenuated editing activity.[41]

4.7. Proline

Proline is a unique imino acid that has a cyclic side chain
with a fixed f angle, which acts as a classical breaker of both
the a-helical and b-sheet structures in water-soluble proteins
and peptides. In addition, the rate-limiting step in the slow
folding reactions of many proteins involves cis/trans isomer-
ization about peptidyl-prolyl-amide bonds.[142] Thus, proline is
able to play these important roles due to its unique ring size
and geometry. In protein and peptide sequences it is often
post-translationaly hydroxylated, but has no similar counter-
parts among the remaining 19 canonical amino acids. There-
fore, proline can be co-translationally substituted only with an
expanded amino acid repertoire.

Early reports assigned 3,4,-dehydroproline, 4-thiaproline,
4-selenoproline, cis-4-hydroxyproline, cis-4-fluoroproline,
trans-4-fluoroproline, and azetidine-2-carboxylic acid as
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potential proline analogues in protein synthesis.[50–52] Recent
research confirmed that cis-4-fluoroproline, trans-4-fluoro-
proline, difluoroproline, and thiaproline can indeed be
incorporated into recombinant proteins.[143] In addition, the
proline analogue 3,4-dehydroproline was incorporated in a
repetitive periodic protein with lamellar morphology.[144]

In peptide synthesis, pseudoprolines are well known from
peptidomimetic studies as serine-, or threonine-derivatized
oxazolidines, and cysteine-derived thiazolidines.[145] Chemical
aminoacylation of suppressor tRNAs revealed that various
proline-based analogues and surrogates that influence the
backbone structures of proteins can indeed be incorporated
into proteins. They include pipecolic acid, homopipecolic
acid, cyclopropylglycine, azetidine-2-carboxylic acid, and
hydroxyproline.[146] Although in vivo incorporation of these
analogues and surrogates and their derivatives has still not
been achieved, there is no doubt that engineering or simple
elevation of intracellular levels of prolyl-tRNA synthetase
(ProRS) in the context of carefully designed experimental
selective pressure, will result in their translational activity.

4.8. Arginine

Canavanine, a very potent toxin from the raw seeds of
Canavalia ensiformis, is, so far, the only studied analogue of
arginine as the substrate for protein synthesis. Pioneering
studies from the 1950s and 1960s established that incorpo-
ration of canavanine into proteins resulted in altered con-
formation and disruption of its function.[54] The production of
functionally impaired, canavanyl-containing proteins affects
cell development and has growth-inhibiting properties. Thus,
anticancer and antiviral properties of this substance have
been intensively studied.[51]

4.9. Lysine

Lysine residues in proteins play an important role either
as targets for chemical derivatization or post-translation
modifications. Early studies reported a few analogues of
lysine with the potential to be translated into proteins: S-2-
aminoethylcysteine, 6-C-methyllysine, 5-hydroxylysine, trans-
4,5-dehydrolysine, 2,6-diamino-4-hexanoic acid, 4-oxalysine,
4-selenalysine.[145] However, there are no reports about any
recent research in this field. On the other hand, lysyl-tRNA
synthetase (LysRS) could be an attractive target for engineer-
ing to relax of even exchange its substrate specificity in the
desired direction.

The specificity of the aminoacylation reaction (termed as
discrimination or D-factor) with regards to the 20 canonical
amino acids varies considerably among different aaRS in
vitro.[137] The highest D-factor (between 28000 and > 500000)
is found for TyrRS, whereas the lowest values (between 130
and 1700) were observed for LysRS. Therefore one of the
most important tasks for future experiments is to find out
whether this observation of “intrinsically relaxed” LysRS
substrate specificity can be generalized for further chemical
diversification of the proteins based on lysine-derived ana-

logues and surrogates. In addition, the existence of two
unrelated forms of LysRS with the same affinity for lysine but
different preferences toward noncanonical amino acids such
as thialysine[147] can be also exploited for expanding the
lysine-like amino acid repertoire. Since Lys residues in
proteins are mainly distributed at surfaces, it is reasonable
to expect that LysRS-based orthogonal systems that utilize
templates with optimized Lys-codons distributions, would
most probably replace complicated suppressor-based
approaches for chemical diversification of protein surfaces.[117]

4.10. Metabolic Toxicity and Recruitment of Secondary
Metabolism Intermediates for Protein Biosynthesis

Canonical amino acids are like “multi-tasking” substrates
perfectly integrated into the fine network of cellular biosyn-
thetic, metabolic, and energetic functions. Their synthesis or
uptake has to be regulated, not only to enable protein
translation, but also to provide a proper balance of metab-
olites in the cell. Under normal physiological conditions a
small amount of toxic amino acid can be tolerated without
gross effects on cellular viability, whereas larger amounts
might cause cell death.

The message from these and other similar observations is
clear: isosteric amino acids are also physiologically “orthog-
onal” to canonical amino acids in the sense that they act as
antagonists in the given cellular milieu. Such metabolic
choices have to be taken into consideration in any attempt
to engineer cellular expression hosts for an expanded amino
acid repertoire. For these reasons, the simplest approach to
proteome-wide substitutions would be to metabolically engi-
neer microbial strains whose simple “nonfunctional” aliphatic
amino acids such as alanine, leucine, and valine (which have
relatively limited metabolic choices) could be suitable targets
for global substitutions, since their replacement would be less
harmful. Thus, they are candidates that are most probably the
best suited for future noncanonical amino acid translations
into the total cellular protein output.

Alternatively, more than 700 biogenic amino acids
(among them at least 300 from plants)[148] represent a larger
natural reservoir of potential substrates for protein biosyn-
thesis, that is, entry into the genetic code. In organisms of all
life kingdoms a-amino acids are the end products of
secondary metabolism, intermediates of metabolic pathways,
or originate from the metabolism and detoxification of
foreign substances.

For years, metabolic engineering has allowed us to
generate or design a novel endogenous supply route of
substances of interest (vitamins, hormones, metabolic inter-
mediates). In the case of E. coli bacterial hosts, it should be
possible to generate the desired amino acid from carbon
sources. The combination of metabolic engineering and in
vivo incorporation of noncanonical amino acids has been
demonstrated by Mehl et al.[149] Gene-loci encoding produc-
tion of p-aminophenylalanine (57) (papA, papB, and papC) as
a metabolic intermediate identified in Streptomyces venezuele
were “borrowed” and put into E. coli. Genes for these
enzymes were imported by a low-copy plasmid into E. coli,
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making this microbe capable of intracellular production of p-
aminophenylalanine from chorismate. p-Aminophenylala-
nine was incorporated with fidelity and efficiency similar to
those of the canonical amino acids by use of a corresponding
orthogonal pair. The intracellulary generated p-aminopheny-
lalanine pool does not dramatically interfere or compete with
the intracellular pools of the canonical amino acids. This
expression host supplied with orthogonal components, heter-
ologous target gene, and metabolic pathway is an instructive
example of the combination and engineering of components
that originate from different species in one unique system.

It is now clear that metabolic engineering of bacterial or
any other expression host can be done by two opposite
approaches. The first relies on full or partial addition of novel
biosynthetic pathways, whereas the second includes knock-
out, modulation, or attenuation of the existing biosynthetic
supply pathways. For practical purposes, the in vivo expres-
sion system in which cells use the desired noncanonical amino
acids directly from the growth media is much more advanta-
geous in many cases. On the other hand, the expression of
recombinant proteins with p-aminophenylalanine in E. coli
might represent an interesting system for studying the effects
of selective pressures on shaping the amino acid repertoire of
living cells. Future tighter bridging of natural products
chemistry and engineering of the genetic code could lead to
a larger scale screening for suitable amino acids as “candi-
dates” for entry into the genetic code from the intermediary
metabolism of various species.

4.11. Cellular Proofreading

Under the influence of various selective pressures, living
cells evolved molecules of the most efficient size and shape
for their function. Basic monomeric protein building blocks
having an average size of an amino acid can be divided into 20
unambiguous types apparently fulfilling these criteria. One
can speculate that with more building blocks used in protein
synthesis, mistakes could be so frequent that they would
seriously outweigh the advantage of having more types. There
are however, remarkable similarities between the members of
the encoded amino acids. Several are isosters (Val/Thr, Cys/
Ser), have the same molecular volume (Ile/Val, Pro/Cys), or
very similar chemistry (Ser/Thr). Thus, the foremost practical
criterion for the distinguishability between them must be their
facile differentiation in the recognition process. Indeed,
almost perfect discrimination between closely related struc-
tures is the hallmark of biochemical systems.[150]

It should always be kept in mind that amino acid
activation and tRNA charging are not the only “checked”
steps in translation. For example, in the experimental
attempts to expand the amino acid repertoire in proteins by
using the SPI approach, it was demonstrated that it is possible
to incorporate 4-aminotryptophan into the green fluorescent
protein (GFP) from Aequorea, but not 5-aminotryptophan
and 4- or 5-hydroxytryptophan.[104] On the other hand, all
these substrates are translationally active, since they could be
incorporated into another protein barstar.[105] Other examples
are thiaproline, and selenoproline, both of which have been

recognized, selected, and loaded onto cognate tRNAs in the
aminoacylation reaction, but only thiaproline can be fully
translated into target proteins.[14] The reasons for such
behavior are still unclear, but certain still unknown editing
mechanisms during the ribosomal synthetic cycles or co-
translational folding must be at work. To date, studies of co-
translational or assisted (i.e. chaperone-mediated) protein
folding, as well as ribosome fidelity with various noncanonical
amino acids are rare.

The need for a strong discrimination goes beyond the
canonical 20 amino acids, since the cellular milieu is full of
metabolic intermediates and other biogenic amino acids as
well. On the other hand, editing was not evolved against
specific features of chemically or sterically similar synthetic
amino acids, since living cells never encountered them in their
evolution. Such a lack of the absolute substrate specificity of
aaRS has been well documented in many systems for decades,
and was recognized very early as a route for the expansion of
the amino acid repertoire in vivo.

4.12. Protein Folding and the Genetic Code: Are There General
Rules for Codon Reassignments?

Amino acid analogues incorporated into proteins using
the traditional auxotrophic approach, at the level of the
genetic code, represent codon reassignments that occur by
obeying a simple “similar replaces similar” rule.[6] In fact, it is
well known that experimental or natural codon redefinition
occur always among similar amino acids. For example, the
Met codon AUG could be reassigned to Ile (noncognate) or
Nle (noncanonical) but never to arginine (nocognate) or
metoxinine (Figure 7), because this reassignment would be
fatal for efficient folding and consequently for the biological
activity of the encoded protein structure.[27] In other words,
the codon reassignment usually takes place by obeying a
simple “similar replaces similar” rule, because disruption of
the resulting protein structure is minimized by such modest
alterations in the amino acid side chain. In the evolution of
proteins, amino acid substitutions are found to occur more
frequently between similar amino acids than between dissim-
ilar ones. Sonneborn[151] conceptualized these observations
about coding similarities between amino acids with similar
physical properties in the form of a “translation-error
minimization” theory about the nature of the genetic code.
It postulates that the main function of the structure of the
genetic code is to maintain the structural stability of globular
proteins. From this point of view, the structure of the genetic
code is the direct product of natural selection for a system that
minimizes phenotypic impact of the genetic error.[152,153]

Therefore, the simplest rule to be obeyed is the general
“apolar in—polar out” principle. Namely, the basic architec-
tural pattern for proteins is to fold into tight particles, which
have an internal hydrophobic core that is shielded from the
surrounding solvent. This binary partitioning of polar and
nonpolar amino acids is an intrinsic part of the genetic code.
In its structure, these relations are visibly regular: all codons
with a central “U” are cognate to amino acids with chemically
relatively uniform, hydrophobic side chains (“convergent
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types”). On the other hand, coding triplets with a central “A”
are cognate to amino acids with chemically variable, polar
side chains (“divergent types”).

Not only is such a chemical order apparent by careful
inspection, it can be also quantitatively measured in a simple
chromatographic experiment. Woese et al.[154] measured the
chromatographic mobility of amino acids on paper in various
solvents. The observed mobility correlated with the number
of water molecules required for solvation. On this basis, the
“polar requirement” index was developed.[155] This index
reflects remarkably well the order in the coding table, clearly
indicating that the genetic code assigns amino acids to related
triplets on the basis of polarity/hydrophobicity. Later studies
by Wolfenden and co-workers[156,157] confirmed that the
relative distributions of amino acids between surfaces and
the interiors of native globular proteins are indeed shaped
with a sharp bias imposed by the genetic code.

This is also ture for reassignment or substitution of
canonical amino acids with noncanonical ones. The chroma-
tographic mobility test for the series of isosteric canonical and
noncanonical amino acids starting with Met and its isosteric
analogues Nle, SeMet, and metoxinine (15) as well as Leu and
its isosteric analogues 5’5’5’-trifluroleucine and azaleucine, is
presented in Figure 7. The observed mobility revealed a full
agreement between amino acid polarities and their capacities
for incorporation into proteins: neutral and hydrophobic
(apolar) noncanonical amino acids such as Nle, SeMet, and
trifluoroleucine indeed serve as substitution substrates for the

canonical amino acids Met and Leu. On the
other hand, their isosteric but hydrophilic
(polar) counterparts azaleucine and metox-
inine were never successfully incorporated
into target proteins. Not surprisingly, Mar-
liere and co-workers[68] used azaleucine as a
functional analogue for arginine.

The main lesson from this observation is
that novel reassignments of coding triplets
are strongly correlated with the biophysical
relationships among the sterically similar
amino acids. The simple experiments descri-
bed above teach us also about the existence
of a firm boundary between “allowable” and
non-permissive amino acids in the genetic
code, which can be delineated by simply
measuring the differences in their physico-
chemical properties. In this context, it would
be interesting to see if there is a quantitative
value (i.e. index) for the possibility of a
desired synthetic amino acid to enter the
genetic code. Future work in the code
engineering field should decide which criteria
(e.g., polarity, hydropathy, molecular volume,
isoelectric point, position in the genetic code
table, and putative protein structure) could
be more (or less) important in developing
such indices.

5. Suppression-Based Methods

The most common codon reassignment in nature among
different organisms occurs from one canonical amino acid to
another. For example, vertebrate mitochondria read AUA as
Met, whereas in the vertebrate cytosol this codon is assigned
to code for isoleucine.[158] On the other hand, according to
Osawa and co-workers “central to codon reassignment is the
principle that a codon cannot have two assignments simulta-
neously, because this would be lethal to an organism”.[159]

However, an exceptional and unique example is the UGA
codon that reads for stop, selenocysteine (SeCys), pyrrolysine,
Trp, and cysteine.[160] In addition, other examples were
identified as well, such as the universal CUG leucine codon,
which is translated as serine in some Candida species.[161] This
coding unit which is capable of assigning a few distinct amino
acids was termed a “polysemous codon.[162] Such diversity in
the assignment of certain codons in the universal code
suggests that it should be possible to experimentally accom-
modate additional amino acids into proteins.[9]

Traditional approaches based on auxotrophism have only
in exceptional cases the capacity to replace amino acids at any
chosen position in a protein, as is possible by the use of site-
directed mutagenesis. In the case of SeCys insertions,
selective pressure during evolution yielded tolerable levels
of nonsense suppression. Three-dimensional structural ele-
ments of mRNA and a special elongation factor are the
crucial elements for local change in the codon meaning. The
experimental extension of local changes leads to “an

Figure 7. Chromatographic mobility of various ninhydrine derivatives of canonical and noncanonical
amino acids as a function of their molecular size, polarity, hydrophobicity, and pI values.[220] The elu-
tion profiles of Met (1, signal c) and its isosteric analogues Nle (18, e), SeMet (2, f), and metoxi-
nine (15, a) as well as of leucine (78, d) and its isosteric analogues 5’5’5’-trifluroleucine (79, a) and
Aza-leucine (80, g) were superimposed on the same retention time (tRet) scale. Since canonical
amino acids and their counterparts are almost identical in terms of molecular shape, their separa-
tion is based mainly on differences in polarity and pI values. Translational cellular machinery recog-
nizes hydrophobic amino acids Leu and Met as native substrates, whose signals are chromato-
graphically positioned in the “neutral apolar area”. Conversely, in the acidic and basic “polar areas”
are their isosteric analogues metoxinine (15) and azaleucine (80), which are not substrates for pro-
tein biosynthesis. Namely, hydrophobic and neutral amino acids from the XUX codon family (Val,
Ile, and Phe) cannot be globally substituted with these polar amino acids, since it would have an
adverse effect on protein folding. Therefore, the positions of the chromatographic peaks revealed
which of these noncanonical analogues are allowed to enter into the genetic code.
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expanded” genetic code[7] and refers to numerous amino acids
experimentally translated into protein sequences by suppres-
sion of termination or frameshifted codons.[163] The large
variety of chemically or enzymatically aminoacylated sup-
pressor tRNAs able to participate in ribosome-mediated
protein synthesis, are the basis for suppression-based method-
ologies capable of position-specific and multiple-site incor-
porations of amino acids.

5.1. The Concept of Suppression in Protein Translation

When a nonsense (stop) mutation occurs in the middle of
a genetic message, an incomplete polypeptide is released from
the ribosome owing to premature chain termination. In many
cases incomplete chains have no biological activity, which
makes most nonsense mutations harmful for cells. Such
harmful effects can be reversed by further changes (supressor
mutations) at different genes of mutant tRNAs. These genetic
changes might take place in tRNA anticodons, or more rarely
in some other tRNA identity elements. Suppressor tRNAs
can insert different canonical amino acids in response to the
nonsense (when one of the three terminator codons appears in
mRNA) or missense codons (i.e. alteration of one sense codon
to another so that different amino acids are determined) or
frameshift mutation in the parent gene. In this way, the normal
functions of these termination or sense codons are suppressed
by tRNAs with changed identity.[158]

The existence of suppressor tRNAs raised the question of
how they compete with release factors for termination codons
especially those for UAG and UGA, which appear quite
frequently at the end of genes. In addition, it is still not clear
why the UGA and UAG suppressor tRNAs do not generate
an unacceptable number of abnormally long proteins.[164]

Evidently, there is no advantage for a normal cell to harbor
suppressor mutations, even if only a small fraction of proteins
would be non-functional. Therefore, suppressions either
nonsense or missense should be regarded as exceptional
natural phenomena. The response of a particular suppressor
tRNA to a particular nonsense codon (read-through) can vary
by as much as tenfold, depending on its location in the
mRNA, a phenomenon known as the “context effect”. There
are also suppressor tRNAs capable of masking the effects of
certain frameshift mutations created by the insertion of
nucleotides and subsequently to restore a reading frame.[165]

5.2. Chemical tRNA Misacylations and In Vitro Amber (UAG)
Suppression Methodology

Lipmann and co-workers demonstrated that misacylated
tRNA could be chemically synthesized; they prepared Ala-
tRNACys by chemical desulfurization (Raney nickel) of Cys-
tRNACys.[12] Indeed, misacylated tRNA could substitute Cys
with Ala at all positions in haemoglobin, which was taken as a
model protein. This finding supported the view that fidelity of
protein synthesis was controlled largely at the level of amino
acid activation and correct tRNA charging by the aaRS.
Later, Hecht and co-workers[166] demonstrated the utility of

the misacylated tRNAs for effecting amino acid substitutions
at predetermined sites in polypeptides. In this way, it was
shown that lysyl-tRNA acetylated at the Ne-amino group can
be incorporated into the rabbit haemoglobin with nearly the
same efficiency as the unmodified one.[166] The general
method for the preparation of misacylated (either suppressor
or normal) tRNAs developed by Hecht and his group has
been the subject of numerous reviews.[163, 167]

The wide variety of chemically acylated suppressor
tRNAs for the terminator codon UAG (Amber codon) are
able to participate in the peptide bond formation at the
ribosome. Supressor tRNA species containing the anticodon
CUA can be prepared either by chemical modification of
some commercially available tRNAs (e.g. yeast tRNAPhe) or
by runoff transcription of a suppressor tRNA gene. The basic
scheme for the chemical aminoacylation of these tRNAs is
described in Figure 3. Such tRNAs added in a suitably
programmed in vitro translation system contribute directly
in ribosome-mediated protein synthesis. In this way, an
interpretation step in the flow of the genetic information is
efficiently avoided (i.e. in vivo selection, activation, and
aminoacylation of desired amino acid). It is therefore not
surprising that a wide variety of modified amino acids can
indeed participate in protein synthesis.[168] More recently,
Schultz,[169] Chamberlin,[170] Sisido[163] and their co-workers, in
a series of in vitro experiments using termination or frame-
shift suppressor tRNAs, extended the early Hecht approach
and demonstrated an extraordinary capacity of the ribosome
to allow translation of more than a hundred special non-
canonical amino acids (Figure 8).

The in vitro experimental extension of missense or
nonsense suppression phenomena for the expansion of the
amino acid repertoire was accomplished by chemical mis-
acylation of suppressor or cognate tRNAs. Their addition to a
translation system programmed with a gene containing
nonsense suppression sites results in the incorporation of
the special noncanonical amino acid at the corresponding
position in the protein. Site-directed incorporation of 3-
iodotyrosine into the 16-residue peptide product translated in
vitro with a rabbit reticulocyte system was reported by
Chamberlin and co-workers.[171] Similarly, by using a nonsense
suppressor tRNA from yeast, Noren et al.[7] incorporated
several Phe analogues. This position-specific replacement
strategy was first postulated by Kwok and Wong,[172] who have
shown that E. coli PheRS can aminoacylate yeast tRNAPhe

with an efficiency of less than 1% of that of E. coli tRNAPhe.
Thus, the amber suppressor tRNA derived from yeast
tRNAPhe was especially suitable for in vitro incorporation
experiments with a coupled transcription/translation system
based on E. coli. These tRNAs insert the desired amino acid
efficiently into the b-lactamase; positions were taken that
correspond to those of the UAG codon on its mRNA. On the
other hand, they were not acylated or deacylated by any of the
E. coli aaRS present in the cell-free lysate. After the
suppression reaction in the Zubay transcription/translation
system, 2.8–7.5 mgmL�1 of the replaced b-lactamase was
produced. which is about 15–20% of the native protein
yield (30–45 mg).[7] These successes were possible because four
essential requirements for the application of suppression
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methodology were fulfilled: 1) the suppressible amber
(UAG) mutation was generated in the gene of interest by
conventional site-directed mutagenesis; 2) the design of an
efficient suppressor tRNA was achieved; 3) the suppressor
tRNA was chemically acylated, and 4) a suitable in vitro
protein synthesis system was available.

5.3. Limits of Suppression-Based Methodologies

The use of misacylated suppressor tRNAs has provided
proteins containing various noncanonical amino acids at
single predetermined positions. Most of these studies
involved a read-through of the UAG codon. The main
drawback of all suppressor-based approaches is the limited
capacity of chemically misacylated synthetic suppressor
tRNA charged with noncanonical amino acids to fully
decode (suppress, read-through) nonsense (triplet or quad-
ruplet) codons. This is not surprising since the suppressions
are exceptional phenomena that are context-dependent, that
is, each desired position in a protein sequence cannot be

always suppressed. It has been observed and documented that
release, that is, intervention of so-called release factors, is so
effective at some sites that the natural function of the amber
stop codon is not suppressed even when the suppressor tRNA
is charged with the amino acid that normally appears at that
point in the wild-type protein.[173] Other unresolved issues
include the stability of mRNA containing terminating codons
as well as the stability of protein with noncanonical amino
acids.

Therefore, the main bottleneck of this system is not the
relatively low yield of the expressed proteins due to the
inefficiency of the in vitro system,[169] but the rather low
efficiency of the suppression. This parameter depends mainly
on the nature of the amino acid to be incorporated into target
proteins. For example, Nle can be incorporated into T4
lysosyme with a 100% suppression efficiency, whereas a-
methylleucine can be incorporated with only 14%.[174]

Unfortunately, suppression efficiencies cannot be reliably
predicted, and there are only empirical observations such as
read-through being very poor for polar amino acids. By-
passing the suppressionLs “side effects” can at least be in part
achieved by the generation of a completely unique quadruplet
composed of canonical bases for particular aaRS/RNA pairs
with orthogonal function[175] or by choosing non-toxic amino
acids such as substituted analogues of aromatic amino acids.
More recently, Frankel and Roberts[176] have described a
selection approach for identifying coding triplets especially
susceptible to suppression. However, the most efficient way to
circumvent completely these limits is to switch to the use of
sense codons[177,178] in the context of codon-optimized target
gene sequences (Section 5.7).

The generally impaired cellular viability upon in vivo
introduction of orthogonal translation components is not the
only “side effect” of these experimental interventions. The
efficiency of translation can also be substantially reduced,
resulting in decreased yields of the desired protein mutants.
For example, in rich media, E. coli with heterologous
wtTyrRS/tRNACUA

Tyr expresses dihydrofolate reductase in
yields of 67 mgL�1, whereas by transfer in designed minimal
medium, the yield drops by more than 95% to 2.6 mgL�1.[88]

Nevertheless, this approach might be useful in those studies
where minute amounts of labeled proteins are necessary in
the context of the living cells.[179,180]

It should be always kept in mind that such experiments
have been performed with model proteins such as dehydro-
folate reductase, streptavidin, luficerase, smaller coiled pep-
tides, lactamase, lysozyme, or GFP, whereas “difficult”
proteins such as single-chain antibodies are most probably
not permissive of such incorporations at all. In addition,
suppression-based approaches that incorporate amino acids,
such as e-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-l-lysine or dan-
syllysine, might be useful only for the chemical diversification
of the protein surfaces.[181] On the other hand, there are a large
number of the widely used efficient and much simpler
protocols for chemical modifications of the protein surfa-
ces.[117] Therefore, in vitro suppression-based approaches will
not be of much use in biological sciences, until currently
available protocols for incorporations are considerably sim-
plified.

Figure 8. Some of the translationally active amino acids delivered to
the ribosome by chemical aminoacylation of suppressor tRNAs. The
large number of synthetic amino acids incorporated into proteins by
these approaches demonstrates almost unlimited possibilities for
chemical diversifications on protein surfaces. For example, such com-
pounds might be used as markers for hydrophobic/polar interactions,
to restrain the protein backbone, to serve as spin labels, or as photo-
reactive side chains. On the other hand, these amino acids can be
packed into the protein core only in exceptional cases. See the reviews
by Schultz et al.,[87, 167,169, 174] Dougherty et al.,[179,180] and Hohsaka and
Sisido.[163] The IUPAC names of the compounds are available in the
Supporting Information.
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The identities of amino acids and their nature show a
certain correlation with its suppression efficiencies. For
example, larger hydrophobic amino acids were incorporated
with higher efficiency than smaller or charged ones. Not
surprisingly, numerous large polyaromatic amino acids were
incorporated in vitro (Figure 8), whereas most of noncanon-
ical amino acids recently incorporated by in vivo suppression
are in fact substituted aromatic derivatives of Phe and Tyr
(Figure 5). Other factors that might dramatically influence
suppression efficiency are polarity, stereochemistry, and
amino acid geometry. For example, d-amino acids and b-
amino acids are not substrates for translation by nonsense
suppression methodologies.[169,174] An interesting question
that remains to be tackled is to investigate whether there
are correlations between suppression efficiencies, amino acid
nature, and the already discussed general rules for codon
reassignments.

5.4. In Vitro Frameshift Suppression Methodology

The maintenance of the frame during translation is not
absolute and the frameshift mutations can be externally
suppressed. Early experiments in the 1960s and 1970s
demonstrated that the mutant tRNA in Salmonella and
yeast with extended anticodons can read non-triplet codons
but their read-through efficiency was comparatively low.[158]

Recently, it was shown that the efficiency of UAGA quad-
ruplet decoding for a tRNALeu with engineered 3’AUCU5’

anticodon could be elevated to the range of 20–40%.[182]

An in vitro approach based on frameshift suppressions has
been developed by Sisido and co-workers over the last
decade.[183] A combination of four base codons AGGN and
the corresponding anticodons NCCU was used to examine the
scope and possibilities for in vitro frameshift suppression for
the incorporation of particular canonical amino acids. Indeed
streptavidin was substituted with 2-anthranylalanine by using
all combinations of quadruplets: AGGG, AGGA, AGGC,
AGGU.[184] The target gene sequence was optimized in a way
that its mRNA contains extra downstream stop codons to
terminate non-frameshifted products, that is, to abort protein
synthesis in the absence of frameshift suppression.[175]

Sisido and co-workers[185] observed that incorporation of
certain noncanonical aromatic amino acids is dependent on
their adaptability at the active center of the ribosomal A-site.
The regularity that emerged from these experiments was that
noncanonical amino acids with linearly expanded aromatic
groups (e.g. 2-naphtylalanine, p-biphenylalanine, (p-phenyl-
azo)phenylalanine) are more favorable than those with
widely expanded or bent aromatic groups (e.g. 9-phenyl-
anthrylalanine). The transfer of these components into a cell-
free rabbit reticulocyte-based system resulted in essentially
the same observations.[184]

The use of quadruplets has aroused great interest because
of the possibility of incorporating two or more different
amino acids into a single protein. For example, streptavidin
mRNA containing CGGG and AGGU quadruplets was
translated in the presence of aminoacyl-tRNACCCG and
aminoacyl-tRNAACCU charged with e-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)lysine (CGGG signal in mRNA) and 2-naphthyl-
alanine (AGGU signal in mRNA). Sisido and co-workers
convincingly showed that the use of quadruplets in vitro
protein biosynthesis provides a strategy for the introduction
of noncanonical amino acids at several sites in a single
protein.[186] Although it was expected that the basic advantage
of this strategy should be the circumvention of the competi-
tion with the release factors, the rules that govern the
different suppression efficiencies for different quadruplets
are unclear as well. For example, it was argued that some sites
in mRNA cause more frameshifts than others.[187] Therefore,
this strategy has been limited both by the overall read-
through efficiency of the suppressor tRNAs as well as by the
occasional apparent misfolding of nascent proteins containing
modified amino acids.

The general aspects related to the limits of anticodon size
that would help to identify efficient tRNA suppressors of two-
, three-, four-, five-, or even six-base codons have recently
been the subject of detailed studies.[188,189] For example it was
demonstrated that pentaplets (i.e. five-base codons) are
indeed suitable for incorporation of special canonical amino
acids into proteins.[189] Extensive examinations performed by
Schultz et al. have shown that the translation apparatus
indeed permits decoding of codons consisting of three to five
bases and that each codon type requires different tRNAs.
However, six-base codons are incompatible with the trans-
lation machinery and pentaplets cannot be suppressed with
the same efficiency as quadruplets. Such limits in codon size
are most probably governed by the ribosome itself where the
tRNA is a sort of “molecular ruler” that measures codon size
during translation.[188]

5.5. Species-Specific Features of Aminoacylation and Orthogonal
aaRS/tRNA Pairs

At the level of the interpretation of the genetic code, that
is, aminoacylation, orthogonality is defined as a lack of cross-
reactivity between heterologous aaRSs and tRNAs with the
endogenous synthetases, amino acids, and tRNAs of the
natural host. Indeed, the most important requirement for the
generation of orthogonal translation components is the strict
absence of cross-reactivity with the protein-synthesis appara-
tus of the host. The tRNA as the carrier of adapter function in
translation is the most attractive target for orthogonality
engineering. This, however, requires a detailed knowledge of
the tRNA identity rules. The rational design of both positive
and negative recognition elements of tRNAs is difficult and
the experimental results often rely on serendipitous findings.
Sometimes it is necessary to search for identity elements
outside the anticodon as suitable markers for the design of
efficient suppressor tRNA. Nevertheless, the search for
orthogonal pairs with in vivo and in vitro suppression
methods can be summarized as follows: first, an orthogonal
amber suppressor tRNACUA has to be generated that is
capable of incorporating the noncanonical amino acid in
response to a UAG codon in the mRNA encoding the protein
of interest. Second, an orthogonal aminoacyl-tRNA synthe-
tase has to be designed by using mutagenesis and screening
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approaches. Such an orthogonal aaRS should recognize
exclusively related orthogonal-tRNA, but not any of the
endogenous tRNAs. Finally, a library of mutants of the
orthogonal tRNAs and aaRS has to be screened to find
orthogonal aaRS/tRNA pairs capable of activating and
transferring the desired noncanonical amino acid preferen-
tially over canonical ones.[190]

The first systematic efforts in this direction were made by
using the three-dimensional structures of the GlnRS/
tRNA2

Gln pair from E. coli as a starting point to generate
several mutant suppressor tRNAs capable of serving as
adapters for in vivo protein synthesis.[191] These tRNAs were
indeed not substrates for any endogenous aaRSs including
GlnRS, which is an important orthogonal component in a
nontoxic in vivo aminoacylation system.[192] Parallel attempts
to design an orthogonal GlnRS did not yield a mutant enzyme
capable of charging orthogonal tRNA better than the native
enzyme.[190] Thus, efforts to create an E. coli GlnRS/tRNA2

Gln

orthogonal pair even when heterologues tRNA2
Gln from yeast

was included, had only limited success.
There are two general difficulties in any attempt to create

21 aaRS/tRNA pairs in the context of a living cell. First, such
designed enzymes will selectively be eliminated the living
cells due to their redundancy; they can be kept only under
experimentally imposed selective pressure. Second, there is
the problem to specify which component from the remaining
tRNAs and enzymes from the cellular pool directly interferes
with the engineered enzyme.[193] For example, RajBhandary
and co-workers initially found that the introduction of yeast
TyrRS into E. coli is lethal, since this enzyme misayclates E.
coli tRNAPro with Tyr.[194] Therefore, yeast TyrRS was
modified so that it would no longer mischarge the E. coli
tRNAPro. Only a mutant (generated by error-prone PCR) with
very low rates of misacylation of E. coli tRNAPro could serve
as orthogonal aaRS.

The development of orthogonal aaRS/tRNA pairs proved
to be very successful when both the components, namely
suppressor tRNA and aaRS, were imported from another
organism.[195] It is now clear that exploitation of the species-
specificity of aminoacylation is the most promising route to
design orthogonal pairs. For example, after analysis of
biochemical data for the TyrRS/tRNATyr pair from a variety
of organisms, Wang et al. found that TyrRS/tRNACUA

Tyr from
Methanococcus jannaschii might serve as a valuable orthog-
onal pair for recombinantly expressed target proteins in E.
coli.[196] The basis for the orthogonality in the Tyr systems can
be derived from fundamentally different modes of recogni-
tion of tRNATyr by TyrRS in archea/eukarya and eubac-
tera.[197] In this way, a cross-aminoacylation in such a hybrid
translation system is not possible. In addition, TyrRS from M.
jannaschii does not have documented editing mechanisms and
its cognate tRNATyr can be efficiently transformed into
suppressor tRNA without much decline in aminoacylation
efficiency.[196] The transfer of amber and ochre supressor
tRNAs derived from E. coli initiator tRNAs into mammalian
COS1 cells was also demonstrated. These tRNAs were not
substrates for any mammalian aaRS and their aminoacylation
with amino acid analogues opens a perspective for their
position-specific insertion in mammalian cells.[198]

5.6. In Vivo Orthogonal aaRS/tRNA Pairs

Chemical aminoacylations are complex experiments, and
in vitro expression systems still suffer from low protein yields.
This certainly sped up efforts to transfer suppression-based
methods to in vivo systems. Although the efforts to create an
E. coli-based efficient GlnRS/tRNA2

Gln orthogonal pair[190]

failed, these experiments yielded a methodological break-
through in the development of an efficient system for positive/
negative selection of mutant aaRS enzymes and tRNAs.[43,88]

They also brought into focus other important aspects and
issues that should be taken into consideration in host strain
engineering. For example, amino acid uptake proved to be a
critical issue since it is well known that transport of amino
acids into cells is not purely passive. Indeed, most of the
translationally active noncanonical amino acids are about the
same size as canonical amino acids. Thus, it is not surprising
that “exotic” amino acids such as (p-phenylazo)phenylalanine
are hardly acceptable as substrates for cellular amino acid
permease systems. Therefore, the systematic generation of the
libraries of cell-permeable amino acids represents an impor-
tant future research avenue.[199]

Extra-chromosomally controlled heterologous expression
systems in microorganisms are especially practical as plat-
forms for expanding the amino acid repertoire because of
their easy maintenance, propagation, and handling. These
expression systems can be programmed either for position-
specific or multiple-site incorporation of noncanonical amino
acids by supplementation with additional translation compo-
nents. These goals can be achieved in the context of living
cells only if four basic requirements are fulfilled: 1) the
availability of coding units programming the translation of
noncanonical amino acids; 2) tRNAs capable of decoding
these units, and 3) an enzyme capable of charging the tRNA.
4) Both aaRS and its corresponding tRNA should be free
from cross-aminoacylation and compatible with host trans-
lation machinery and physiology.[87]

Furter[200] developed for the first time a general approach
for the implementation of these criteria for position-specific
in vivo incorporation of noncanonical amino acids. The Phe
analogue p-fluorophenylalanine was incorporated at position
5 as a response to a UGA coding triplet in the mRNA
sequence of recombinantly expressed dehydrofolate reduc-
tase. This was achieved by introducing yeast PheRS/amber
suppressor tRNAPhe into the expression host E. coli. There is
almost no cross-reactivity between the PheRS from yeast and
E. coli since identity elements in their tRNAs evolved in a
completely different manner. The E. coli strain used was a
Phe-auxotrophic one and was resistant to p-fluorophenylala-
nine, that is, its PheRS prevents tRNAPhe from being charged
with p-fluorophenylalanine. In contrast, for yeast PheRS, p-
fluorophenylalanine is almost as good a substrate as Phe. Thus
the system would not be sufficiently defined, since the UGA
coding triplet at position 5 of dehydrofolate reductase would
be read as both Phe and p-fluorophenylalanine. This problem
was circumvented by a careful experimental design of the
fermentation, resulting in replacement of 64–75% at the
amber position 5 in dehydrofolate reductase. This is indeed
the first demonstration of the introduction of a new redun-
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dant aminoacylation pathway and a new design of the hybrid
translation system. When such an expression host is exposed
to the efficiently imposed experimental pressure, the non-
canonical amino acid is preferentially incorporated over the
canonical one.

A further advance was made by the use of the TyrRS/
tRNACUA

Tyr orthogonal pair from M. jannaschii [196] in the
expression host E. coli for the position-specific incorporation
of O-methyltyrosine into dihydrofolate reductase in yields of
about 2 mgL�1.[88] This was demonstrated in the case of green
fluorescent protein (GFP)[89] as well, where a variety of Tyr
analogues were incorporated into the chromophore of this
protein. The hybrid translation system with the TyrRS/
tRNACUA

Tyr pair from M. jannaschii imported into E. coli is
technically a much more advanced system than the one used
by Furter[200] as it is much more stringent. In other words, the
orthogonality is almost fully achieved, since amber positions
on the mRNA are translated with great fidelity into target
proteins with minimal suppression-associated toxic effects.
Finally, the use of substituted analogues of aromatic amino
acids proved to be advantageous for this system.

It remains to be seen whether these in vivo expression
systems can be developed further for use in molecular biology
and biochemistry. Limited success in experiments with
GlnRS/tRNAGln[190] poses a dilemma as to whether all
synthetase/tRNA systems are generally suited for such
design. In addition, the orthogonal synthetase/suppressor
tRNA pair for each specific noncanonical amino acid has to
be generated through a series of complicated mutagenesis and
selection cycles. It is also remains to be clarified whether the
in vivo transfer resolves the problems associated with context-
dependent suppression phenomena (i.e. the problem of equal
suppressability of all positions in a desired protein sequence).
The in vivo approach also brings additional difficulties
associated with the metabolic toxicity and bioavailability of
the desired amino acids, that is, their transfer into the
cytoplasm.

5.7. Sense Codon-Dependent Method with Chemoenzymatically
Charged tRNAs

The reassignment of sense coding triplets by chemically or
enzymatically charged tRNAs might be an attractive alter-
native to bypass the complications arising from context effects
encountered in suppression-based approaches. Takai et al.[177]

inactivated tRNAAsp and tRNAPhe within crude S30 extracts
from E. coli by antisense treatment or by digesting most of the
tRNA without essential damage to the ribosomal activity.
Using HIV-1 protease as a model protein in RNase-treated
cell-free S30 extracts with pre-charged tRNAs, they suc-
ceeded in substituting aspartic acid and Phe residues with 2-
naphthylalanine and (p-phenylazo)phenylalanine, respec-
tively. However they were not able to estimate the specific
yield of fully substituted protein, probably because folding of
the resulting protein was seriously impaired.

A similar approach by Sisido and co-workers[175,184] was
based on the use of rare codons that can be placed at any
position in the target mRNA sequence. Such codon-optimi-

zation of the target gene sequence allows position-specific or
multiple-site incorporation of one ormore different amino acids.
For example, the rarest arginine-codonAGG (which contributes
on average to less than 3% of the total tRNAArg pool) is a
suitable binding partner for chemically acylated tRNACCU, which
can be used for the incorporation of various photoactive amino
acids (p-aminophenylalanine, 2-anthrylalanine, 1-naphthylala-
nine, 2-naphthylalanine, p-biphenylalanine).[201]

Sense codon reassignments using externally charged
tRNAs should be an interesting approach, since it is based
on the use of codon-optimized DNA in the context of in vitro
protein synthesis. For example, the canonical amino acid Thr
is coded with four coding triplets (Figure 1), with ACA being
the rarest codon in E. coli. Using sophisticated in vitro
systems such as PURE,[202] where addition of all components
can be precisely controlled, it should be possible to introduce
the desired amino acid either in the position-specific or
multiple-site mode. With the help of site-directed muta-
genesis, the target DNA sequence can be optimized so that
ACA is present only once, twice, etc. in the sequence. The
corresponding tRNA (tRNAThr (3’UGU5’)) can be enzymati-
cally charged with the desired noncanonical amino acids,
while the rest of the tRNAThr isoacceptors are charged with
Thr. Addition of these preacylated tRNAs into the cell-free
system devoid of deacylation problems should lead to the
desired mode (position-specific, multiple-site) of incorpora-
tion.[255] Similarly, Forster et al.[203] combined a purified trans-
lation system free of aaRS with chemoenzymatically synthe-
sized cognate tRNAs, which enabled arbitrarily chosen
coding triplets to be completely reassigned to noncanonical
amino acids in vitro.

Finally, there is a recent report of a successful experiment
on the reassignment of coding triplets in the frame of codon
families. Tirrell and co-workers[178] used mutant yeast tRNAPhe

to reassign one of two degenerate Phe codons to the non-
canonical amino acid 2-naphthylalanine. However, this is
essentially amissense suppression-based approach and therefore
suffers from the “child disease” of all these methodologies:
reassignment is incomplete, canonical amino acids are often
preferentially incorporated as a response to “reassigned” coding
units during translation. For all these reasons, the best approach
to achieve full noncanonical amino acid translations might be
the use of the codon-optimized DNA/mRNA templates. Such
templates would contain rare sense coding units placed in
position-specific or multiple-mode sites in a target gene
sequences. Therefore, the in vivo or in vitro translation of such
codon-optimized DNA/mRNA templates with noncanonical
amino acids is most probably the approach that will replace the
suppression-based methods to a great extent.

6. Other Aspects Related to an Expanded Amino
Acid Repertoire

6.1. In Vitro versus In Vivo Translation for the Extension of the
Amino Acid Repertoire

The classical experiments by Chapeville et al. ,[12] which
clearly demonstrated that misacylated tRNA is capable of
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participating in protein synthesis, applied in vitro translation.
In fact, cell-free systems with chemically aminoacylated
tRNAs demonstrated remarkable ribosome plasticity in
terms of the number, as well as the structural, steric, and
chemical properties of the amino acids that can be translated
into proteins. This chemical diversity can be lost to a great
extent on transfer to an in vivo method. A recent example
shows that an “orthogonal pair” in an in vivo system derived
from the orthogonal system TyrRS/tRNACUA

Tyr from M.
jannaschii allows mainly the translation of Tyr or Phe
analogues (Figure 5). Evidently, to make fairly exotic amino
acids such as e-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-l-lysine, or
the biotin derivative 91 (Figure 8), intracellularly bioavail-
able, experimental intervention for “rational re-design” of
many components in the living cell is necessary. The range of
the intervention is such that it would require simultaneous
remodeling and non-invasive changes for the amino acid
transport into cells. Furthermore, ways need to be found to
avoid metabolic activation or modifications, as well as to pass
translation editing check points of intact cellular physiology.

It should always be kept in mind that protein synthesis by
the in vivo gene expression is carried out in cells, which
because of their cell walls and membranes form a closed
system. The alternative, open system, is represented by in
vitro protein synthesis. Thus, the in vitro coupled tran-
scription/translation, which is devoid of the problems asso-
ciated with the mechanisms of cellular physiological func-
tions, could be optimized as a platform for engineering the
genetic code with a significantly wider spectrum than in living
organisms.[204] This explains the significant interest in the
development of high-yield cell-free translation systems.
Various improvements, including optimized batch reactions,
addition of chaperones, replenishment of consumable factors,
continuous flow or optimization of the relative concentrations
of various lysate components, etc. are extensively described in
current literature. Therefore, novel generations of even more
sophisticated in vitro systems with improved performance in
terms of protein yield and control of translation conditions
would certainly serve as attractive platforms for the expan-
sion of the amino acid repertoire.

6.2. Site-Directed versus “Statistical” Incorporation

In the early stages of the development of any novel
research field, precise terminology cannot usually be formu-
lated because not enough is known to permit such accurate
definitions. A pragmatic strategy is to accept provisional,
rough terminological characterizations that can provide
leverage to the fieldLs first developmental stages with
taxonomic refinements emerging as the related facts
become clear. In the field of code engineering, the “site-
directedness” as a highly desirable feature for the hybrid
translation system is a term that demonstrates the confusion
that might appear as a consequence of an immature termi-
nology. For example, it was often claimed that the suppres-
sion-based read-through methods for noncanonical amino
acid incorporation are “site-specific”, because it is theoret-

ically possible to insert a suppressible stop-codon at any
desired position in the protein sequence. It is most probably
not fully correct due to the well known fact that misacylated
tRNA must compete with release factors that often result not
only in low-suppression efficiency but complete absence of
the suppression. In this case it would certainly be necessary to
screen for permissible positions that allow a high-level
suppression (lowest possible “leakage” of the system). How-
ever, it is hard to imagine this approach as “site-directed” in
the terms used in routine oligonucleotide-directed DNA
mutagenesis experiments.

The term “statistical” incorporation mode (labeling) is
likewise not suitable for the following reasons. It is open to
discussion whether the reported incorporation for particular
amino acids by the use of read-through methods where
suppression efficiency is 10%, is “statistical” or “site-
directed”; whether the 99% reassignment of a single UGG
codon (i.e. Trp substitution) in one particular gene sequence is
“statistical” or “multisite” or “site-directed”. Such unclear
taxonomic considerations might lead to statements like those
that selective-pressure incorporation methods has “compara-
tively little impact on the field of protein engineering”.[104]

This is indeed misleading when for example the importance of
SeMet incorporation into proteins based on the traditional
use of auxotrophic strains for structural biology is considered.
Also for the design of therapeutic proteins for drug delivery
such “multisiteness” might even be a desirable feature of the
system (see Section 7). Last but not least, whether SeMet
incorporation is “multisite”, “statistical”, or “site-directed”
depends upon the number of AUG codons that can be easily
experimentally manipulated by recombinant DNA technol-
ogy.

To avoid such terminological ambiguities one might
simply accept that in naturally occurring proteins the problem
of “site-specificity” is solved with the evolutionary optimized
appearance of the codon (frequency) in particular sequences.
This is especially true for relatively rare amino acids such as
Trp, Cys, and Met. In this context, the question of whether one
amino acid is “site-directed” or “multisite” incorporated is, in
the first place, a matter of codon composition of its coding
template. In practice, codon-optimized gene sequences, that
is, target gene sequences with controlled codon composition,
can be used in incorporation experiments with noncanonical
amino acids. Furthermore, one can choose as replacement
targets those amino acids that are naturally less abundant
such as Trp (1.1%) or Met (1.5%), but which often play
crucial roles in protein functionality. Finally there should be
numerous protein sequences for which the problem of
“multisite” replacements can be circumvented by a simple
combination of site-directed mutagenesis and an expanded
amino acid repertoire.

6.3. Other Approaches

Experimental intervention at all important levels of
transmission of the genetic information might result in the
engineering of the genetic code in terms of an expanded
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number of amino acids as protein basic building blocks. At the
level of the DNA/RNA sequence it is possible to manipulate
the nature and lengths of the basic coding/decoding units (i.e.
codons/anticodons). The aminoacylation reaction is the
interpretation level of the genetic code and therefore the
most attractive point for experimental interventions. Since
codon–anticodon interactions are insensitive to the nature of
the amino acid attached to the acceptor stem of tRNA, the
influence of an amino acid charging process is the most
obvious way to get novel amino acids into the genetic code.
Finally, the ribosome itself can be altered to affect the
interpretation of the genetic code. The use of noncanonical
nucleotides to form a novel Watson–Crick base pair has
already been extensively discussed.[205–207]

Kowal and Oliver[173] explored the use of nonassigned
codons in Micrococcus luteus to circumvent problems asso-
ciated with competitions by release factors in suppression-
based methods. In this microorganism, six codons are unas-
signed (or very rarely assigned) allowing one to evaluate the
possibility of inserting such codons into the DNA template for
either position-specific or multiple-site incorporation of non-
canonical amino acids. In vitro reaction in a lysate from M.
luteus supplied with a plasmid-encoded target gene and E. coli
tRNAs for unassigned or rare codons led to complete
translation.

Besides the engineering of aaRS, specially selected
ribozymes capable of transferring amino acids to the 3’-end
of specific tRNAs might also provide an additional means of
generating aminoacylated tRNAs with noncanonical amino
acids.[208,209] However, this methodology at the current level of
development suffers from serious shortcomings such as
inefficient amino acid transfer, complicated ribozyme con-
struction (which requires chemical methods at least in part),
and high concentrations of aminoacylated ribozyme.

Manipulation of the ribosome structure might be another
way to expand the genetic code. Little is known about the
recognition elements that have to be altered to allow the
introduction of versatile chemical functionalities into pro-
teins. For example, Dedkova et al.[210] have shown that the
mutations in 23S rRNA in the region of the peptidyltransfer-
ase center and the helix 89 led to a conformational change,
which diminished the normal mechanisms for discrimination
between d- and l-amino acids in the ribosomal A site. Such
modified ribosomes might exhibit altered translation proper-
ties, a feature that can be exploited for the expansion of the
amino acid repertoire. The addition of suppressor tRNACUA in
a cell-free system containing such ribosomes allowed the
synthesis of luciferase with d-Met and d-Phe.

Future research should demonstrate whether all these
approaches will reach the efficiency of the currently available
methodologies for genetic code expansion.

6.4. Future Avenues: Shuttle Orthogonal Pair and Hybrid
Translation Systems with Codon Capture

Practical applications either in research or industry will
dictate to a great extent current and future development and

trends in genetic code engineering. The main focus will be the
development of efficient in vitro or in vivo hybrid translation
systems, capable of producing elevated levels of tailor-made
proteins. The most conceivable way to reach high levels of
production of tailor-made therapeutic proteins would be the
experimental design of specialized prokaryotic or eukaryotic
cells capable of synthesizing protein variants with a high
fidelity. Metabolism, bioenergetics, synthetic and supply
routes as well as amino acid pools of such cells should be
controllable, tightly regulated, and properly balanced. Cou-
pling metabolic engineering with code engineering therefore
clearly has a great future.

On the other hand, in vivo expression of tailor-made
proteins as tags in mammalian cells is also highly desirable. In
this case, the amount of the labeled proteins does not
necessarily need to be elevated, since minimal amounts of
the tailored protein can easily be detected by fluorescence, for
example.[180, 211] Finally, the capability to shuttle such systems
between cells of different life kingdoms (archea, eubacteria,
eukarya) would be of a great advantage. Indeed, a recent
report about the use of the orthogonal system TyrRS/
tRNACUA

Tyr from M. jannaschii in yeast is the first step in
this direction.[212]

The initial results on the engineering of the genetic code
reveal that new amino acids can be incorporated into the
existing repertoire. In most cases, this was readily possible
since the goal was not to produce “unnatural organisms”, but
rather to generate a system that works with an expanded
amino acid repertoire. This system is compatible with the
translation machinery of the host which serves only as a
platform for codon-reassignment experiments. However,
currently available methods for the expansion of the amino
acid repertoire are characterized by temporal changes termed
as read-throughs, suppressions, codon reassignments, etc.,
which are achieved by changes in the genotype and physiol-
ogy of the living cells, and by controlled experimental
conditions. The goal is, however, permanent reassignments
or novel assignments of the coding units that is, codon capture
either at the level of the expression system or at the level of
the living cell (Figure 9).

This codon capture should be 1) nonlethal and 2) an
intrinsic property of the system. Expression host cells with
such a nonlethal codon capture (e.g. an organism without a
seriously impaired viability upon an insertion of a novel
amino acid in its repertoire) would be the most advanced
system to expand the coding capacities of the universal
genetic code in vivo. Codon capture can be achieved by a
permanent reassignment of coding units in the frame of the
existing structure of the universal genetic code. Another and a
much more challenging venture is to introduce novel coding
units by the generation of novel nucleic acid base pairs. In
both cases, the protein translation would be enriched with
truly novel canonical amino acids. Such codon capture in an
organism with a tailor-made (or target-engineered) genetic
code and with an intrinsically expanded amino acid repertoire
is the most challenging aspect of future experimental
approaches in code engineering.
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6.5. Is It Possible To Create the “First Autonomous Synthetic Life
Form”?

As discussed before, the codon capture should be a
nonlethal intrinsic property of an “unnatural” microorganism
with a tailor-made genetic code that has an expanded coding
capacity. Recent reports about the “first synthetic form of
life”[213] with a recombinantly expressed protein, which
contains p-aminophenylalanine through suppression of the
amber termination codon,[149] meets this criteria only partially.
Even if p-aminophenylalanine is accepted in the proteome of
an E. coli expression host, which is supplied with a hybrid
translation system (i.e. orthogonal components), partially
imported metabolic pathways, and the termination stop-
codon capture, this only occurs with the aid of an extra-
chromosomally placed expression system (Figure 9). There-
fore, this “truly unnatural organism”[213] remains what it
taxonomically always was, namely Escherichia coli. It remains
to be seen whether p-aminophenylalanine as a “codon
captor” of UGA termination signals could invade the
genome and the proteome without imperilling the viability
of this microorganism.

The first step in this direction would be the invasion of a
novel amino acid in the existing repertoire by codon capture.
Such cells would be supplied extra-chromosomally or in a
compartmental manner with tailored genetic codes. However,
one has always to keep in mind the immense complications in
these trials. The more we understand the full complexity of

the biological machinery, the clearer it becomes
that the components of a living cell interact in so
many ways that a change in any key component
requires compensatory changes in many others. For
example, noncanonical base pairs for an in vivo
expansion of the code requires experimental rede-
sign of DNA replication, transcription, editing
mechanisms, design of novel tRNA genes, and the
necessity for recognition of novel bases and coding
units that contain these bases. Similarly, one
“rationally” designed orthogonal aaRS/tRNA pair
might introduce a massive mutagenesis and finally
cell death. Thus, an old principle of continuity
expressed by Lucretius as “Natura non saltus fecit”
(“Nature never makes a leap”), holds true for living
organisms as well.

The alterations in the genetic code structure are
now a well documented fact in nearly all living
beings. For example, each eukaryotic cell is pro-
vided with two slightly different code assignment
arrangements, but with the same standard amino
acid repertoire. This means that one cell can shift
one of the 20 canonical amino acids between
different codons despite a complex genome encod-
ing a highly complex proteome. The possibility to
introduce alternative repertoires into the existing
code structure has been described as a “Copernican
turn”.[27] It postulates that the amino acid reper-
toire of the genetic code of all living beings is
universal and is therefore of prime importance,
whereas smaller deviations in codon reassignments

are tolerated. Whereas living beings could survive codon
reassignments (in the frame of the standard amino acid
repertoire), the insertion of a novel amino acid into the
existing repertoire is supposed to be harmful or even lethal. In
this context, the prime goal of the research field described in
this study is to derive new cells with nonlethal codon captures,
that is, cells that survive an insertion of a novel amino acid in
its repertoire. In this way, an experimental evolution of a
“standard” to an “alternative” amino acid repertoire in the
genetic code would be fully achievable. Whether and to which
extent these cells with nonlethal codon captures and tailored
genetic codes derived from natural parent cells can be
regarded as a new taxonomic species or subspecies remains
to be established.

7. Some Practical Applications of Noncanonical
Monomers

7.1. Protein Chemistry in the Era of Genetic Code Engineering

Many interesting noncanonical amino acids contain
desirable functional groups such as halogens, keto, and silyl
groups, alkenes, or alkynes, could promote considerable
functional advantages once incorporated into proteins. The
possibility to encode genetically such chemical diversity
should enable us to program living cells such as bacteria to
do quite sophisticated syntheses with water, salts, and simple

Figure 9. Codon capture as a vehicle to expand the coding capacities of the universal genetic
code. Microorganisms used for genetic code engineering to date, are required to be able to
read-through sense, nonsense, and non-triplet coding units, which were reassigned or sup-
pressed, mainly at the level of a single protein and rarely at the proteome-wide level. Alterna-
tively to this temporal re-coding, the existing genetic code can be tailored (or target engi-
neered) with a codon capture. Hereby particular coding units are permanently reassigned,
either at the level of the expression system or proteome-wide at the level of a whole living
cell. The Arg coding triplets AGA and AGG were chosen as an example for permanent re-
assignment (codon capture) to a hypothetical novel amino acid (NAA). However, any other
combination is conceivable as well.
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carbon-sources being the only essential external require-
ments. Therefore, protein chemists will inevitably encounter
the challenge of engineering the genetic code in the coming
decades. Advances in polymer and peptide chemistry as well
as in peptidomimetic chemistry teach us about the potentially
vast chemical diversity that can be achieved if these are
transferred onto proteins.[214] Indeed, in the foreseeable future
the increased demands for proteins with novel properties and
functions, or as therapeutic agents, is easy to predict. Thus, the
production of such tailor-made, custom-tailored proteins or
alloproteins, (Figure 6) by use of programmed templates in
metabolically engineered host cells will certainly be one of the
main driving forces for the engineering of the genetic code by
expanding its amino acid repertoire.

7.2. The Concept of Isomorphous Replacement in Biochemistry

More than two decades ago Wilson and Hatfield[51]

described that analogues of canonical amino acids were able
to “induce predictable perturbation in protein structure”.
This is equivalent to the concept of isomorphous replacement
in protein X-ray crystallography: a heavy-metal containing

analogue can be incorporated in a protein without the
occurrence gross changes with regard to the conformation
of the molecules in the crystal. This incorporation influences
in a predictable way, diffraction patterns of protein crystals,
thus enabling their structure elucidation. The most prominent
example is the presently routine SeMet incorporation into
proteins, which provides selenium as a diffraction label for
structure elucidation.[13, 63,215] In the meantime, the number of
selenium-containing amino acid analogues or surrogates
available for this purpose was further increased
(Figure 10).[70,76,103,216,217]

Similarly 19F NMR studies have taken advantage of the
extreme sensitivity of 19F chemical shifts to the changes in
local environments. This makes 19F NMR spectroscopy a
powerful technique as it allows subtle conformational changes
and intrinsic dynamic features of proteins to be probed.[75]

Furthermore, fluorinated proteins certainly represent potent
tools for in vivo 19F magnetic resonance imaging and
spectroscopy for diagnostic purposes in medicine due to
their biocompatibility. The potentials of amino acid analogues
in spectroscopy, protein folding and stability studies, material
sciences, and enzymology have been extensively discussed
elsewhere.[6, 15]

Figure 10. The use of an expanded amino acid repertoire for pro-
tein X-ray crystallography. a) Translationally active noncanonical
amino acids containing atoms suitable as diffraction markers for
protein X-ray crystallography: selenocysteine (SeCys, 94),[160] sele-
nomethionine (SeMet, 2),[11] telluromethionine (TeMet, 5),[13] b-
selenolo[3,2-b]pyrrolyl-l-alanine ([3,2]Sep, 31),[74] b-selenolo[2,3-
b]pyrrolyl-l-alanine ([2,3]Sep, 30),[101,105] o-, m-, or p-bromo(iodo)-
phenylalanine (X-Phe), and o- or m-bromo(iodo)tyrosine (X-
Tyr).[81] b) Native human recombinant annexin V with a single Trp
at position 157 crystallizes in the R3 space group. c) Isomor-
phous crystals of thieno[3,2b]pyrrolylalanine-annexin V. This
amino acid is a pharmacologically active substance. d) Experimentally determined electron density maps confirmed the complete replacement of
the benzyl group of Trp by selenophene units of [3,2]Sep at position 53 in the protein barstar (Figure 11). For this residue the difference Fourier
maps (Fo�Fc) are superimposed with 3.5 s (blue) of the 2Fo�Fc continuous electron density map at 1 s (orange). e) Representation as for (d)
for the replacement of Trp for [3,2]Sep at position 157 in recombinant human annexin V (Fo�Fc at 3.0 s and 2Fo�Fc at 1 s). f) Structure of
human recombinant annexin V with [3,2]Sep at position 157. For both proteins (annexin V and barstar), incorporation of the analogue was fully
isomorphous, since their overall fold and structures are practically identical with that of the parent protein.
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For a biophysicist, replacements at the level of single
atoms or small groups such as H/F, CH2/S/Se/Te represent a
type of “atomic mutations”.[134, 218–220] They cause minimal
changes in the local geometry often far beyond the resolution
of X-ray and NMR protein analyses, but can often induce
significant changes in marginally stable protein structures. In
fact, they introduce novel interactions in proteins such as
enhanced or decreased polarity and offer the unique possi-
bility to study and understand how these properties are
integrated, propagated, and modulated into the cooperatively
folded protein structure.

The concept of predictable perturbation or isomorphous
replacement can be generally extended from structural
biology and biophysics to biomedicine. Some potential
applications of the concept will be dealt with in more detail
in the following sections.

7.3. DNA Nucleotide Analogues

In addition to protein chemistry, the concept of analogues
is widely practiced in other research fields as well. The most
prominent example is the observation of the possibility for
enzymatic incorporation of dideoxynucleotide analogues
(dNTPs) into a growing DNA strand. Sanger and co-workers
developed a method based on these experiments that is
currently central to almost all current DNA sequencing
technologies. The modified dNTPs with detectable reporter
groups such as digoxigenin or biotin, fluorochromes or
aliphatic side chains covalently attached to the base are able
to terminate DNA synthesis mediated by a number of DNA-
polymerases.[158]

On the other hand, the same approach could be applied to
biomedicine. For example, the human immunodeficiency
virus and other retroviruses do not encode specific enzymes
required for the metabolism of the purine or pyrimidine
nucleosides. Therefore, many of such compounds that exhibit
antimetabolic effects or antiviral action that are currently in
use, or under advanced clinical trial, for the treatment of HIV
infection, belong to different classes of nucleoside/nucleotide
analogues that act as reverse transcriptase inhibitors, for
example zidovudine (AZT), didanosine (ddI), zalcitabine
(ddC), and stavudine (d4T).[221]

Finally, there are attempts to use similar approaches to
expand the genetic code through the creation of a 65th
codon–anticodon pair from noncanonical nucleoside bases
having non-standard hydrogen-bonding or even inter-base
hydrophobic interaction patterns. This new DNA base pair
would allow an expansion of the information content of DNA
by extension of the genetic alphabet with a third base
pair.[205,206,222]

7.4. Protein-Based Sensors and “Golden” Fluorescence

Absorbance in the near UV region and fluorescence are
intrinsic properties of proteins, which are attributed to the
presence of aromatic amino acid residues in the structure; the
contributions of these residues to the spectral properties are

additive. The amino acid Trp has been the target for
substitution studies for a long time since the mean UV
absorbance of proteins is mainly dominated by the its spectral
contribution.[120] A recent review by Szabo, Ross, and
Hogue[17] details the potential applications of 5-hydroxytryp-
tophan, 7-azatryptophan, and fluorinated Trp analogues for
fluorescence spectroscopy. The most recent advances
included incorporation of selenium-containing Trp surrogates
(for structural biology), and pharmacologically active sulfur
surrogates (Figure 10) as well as pH-sensitive aminotrypto-
phan analogues, which open up perspectives for a relatively
simple approach for the general design of protein-based
sensors (Figure 11).[105]

A step further towards the use of aminoindoles was their
integration into the chromophore of the green fluorescent
protein (GFP) from the jellyfish Aequoria victoria (av), which
has recently become a standard reporter in cellular and
molecular biology as well as a model for studies of chromo-
phore photophysics.[223] The avGFP chromophore, completely
encoded in the amino acid sequence (4-(p-hydroxybenzilide-
ne)imidazolid-5-one) is autocatalytically formed in the post-
translational reaction of residues Ser65, Tyr66, and Gly67.[224]

Chromophore-building residues of avGFP are almost ideal
models for such substitutions, since the produced effects are
immediately observable in the optical properties. Importantly,
the placement of any aromatic amino acid in position 66 is
crucial for the emergence of a fluorescently active avGFP
chromophore.[225] The standard amino acid repertoire limits
the possibilities to gain altered spectral windows by direct re-
design of avGFP-chromophore, since only four aromatic rings
are available (Phe, His, Tyr, and Trp). It is, therefore, not
surprising that despite years of effort on its variations by
classical protein engineering approaches, no significantly red-
shifted variants of A. victoria GFP were found (lmax

< 530 nm). Clearly, a further re-design of avGFP-chromo-
phores requires an expanded amino acid repertoire.

The mutation Tyr66Trp (e.g. Ser65Thr/Tyr66Trp) leads to
enhanced cyan fluorescent proteins (ECFPs) with a charac-
teristic blue-green emission and an indole ring as an integral
part of the chromophore. The replacement of the indole ring
by an electron-donating 4-aminoindole in ECFP results in a

Figure 11. Replacement of Trp residues in barstar with 4-aminotrypto-
phan converts the pH-insensitive parent protein into a pH-sensitive
fluorescent protein. Note that the positions of the fluorescence emis-
sion maxima (lmax) are pH-dependent only in (4-NH2)Trp-barstar.
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“gold” fluorescent protein (GdFP) which is, with its Stokes
shift of about 100 nm, the most red-shifted Aequoria GFP-
variant known to date (Figure 12).[104] The GdFP is further
charactrized by a dramatically increased thermostability and
stability of the monomeric state. It was expressed and purified
by using a Trp-auxotrophic E. coli strain in the yields similar
to that of the parent ECFP (� 30 mgL�1 of the culture). This
allowed the crystallization of the protein, the elucidation of its
structure, as well as the determination of various biochemical
and biophysical parameters for the dynamics of the chromo-
phore.

With the avGFP variants available to date, however, there
is only one pair of proteins, which are excited at the same
wavelenth, but which can be detected at two different
wavelengths. The design of the GdFP expands these possibil-
ities, since three populations of Trp-auxotrophic E. coli cells
expressing “cyan”, “green”, and “gold” fluorescent proteins
can be unambiguously detected upon excitation at a single
wavelength, clearly opening new ways for multiple labeling
applications (Figure 12). It also represents an excellent
example of custom-tailored or tailor-made protein.

However, the use of these tailor-made avGFPs as fusion
tags in mammalian cells is limited, since they need either
auxotrophic bacterial strains or bacterial strains that host
suitable orthogonal pairs. Therefore, the ideal goal in this
particular case would be to provide mammalian cells under
investigation with suitable orthogonal pairs or orthogonal
translation components to study expression of a larger
number of avGFP-fusion proteins simultaneously. That
requires the development of expressible reporter systems
for use in mammalian cells as was recently reported.[198, 211,180]

7.5. Analogues, Isosteres and Surrogates for Biomedicine

Bioisosteric compounds with nearly identical structures,
shapes, and volumes, as well as similar distributions of
electrons might affect biochemically associated systems as
agonist or antagonists and thereby produce biological proper-
ties that are related to each other. Early studies on non-
canonical amino acids as antimetabolites which were exten-
sively reviewed by Richmond,[52] Hortin and Boime,[50] Wilson
and Hartfield,[51] and Kirk,[58] clearly demonstrated the strong

antimicrobial, antimycotic, and
antitumor activities of such com-
pounds. However, little attention
was paid to these interesting phar-
macological properties that might
possibly have a great potential in
biomedicine.[15] The roles of non-
canonical amino acids other than
participation in protein synthesis
are specific interactions with met-
abolic and catabolic enzymes
(inhibition, activation, modula-
tion) and interference in the pro-
cess of amino acid biosynthesis,
turnover, transport, and storage.

Most of the noncanonical
amino acids are toxic; often this
toxicity is the result of their con-
version into toxic substances by a
relatively complex metabolic
route. Microorganisms and fungi
produce many unusual amino acid
containing toxic substances that
are physiologically highly active
in mammals or other microorgan-
isms, usually in a highly deleterious
manner such as cephalosporines or
penicillins. Plants are the best
chemists among living organisms
because of their remarkable
capacity to produce a wide variety
of secondary metabolites such as
alkaloids, terpenes, and tannins to
protect themselves from predators,
parasites, and infection by viruses.
Many novel plant amino acids are
structurally very similar to the
canonical ones and have the poten-

Figure 12. Top: Single color excitation of differently emitting avGFP mutants and variants expressed
in bacterial cells and imaged on a standard confocal microscope by using different emission filters.
The fluorophores are excited at one wavelength and differ with respect to their emission wavelengths.
The experiment shown is an example for in vivo non-invasive multiple labelling: Trp-auxotrophic E.
coli ATCC49980 cells[102] expressing “enhanced cyan” avGFP (ECFP, Ser65Thr/Tyr66Trp), “enhanced
green” avGFP (EGFP, Phe64Leu/Ser65Thr), and “gold” fluorescent protein (GdFP) are clearly distin-
guishable upon simultaneous excitation at a single wavelength (457 nm). Bottom: Comparison of
normalized fluorescence emission spectra of these avGFP classes. The fluorescence of ECFP is char-
acterized by two emission maxima (lmax1=475 nm; lmax2=506 nm). The emission maximum of the like-
wise “classical” mutant EGFP (with Tyr66 as an integral part of the chromophore) is further red-
shifted (lmax =508 nm).[223] The tailor-made GdFP (with (4-NH2)Trp66 as an integral part of the chro-
mophore) shows the largest red shift (lmax2=576 nm). RF=normalized fluorescence intensity.
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tial to affect deleteriously the metabolism in other organisms.
For example, the noncanonical amino acid mimosine causes
loss of hair and wool in cattle and sheep grazing on Leucaena
leucocephala or Mimosa pudica, while the numerous sele-
nium. or sulfur-containing amino acids are found in a variety
of plants that have wide-ranging toxic effects on grazing
animals.[148]

The particularly well-documented toxicity of 3-fluoro-
tyrosine, 3-fluorophenylalanine, and 5-fluorotryptophan is
due to the formation of fluoroacetate formed by the dominant
Tyr metabolic pathway, which was discovered over 30 years
ago.[226–228] The toxic fluoroacetate is the most ubiquitous
among the organofluorine compounds and has been
identified in more than 40 tropical and subtropical
plant species. It is also produced by some micro-
organisms when grown on media containing fluo-
ride. Whether such a principle can be “borrowed”
from nature to kill tumor cells and spare normal
ones, is still unknown. Indeed, in drug design for
chemotherapy the best way to achieve the specific-
ity of action and selectivity of delivery is to use
proteins as delivery vehicles (protein shuttles;
Figure 13). For example, it is known that lethal
metabolic intermediates such as fluorocitrate and
fluoroacetate are formed from 3-fluorotyrosine in
mammalian tissues.[58] The same must hold true for
tumor cells, if this cytotoxic amino acid would be
specifically delivered to them (Figure 14). Free
cytotoxic amino acids generally have two choices:
1) the re-incorporation into other proteins (i.e. re-
entering protein translation), and 2) the entry into
the intracellular metabolism. The cytotoxic action
most probably follows the general principle postu-
lated by Pattison that “any compound which can
form fluoroacetic acid by some simple biochemical
process is toxic”.[229]

7.6. Noncanonical Amino Acid Surrogates in the Brain?

Many surrogates are more active than their parent
molecules. A widely known example is the lactose surrogate
isopropyl-b-thiogalactoside (IPTG), which is a much stronger
inductor of the lac-operon than lactose itself. Neuroregula-
tory amino acids and their derivatives play critical biochem-
ical roles not only in the brain, but also in the whole nervous
system. Indeed, numerous neurolologically active substances
have amino acids as precursors. The uptake of amino acids
into the brain is particularly important for the control of brain
functions. The composition of free amino acid pools in the

Figure 13. Schematic representation of the concept of use of proteins “armed” with cytotoxic amino acids as possible non-invasive carriers for
drug delivery.[15] Antibiotic amino acids such as penicillamine, azaleucine, azatyrosine, thiaproline, furanomycin, or strong antimetabolites such as
fluorinated amino acids, or canavanine can be incorporated into proteins. Recombinant proteins that contain such pharmaceutically active amino
acids are expected to act as specific delivery vehicles “shuttles”, “Trojan horses” or even “magic bullets” due to their potential ability for selective
delivery and targeting in the human body.

Figure 14. Human recombinant annexin V isomorphously substituted with the
pharmacologically active noncanonical amino acid thiaproline.[14] The overall pro-
tein structure is not changed by the replacement. Cytotoxic amino acids, such as
thiaproline, that might serve as diagnostic markers, are covalently integrated into
the polypeptide as an inactive prodrug and should exert no toxicity during delivery.
This approach is expected to introduce as few perturbations as possible in the
structural, functional, and immunogenic properties of the protein carrier (e.g. anti-
bodies, cytokines, growth factors, tissue-specific proteins).
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brain differs largely from those of other tissues. The
availability (i.e. uptake) and utilization of such amino acids
are often the rate-limiting step in the neurological actions of
their derivatives. For instance, the administration of large
amounts of Trp in rats leads to an increase in the synthesis of
the neurohormone 5-hydroxytryptamine (serotonine).[230]

The neurological activity of some noncanonical amino
acid analogues, surrogates, and their derivatives has been
known for a long time.[231,232] The delivery of such substrates
alone or as a part of peptide or protein carriers that pass the
blood–brain barrier might provide the brain with novel
substances of anthropogenic origin that can exhibit interest-
ing and useful properties.

Relatively well documented “relaxed” substrate specific-
ity of brain enzymes can be exemplified by the nonspecificity
of the aromatic amino acid decarboxylase and dopamine-b-
hydroxylase, which are responsible for the conversion of a
number of Tyr derivatives into analogues of norepinephrine,
or the 5-hydroxytryptophan-based serotonine enzymatic
system. Furthermore, the storage mechanism between pro-
cessed (e.g. decarboxylated) canonical amino acids and their
amino acid surrogates is nonselective as well.[233] These
features might help to modulate synaptic activity by the use
of noncanonical amino acid analogues or surrogates because
they might enter some of the metabolic pathways of their
canonical counterparts and form metabolic derivatives that
might displace natural neurotransmitters.

Since neurohormones based on amino acids are respon-
sible for many aspects of neural and brain functions, it is
conceivable that the changes in their balance caused by
surrogates and analogues released in the brainstream might
be responsible even for different consciousness states. In
other words, approaching the chemistry of the brain by way of
amino acid surrogates should provide an efficient and
valuable tool for studying not only the molecular principles
of thought, memory, and sensory perception but also might be
able to act as effective medicines.[234]

8. The Future of Genetic Code Engineering

8.1. Protein Chemistry and Genetics: History and Current Status

By the end of the 19th century, protein chemists had
identified most of the amino acids, which were known to be
the main building blocks of all proteins. At the same time,
Fischer and Hofmeister[235, 236] conceptually solved the prob-
lem of amino acid linkages in proteins with the “peptide
hypothesis” (i.e. peptide bond concept). The development of
a variety of analytical techniques took almost half a century
before this hypothesis was fully confirmed with the successful
insulin sequencing by Sanger.[237] How amino acids are linked
to polypeptide chains was first fully understood only when it
had been demonstrated experimentally that RNA templates
direct the synthesis of each protein. At this point, the direct
connection between intracellular protein synthesis of living
matter and its genetic program was clear.

After the unambiguous experimental identification of
DNA as the hereditary molecule made by Avery, Hershey,

and Chase,[238,239] biologists, chemists, and physicists directed
their interest to DNA. BeadleLs “one gene!one protein”
concept[240,241] certainly paved the way for the discovery of the
regulation of the gene expression by Jacob and Monod.[242]

After the genetic code had been deciphered[3,4] further rapid
development continued unabated. In the early 1970s almost
all crucial concepts of genetics were established and are now
an integral part of common biochemical knowledge. The
concept “one gene!one protein” certainly does not fit into
the current picture of the multidimensionality of a proteome;
however, its historical impact is based on the fact that it was
used (and still is a common practical guide in laboratory
routine) as a working hypothesis leading to important
discoveries and developments.

The incorporation of noncanonical amino acids into
proteins emerged as a research field as early as the 1950s.[52]

However, only after the advent of recombinant DNA
technology did it become possible to advance in the direction
of an expanded amino acid repertoire. As with the decipher-
ing of the triplet genetic code, organic chemistry and genetics
had to work closely together. The new venture is not just a
renaissance of old dreams about generating proteins with
synthetic amino acids, but is centered on about how to change
the universal genetic code experimentally and how affect its
evolution.

8.2. Theories on the Genetic Code and Its Engineering

While investigations into the emerging questions about
the nature and history of the genetic code evolution were
taking place mainly in theoretical biology, research into the
possibilities of an expansion of the amino acid repertoire in
the genetic code was developed in the field of protein
chemistry. The field of molecular evolution in the last few
decades was marked by the emergence of a rather large
number of studies on the different models for evolution of the
genetic code, whose influence on the experimental engineer-
ing of the genetic code was rather minimal.

Classical experiments by Miller[25] about the spontaneous
prebiotic synthesis of amino acids mark the historical start of
the era of the experimental approach to the problem of the
origin of life. Regarding the genetic code itself, the vast
majority of the contributions deal with theoretical aspects;
only a few authors have contributed in both theoretical as well
as practical research directions. Recently, Yarus wrote “the
immediate future of the code origin appears to be in hands of
experimentalists”.[243] Wong et al. made historically important
contributions to the attempts to expand the amino acid
repertoire.[66,172] In addition, Wong postulated the co-evolu-
tion theory of the origin of the genetic code, which states that
the genetic code expansion took place by the recruitment of
precursor amino acids from developing biosynthetic path-
ways.[244] This means that an expansion of the coding
capacities of the existing genetic code can be achieved if
host microorganism cells are additionally provided with novel
biosynthetic pathways that produce amino acids compatible
with their physiology and metabolism. In other words, the
amino acid repertoire cannot be freely expanded to maximize
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the efficiency of a single function, but must instead co-evolve
with the expansion of other cellular metabolic and biosyn-
thetic capacities. Indeed, recent experiments by Mehl et al.[149]

seem to confirm such possibilities.
The other hypotheses of the code evolution such as how it

was shaped by various selective pressures, its capacity for
translation-error minimization and flexibility might indeed
serve to certain extents as a good guide or conceptual
framework in experimental attempts for code engineering.
Taking into account the immense complexity of the biological
systems we are dealing with, it should not be a surprise that in
spite of the large volume of recent and older literature on the
genetic code evolution, there are no generally accepted
concepts.

Most probably, we might forever remain agnostic about
the exact historical sequence of events in code origin and
establishment. The genetic code itself is a product of Darwin-
ian evolution,[44,245] and Darwinism per se is a historical
concept. Therefore, for genetic code engineering, the experi-
ment always remains the ultima ratio to analyze any
prediction, hypothesis, or expectation. Even then, the non-
resolvable complexities and controversies are often difficult
to avoid. For example, the second position of U in the coding
triplets, encodes hydrophobic amino acids, that is, the genetic
code conserves hydrophobicity against random nucleotide
mutations. Not surprisingly, this residue property is also an
essential driving force in protein folding. On the other hand,
in the context of the standard repertoire, it is often
notoriously difficult to characterize a single property such as
the hydrophobic nature of Trp.[246, 247] Namely, there are more
than forty published hydrophobicity scales in the literature
with many cases of contradictions about the hydrophobic/
hydrophilic nature of Trp.[248]

8.3. Code Engineering and De Novo Protein Design

The terms “protein engineering” and “protein design”
used in numerous contemporary research reports, usually
refer to the modification or redesign of pre-programmed
protein modules. These are normally identified by pattern
recognition or exchange (permutation) among the canonical
20 amino acids. Both these pathways have been selected,
shaped, and optimized for billions of years by various
selective pressures during evolution. Two fundamentally
different approaches have emerged over the last twenty
years: 1) A “rational” redesign by site-directed mutagenesis.
This method requires knowledge of the three-dimensional
structure of the protein or the capacity to predict the effect of
exchanges among the canonical 20 amino acids. 2) Random
mutational techniques such as DNA shuffling, based on a
mutation/selection approach, which imitates the natural
selection process.

Unfortunately, despite numerous published studies and
experimental observations concerning folding properties of
proteins, there are still no general rules for a successful de
novo protein design.[249] The rapid progress in structural
biology, as reflected by the dramatic increase in the number of
resolved three-dimensional structures, was surprisingly of

little help in coping with the problems of rational design.
Even for genetic code engineering, the availability of three-
dimensional structures of all translational components,
including that of the ribosome,[250] although spectacular, has
until now, contributed only marginally, to enable and teach us
how to expand the genetic code experimentally. For example,
the recently determined structure of the TyrRS/tRNACUA

Tyr

pair from Methanococcus jannaschii[251] explained the struc-
tural basis for orthogonality—but it was a posteriori, that is,
after the novel aaRS substrate specificity had already been
established. Although three-dimensional structures are
invaluable starting points for design attempts, it is clear that
difficult and challenging problems associated with protein
rational design as well as code engineering cannot be based
solely on such predominantly mechanistic, descriptive, and
reductive approaches. One might hope that protein chemistry
through code engineering will turn future research trends in
biochemical sciences from the currently prevailing dry
descriptiveness to a research dominated by conceptual
intuition and inventive spirit.

The problem of the de novo design of proteins will not be
solved by an expansion of the amino acid repertoire itself. At
this stage of the development in the field, many cases are well-
documented for which translationally active amino acids
exhibit adverse effects on the folding and structural integrity
of target proteins. In other words, many interesting non-
canonical amino acids simply cannot be accommodated in the
existing natural protein scaffolds without their redesign or de
novo design. Literally speaking, we are in the same position as
those builders from the beginning of dark Middle Ages of
Western culture who were borrowing building materials from
sophisticated Greek and Roman structures.

8.4. Future Progress and the Global Impact of Code Engineering

Progress in natural science in general, as well as in genetic
code engineering in particular, would usually have an impact
on society in terms of the novel technical advances and
perspectives that it brings. On the other hand, such progress
often cannot occur without having an impact on numerous
traditional philosophical, religious, and ethical issues. It might
cause or catalyze critical re-evaluation, disappearance of the
obsolete, and even the emergence of novel ideological,
religious, or ethical systems in certain societies. For example,
Darwinism offers a frame in which one would see the genetic
code as an integral part of cellular chemistry whose function is
to increase the survival fitness in a given environment.[45] It
also postulates that in the process of the emergence of
biologically active natural proteins as well as living organisms,
no conscious effort is involved.[252] On the other hand, the
engineering of novel functions of artificial proteins or even
cells with an expanded amino acid repertoire would be an
example of human-made conscious design.

At the more practical level, sound experimental research
in coming decades will mainly concentrate on using current
knowledge of the basic determinants behind the organization
of the present-day genetic code to make it more accessible for
further experimental manipulations. The strategy of evolution
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will be borrowed from nature to much larger extents than
now. Namely, natural selection is a nonrandom process
determined by the environment; a sort of statistical bias
that increases the probability of otherwise extremely improb-
able but successful adaptive genetic and phenotypic combi-
nations. This process is highly innovative and teleonomic in its
very nature, since the end result of it is improved functional
performance in a given environment.

The emergence of such tailor-made (or custom-made)
proteins, produced in specialized cells (with target-engineered
genetic codes) and intentionally designed for performance in
user-defined environments probably mark the start of the
“post-proteome” era. Nonetheless, it would always be desir-
able to refrain from the claim to describe current as well as
future progress in the field as “revolutionary”—serendipity
and intuition cannot be excluded as important factors for
breakthrough discoveries. One more reason always to be
sceptical of revolutionary talk is the fact that the only context
in which such developments could take place is continuous
skilled and dedicated experimental labor. Furthermore, it is
hard to imagine that progress anticipated in this way
represents a sort of a “paradigm shift”. It should be rather
taught in terms of a gradual change of concepts and
experimental possibilities that are deeply rooted in Mende-
lian and Darwinian tradition with the necessary requirement
for its constant and critical re-evaluation and improvement.

Addendum

Since the submission of this review a series of novel,
important, and relevant contributions in this rapidly devel-
oping field have appeared.

Proline and phenylalanine analogues and surrogates : The
expectation of this study that engineering or a simple
elevation of intracellular levels of prolyl-tRNA synthetase
(ProRS) will result in a full translational activity of the proline
analogues and surrogates such as trans- and cis-4-hydroxypro-
line, piperidine-2-carboxylic acid, and azetidine-2-carboxylic
acid (Section 4.7) has been fulfilled by Conticello and co-
workers.[256] They succeeded in incorporating these amino
acids efficiently into recombinant elastin by using Pro-
auxotrophic strains with native genomic background activity
of ProRS, or Pro-deficient strains supplemented with elevated
amounts of native or mutated ProRS expressed under the
control of an orthogonal promoter system. Similarly, by using
the PheRS mutant with broadened substrate specificity
(PheRS-aAla294Gly), Bentin et al. reported the incorpora-
tion of large amounts of the photoreactive bicyclic amino acid
benzofuranylalanine into a model protein.[257]

Identity problem : An important contribution that fully
highlighted the problem of amino acid “identity” (Sec-
tion 2.3), as a novel feature of the protein translation
apparatus was made by Tirrell and Kumar.[258] Therein they
fully confirm the hypothesis that there must “be a case when
one amino acid is a substrate for two synthetases and
subsequently, the isoacceptor from two different tRNA
species which are loaded with the same amino acid, that is
having the same SidentityL”. It is well known (see for example

refs. [259] and [260]) that the fidelity of the aminoacylation
reaction is determined not only by the catalytic specificity of
aaRS but also by its specific intracellular concentrations in
cytosol. In this work, it is explicitly demonstrated how
variations of cytosol concentrations of aaRS in bacterial
expression hosts can allow a single RNA message to be read
in different ways. More specifically, Tirrell, Kumar, and co-
workers have shown that the identity of the noncanonical
amino acid (2S,3R)-4,4,4-trifluorovaline can be changed in the
protein translation by its assignment either to isoleucine or to
valine codons, depending on intracellular levels of the
isoleucyl- or the valyl-tRNA synthetase in the bacterial
expression host. This is an excellent example of how kinetic
knowledge about relative rates of competing aminoacylation
reactions could be used to expand the amino acid repertoire.

Bridging the gap between theory and experiment : The
results described in reference [254] proved to have implica-
tions for the understanding of the origins of alternate genetic
codes, favoring the “ambiguous intermediate” hypothesis of
Schultz and Yarus.[261, 262] Two papers have appeared recently
that demonstrate that the community of theoretical biologists
concerned with the evolutionary establishment of the genetic
code are slowly becoming keen on the experiments of code
engineering, continuing in this way a tradition established
earlier (see Section 2.2, ref. [27]). Namely, a review by
Bacher, Hughes, Wong, and Ellington[263] and a short com-
mentary by Cavalcanti and Landweber[264] elaborated differ-
ent hypotheses regarding genetic code evolvability in light of
the results of novel code engineering experiments.

Other contributions and reviews in the field : In the
meantime, Schultz and co-workers have reported the use of
orthogonal TrpRS/tRNATrp, which is capable of efficient opal
suppression for selective incorporation of (5-OH)Trp into
proteins in mammalian cells.[265] Another breakthrough from
this group is the report of the design and generation of an
orthogonal synthetase/tRNA pair derived from archeal
tRNALys sequences that are capable of frameshift suppression
of the quadruplet codon AGGA.[266] This pair proved to be
compatible with the amber-orthogonal system; thus, enabling
the simultaneous incorporation of homoglutamine and O-
methyltyrosine at distinct positions within myoglobin. The
most recent reviews by Link et al.,[267] Hahn et al.,[268] as well
as by Anthony-Cahill and Maglierly,[269] provide a balanced
view on the whole field, whereas specialized reviews have
focused on site-specific labeling using chemoenzymatically
acylated tRNAs[270,271] and subsequent post-translation
chemistry of the resulting proteins.[272]

Noncanonical DNA base pairs : The approach pioneered
by Benner and co-workers (1989) on the use of complemen-
tary nucleotides to generate novel Watson–Crick base pairs
culminated recently in the finding by Yokoyama and co-
workers[273] that DNA with unusual base pairs can be tran-
scribed into RNA molecules. The rapid progress in the design
and construction of noncanonical base pairs based on
research by Benner, Eaton, Kool, Hirao, Rombesberg,
Yokoyama, Schultz and their respective groups was recently
comprehensively reviewed by Bergstrom.[274]
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Beside experimental results and critical observations, this study
presents certain themes and insights, which have interested me
for a long time. The development of novel ideas, concepts, and
innovative work in general is much more probable in those
places where the precious institution of freedom is cultivated,
that is, where heads and leaders allow sometimes members of
their groups to step beyond the strict boundaries of their
charge. I was lucky to be in such a place during the last eleven
years of my research work. Therefore I wish to express my
thanks and deep gratitude to my mentors Robert Huber and
Luis Moroder who provided me with the infrastructure in their
laboratories, the staff support, and encouragement for work,
but above all for freedom. I am also grateful to Waltraud
Wenger, Tatjana Krywcun, and Petra Birle for their excellent
technical assistance, and for providing a friendly, congenial,
and creative working atmosphere. Finally I am also in debt to
my family especially my dear wife Monika for her love,
understanding, and support for my “scientific” way of life.
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Nanoporous crystalline sheet were prepared by self-
assembly of roil–coil molecules. Removal of coil segments from the
organized structure produced a crystalline layer with a planar
nanopore array. The nanoporous solid is capable of entrapping highly
nonpolar hexane soluble dyes, such es Nile red, in aqueous solution.
For more details see the Communication by M. Lee and co-workers on
the following pages..
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Nanoporous Sheets

Supramolecular Crystalline Sheets with Ordered
Nanopore Arrays from Self-Assembly of Rigid-
Rod Building Blocks**

Myongsoo Lee,* Myoung-Hwan Park, Nam-Keun Oh,
Wang-Cheol Zin, Hee-Tae Jung, and Dong Ki Yoon

The design and construction of well-defined nanoporous
materials is an area of great interest, because they have broad
applications in catalysis, lithography, membrane filtration,
and ion-selective membranes.[1–6] Development of such well-
defined porous materials requires the rational design of
molecular components that are programmed to assemble
through noncovalent intermolecular forces. We previously
demonstrated that self-assembled structures based on rod
building blocks could be manipulated through attachment of
flexible parts with different lengths to their ends.[7] Depending
on the relative length of the rigid segments, these blocks self-
assemble into perforated supramolecular layers with in-plane,
ordered coil perforations that are able to self-organize into a
three-dimensional (3D) hexagonal superlattice.[8] One can
envision that selective removal of coil segments from this
ordered structure would provide a novel strategy to generate
nanoporous layered materials with in-plane nanopore arrays.

Here we report the preparation of supramolecular
crystalline sheets with in-plane nanopore arrays by hydrolysis
with aqueous KOH and subsequent removal of coil segments
from the perforated layered structure (Figure 1). The syn-
thesis of a self-assembling rod-coil molecule consisting of
penta-p-phenylene and poly(propylene oxide) was performed
in a stepwise fashion starting with esterification of poly(pro-
pylene oxide) and 4-bromobenzoic acid, and continuing with
Suzuki cross-coupling to generate the rod building block. The
rod-coil molecule was characterized by 1H and 13C NMR
spectroscopy, elemental analysis, and gel-permeation chro-
matography (GPC) and shown to be in full agreement with

the structure presented. The ester linkage grafting the rod and
coil segments can be easily cleaved by hydrolysis with alkali
metal hydroxide solution.

The rod-coil compound melts into an isotropic liquid at
203 8C, as evidenced by differential scanning calorimetry
(DSC) and thermal optical polarized microscopy. The TEM
image of a microtomed film of the material (stained with
RuO4) showed a honeycomblike supramolecular structure
with a hexagonal array of light coil perforations in a dark rod
matrix (Figure 2a). Small-angle X-ray scattering (SAXS)
measurements showed a number of well-resolved reflections,
which can be indexed as a 3D hexagonal order (P63/mmc
space-group symmetry) with lattice constants a= 12.7 and c=

18.0 nm (Figure 2b).[8] The diameter of a perforation, deter-
mined from the lattice constants and density measurements,
appeared to be 9 nm, consistent with the TEM analysis.

Wide-angle X-ray diffraction patterns showed three sharp
reflections (Figure 3a), that is, the rod segments are packed

Figure 1. Preparation of supramolecular porous crystalline sheets by
selective removal of coil segments from a perforated layer structure.

Figure 2. a) TEM image of a microtomed film of the rod-coil com-
pound stained with RuO4. b) Small-angle XRD pattern of the rod-coil
compound. Inset: SAXS reflections for q =1.0–2.0 nm�1 with an inten-
sity scale expansion of +10.
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into a rectangular lattice (P2gg space group) with unit cell
dimensions a= 0.79 and b= 0.56 nm. These results demon-
strate that the rod segments crystallize into a perforated
layered structure, in which perforations are filled by coil
segments, and subsequently the perforations organize into a
3D hexagonal superlattice.

Cleavage of the ester groups followed by selective
removal of coil segments in the ordered state is a possible
strategy for constructing nanoporous supramolecular crystal-
line sheets with well-defined pore size. To obtain initial proof
of this concept, the thin film with coil perforations was placed
in water/methanol containing potassium hydroxide at room
temperature to cleave the ester groups grafting the rod and
coil segments. Under these conditions, the crystalline layers
consisting of rod segments are insoluble and inert. After one
week, the rigid and insoluble film was removed from the
hydrolysis solution, thoroughly washed with aqueous HCl and
methanol, and dried at room temperature under vacuum.

Solid-state 13C NMR spectra of the films showed that the
signals associated with the poly(propylene oxide) chain had
completely disappeared after hydrolysis (Figure 4). The FT-IR
spectrum showed a broad O�H absorption in the region from
3400 to 2400 cm�1 and a C=O stretching band centered at
1720 cm�1, which shifts to 1690 cm�1 after hydrolysis, indicative
of conversion of an ester to a carboxylic acid. These data are
consistent with the formation of rigid organic frameworks
consisting only of aromatic rod segments by selective removal
of the poly(propylene oxide) coils. The resulting film is
completely insoluble in water and common organic solvents
such as CHCl3, methanol, CH2Cl2, toluene, hexane, and ethyl
acetate and does not exhibit any noticeable swelling.

The TEM image of a microtomed film of the hydrolyzed
sample stained with RuO4 showed nanopore arrays (Fig-
ure 5a), indicative of the formation of nanoholes on hydrol-

ysis. This was also confirmed by atomic force microscopy
(AFM) images. The amplitude images of a hydrolyzed film
showed an ordered array of circular pores at the positions of
the coil perforations (Figure 5b and 5c). The line scan in
Figure 5b (inset) shows a pore to pore distance of approx-
imately 12 nm, that is, the fundamental spacing is not changed
on hydrolysis. The SAXS pattern exhibited four sharp
scattering peaks corresponding to a lamellar structure with

Figure 3. Wide-angle XRD patterns measured a) before and b) after
hydrolysis of the rod-coil compound at 25 8C.

Figure 4. Solid-state 13C NMR spectra of the rod-coil compound
a) before and b) after hydrolysis.

Figure 5. a) TEM image of a hydrolyzed film stained with RuO4. Tap-
ping-mode AFM amplitude images presented as b) two- and c) three-
dimensional graphics (250 nm+250 nm area). d) Small-angle XRD pat-
tern of the hydrolyzed sample.
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a layer thickness of 2.1 nm (Figure 5d), which implies that
perforation order is not maintained on removal of the coil
segments. Since the length of carboxylic-acid-terminated
penta-p-phenylene is 2.1 nm, the measured lattice constant
indicates that the coil segments are extracted from the
perforated layered structure after hydrolysis. These results
demonstrate that the crystalline rod layers with in-plane
nanopore arrays are stacked into a lamellar structure with a
thickness corresponding to the length of a rod, while pore
order along the c direction is lost on extraction of PPO coil
segments. The wide-angle XRD pattern of the hydrolyzed
sample revealed the same diffraction pattern but with peak
narrowing compared to that of the rod-coil molecule (Fig-
ure 3b).[9] These data are consistent with the preservation of
the crystal structure within the rod layers, with enhanced
crystallinity due to selective etching of the amorphous coil
segments from the perforated layers. These results demon-
strate that hydrolysis and subsequent removal of the flexible-
coil segments in ordered nanostructures formed by rod-coil
systems can provide a strategy for constructing nanoporous
crystalline materials with uniform pore size.

Remarkably, the nanoporous solid proved capable of
entrapping highly nonpolar dyes such as Nile Red in aqueous
solution; this is indicative of the presence of nanoholes with
hydrophobic interiors. In one experiment, Nile Red was
dissolved in hexane and added to an aqueous dispersion of the
nanoporous solid. The mixture was treated by ultrasonication

for 12 h. After this time, the water subphase turned violet, and
the significant decrease in the intensity of the absorption peak
corresponding to Nile Red in the hexane phase indicated that
dye molecules had been transferred to the aqueous phase
(Figure 6). This unique amphiphilic behavior is most probably
attributable to hydrophobic and p–p interactions between the
hydrophobic interiors of the nanopores and aromatic dye
molecules.

In summary, a rod-coil compound in which an ester
linkage grafts rod and coil segments exhibited a honeycomb-
like supramolecular structure with 3D hexagonal symmetry.
Hydrolysis with aqueous KOH and subsequent removal of the
coil segments from the ordered structure with in-plane,
hexagonally ordered perforations produced a crystalline
layer with in-plane nanohole arrays. These results indicate
that this approach allows novel, highly ordered nanoporous
crystalline sheets to be produced, which potentially have
applications as diverse as biomimetic transport membranes,[1d]

periodic porous materials,[10] and nanopatterning.[11]
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Nanobiotechnology

Reversible Switching of DNA–Gold Nanoparticle
Aggregation**

Pompi Hazarika, B
lent Ceyhan, and
Christof M. Niemeyer*

The utilization of the tremendous recognition properties and
functionality of proteins and nucleic acids as building blocks
in the “bottom-up” self-assembly of nanometer-scaled func-
tional devices has led, in the past few years, to a new research
discipline, descriptively termed as nanobiotechnology.[1]

Applications include, for instance, the organization of metal
and semiconductor nanoclusters,[2] numerous bioanalytical
techniques,[3] as well as biomolecular electronics[4] and nano-
mechanical devices. In the development of the latter, an
increasing number of reports is currently being devoted to the
construction of nanomechanical devices from DNA.[5] Exam-
ples include the construction of devices from DNA molecules
whose functionality is based on conformational changes
induced by the binding of intercalators,[6] Co3+-ion-dependent
B- to Z-DNA transformation,[7] Mg2+-ion-dependent DNA
supercoiling,[8] pH-dependent formation of intramolecular
cytosin quartet structures,[9] or by intermolecular hybridiza-
tion with so-called fueling oligonucleotides.[10–14] In this
concept, a given DNA conformation is changed upon hybrid-
ization with an effector oligomer, which, in turn, can be
removed from the complex by hybridization with a second
oligomer. Although various examples have proven the suit-
ability of this approach for switching dye-tagged DNA
molecules, to the best of our knowledge, its application to
the reversible formation of materials has not been realized
yet.

Herein we report the reversible aggregation of DNA-
modified gold nanoparticles by taking advantage of two
complementary fueling oligonucleotides, Fa and Fd (Figure 1).
The base sequence of Fa is comprised of three stretches, a’, b’
(which are complementary to � 23-nm Au nanoparticle-
bound 12-mer oligomers a and b, respectively) as well as
stretch c’ (which promotes hybridization of Fa and Fd). The
transformation cycle starts with state I (Figure 1) in which the
DNA nanoparticles are dispersed and reveal a characteristic
plasmon absorption maximum at 526 nm (Figure 2). Upon
addition of 32 equivalents of oligomer Fa, the particles

aggregate (state II, Figure 1), and, consequently, the plasmon
absorption band is damped and shifted towards longer
wavelengths (� 625 nm; Figure 2). In the next step, oligomer
Fd is added; Fd is fully complementary to and hybridizes with
Fa, starting at the dangling-end stretch c’ of the duplex DNA
that interconnects the nanoparticles. This process, schemati-
cally shown as the intermediate state III in Figure 1, leads to
the formation of a waste duplex and the redispersion of the
nanoparticles. Hence, an increase in absorbance at 526 nm is
observed (Figure 2).

Experimental variations revealed that 2 equivalents of
oligomer Fd (with respect to Fa) were needed to retain the

Figure 1. Schematic drawing of the reversible aggregation of DNA-
modified gold nanoparticles utilizing fueling oligonucleotides Fa and
Fd. Fa contains three stretches (a’, b’, and c’, which are complementary
to the gold-nanoparticle-bound 12-mer oligomers, a and b). Stretch c’
forms a dangling end in the aggregated particles (state II), which pro-
motes the hybridization of Fa and Fd (intermediate state III).

Figure 2. UV/Vis spectra of nanoparticle aggregation and redispersion.
The absorbance maxima at 526 nm and 625 nm indicate the formation
of dispersed and aggregated particles, respectively. The fueling
oligomers Fa

4 and Fd
4 employed contain a stretch c’ and c that are

4 bases in length. Notably, 2 equivalents of oligomer Fd
4 (with respect

to Fa
4) are required to restore the original extinction of the dispersed

particles.
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extinction of the original nanoparticle solution (Figure 2). It is
likely that the excess Fd is necessary owing to a limited
accessibility of linking strands Fa within the aggregates and,
hence, decreased hybridization kinetics. Additional studies on
the influence of the length and base composition of sequence
stretch c within the fueling oligomer Fa and Fd showed that
four base pairs are sufficient to promote complete removal of
the DNA strands that interconnect the particles (see Sup-
porting Information).

To demonstrate the reversible switching of the nano-
particle aggregation, we carried out seven consecutive cycles
of aggregation and redispersion by adding fuelling oligomers
Fa and Fd, respectively. After each addition, UV/Vis spectra of
the samples were recorded (see Supporting Information) and
the extinction at 526 nm and 700 nm, which are indicative for
dispersed and aggregated particles, respectively, was plotted
against the number of steps (Figure 3). The results clearly

demonstrate the feasibility of using fueling oligomers for the
reversible switching of nanoparticle aggregation. Nonethe-
less, careful analysis of the absorbance maxima observed for
the aggregated particles indicated a decrease in the red shift
of the plasmon absorption band from 619 nm in cycle 1 to
556 nm in cycle 7 (Supporting Information). As the magni-
tude of the shift is indicative of the size of the particle
aggregates formed,[15,16] this observation suggests that the
aggregation efficiency is diminished owing to increasing
concentrations of free Fa oligomers.

In conclusion, we have shown that the reversible switching
of DNA–gold nanoparticle aggregation can be carried out by
the employment of complementary fueling oligonucleotides
that contain a short dangling-end sequence for the initiation
of strand removal from the aggregates. Further optimization
of this concept by variation of temperature, salt concentra-
tion, and pH value, by using oligofunctional DNA nano-
particles[17] and, in particular, by careful design of the
oligomer sequences[18, 19] should pave the way towards nano-
structured materials with programmable functionalities for a
broad range of applications in nanobiotechnology.

Experimental Section
The preparation of DNA–gold nanoparticle conjugates was carried
out as described earlier.[17] The size of the citrate-stabilized gold
nanoparticles used was 22.9� 5.7 nm. Thiol-modified DNA oligomers
(sequence a: 5’-SH-GGT GAA GAG ATC-3’; sequence b: 5’-AAG
ACC ATC CTG-SH-3’) were purchased from Thermo Electron,
Germany.

To aggregate the DNA-modified particles, generally 32.5 equiv-
alents[20] of oligonucleotide Fa

4 (5’-TAC GCA GGA TGG TCT TGA
TCT CTT CAC C-3’) was added to a mixture of DNA–gold
nanoparticle conjugates 1 and 2 (each 1.54 nm) in TETBS buffer
(0.3m NaCl, 20 mm Tris-HCl, pH 7.35 containing 5 mm EDTA and
0.05% Tween 20). The solution was incubated for 24 h at room
temperature. Subsequently, the aggregates were redispersed by
adding oligonucleotide Fd

4 (5’-GGT GAA GAG ATC AAG ACC
ATC CTG CGT A-3’; 2.2 equiv with respect to Fa

4), and the solution
was incubated for 24 h at 37 8C.

For the repeated switching of particle aggregation, seven cycles of
aggregation/redispersion were performed as described above with the
following amounts of fuelling oligomers: Cycle 1: 32.5 equiv
(1.5 pmol) Fa

4 and 73.7 equiv (3.4 pmol) Fd
4; cycle 2: 84.5 equiv

(3.9 pmol) Fa
4 and 192.8 equiv (8.9 pmol) Fd

4; cycle 3: 212.3 equiv
(9.8 pmol) Fa

4 and 467.9 equiv (21.6 pmol) Fd
4; cycle 4: 511.2 equiv

(23.6 pmol) Fa
4 and 1109.0 equiv (51.2 pmol) Fd

4; cycle 5: 1193.5 equiv
(55.1 pmol) Fa

4 and 2558.1 equiv (118.1 pmol) Fd
4; cycle 6:

2729.2 equiv (126.0 pmol) Fa
4 and 5796.3 equiv (267.6 pmol) Fd

4;
cycle 7: 6138.5 equiv (283.4 pmol) Fa

4. To prevent changes in absorb-
ance due to dilution of the samples, 14 different aliquots of gold
nanoparticles were prepared and Fa

4, Fd
4 oligonucleotide solutions

were added until a distinct step was reached. In the remaining steps,
only buffer was added to these particular samples. After the final
addition of either oligomer or buffer solution to all 14 aliquots of the
nanoparticle samples, the UV/vis spectra were recorded on a Varian-
Cary 100 UV/Vis spectrophotometer.
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Polymer Chemistry

Supramolecular AB Diblock Copolymers**

Xiaowu Yang, Fengjun Hua, Kazuhiro Yamato,
Eli Ruckenstein, Bing Gong,* Won Kim, and
Chang Y. Ryu*

Coupling incompatible oligomeric or polymeric chains at
their ends leads to the formation of block copolymers. Block
copolymers have a fascinating tendency to attain, through
self-assembly and microphase separation, various ordered

morphologies that have characteristic dimensions on the
nanometer scale.[1] In recent years, efforts to develop supra-
molecular polymers, that is, macromolecules which consist of
monomeric building blocks that are linked together by
noncovalent forces, have generated great enthusiasm.[2] A
successful design of supramolecular polymers relies on the
availability of noncovalent association units that can link
various structural modules together. Although strategies that
lead to a variety of chains or networks have been reported,
association units with reasonable affinity and specificity have
only recently become available. The groups of Zimmerman[3]

and Meijer[4] have developed self-complementary, quadruply
hydrogen-bonded complexes that serve as associating end
groups for the construction of supramolecular polymers of
high molecular weights. Other polymeric systems that involve
supramolecular interactions are also known.[5] Despite the
progress made, few hydrogen-bonded supramolecular block
copolymers have been reported so far.[5i] Owing to the
unavailability of heterodimeric hydrogen-bonded units of
sufficient strength and specificity, supramolecular block
copolymers that display microphase separation have not
been reported. Lohmeijer and Schubert recently reported an
exciting example of supramolecular block copolymers by
using unsymmetrical metal complexes which were obtained
with 30–50% yield after purification (column chromatogra-
phy).[6]

To ensure microphase separation of designed supramolec-
ular block copolymers and to couple different blocks, ideally,
association units that link the different blocks together should
exhibit both high stability and high non-self-complementary
specificity, and at the same time the linkages should be
kinetically reversible. Indeed, this is an unsolved problem.
Many metal complexes are highly stable but are kinetically
inert, whereas most hydrogen-bonded complexes lack high
binding affinities and specificities.

We report herein a new class of supramolecular, AB-type
diblock copolymers that rely on hydrogen-bond-enforced
association of incompatible polymer chains. In the general
structures 1 and 2, hydroxyl-terminated polystyrene (PS) and
poly(ethylene glycol) monomethyl ether (PEG) chains were
coupled to two different oligoamide strands. We previously
showed that oligoamide strands such as 1’ and 2’ paired into a
hexa-hydrogen-bonded heteroduplex with an association
constant Ka> 109m�1 in chloroform.[7] Thus, mixing the
modified PS with the PEG chains in a ratio of 1:1 in a
common solvent (chloroform) should also lead to hydrogen-
bonded supramolecular diblock copolymers. We also
reported that the pairing of oligoamides similar to 1’ and 2’
was accompanied by significant downfield shifts of the signals
for the protons of the amide groups: g (g’), m (m’), and t (t’;
see structures 1 and 2 for atom labels).[7b] Here, the 1D
1H NMR spectra of 1’·2a, 1a·2 a, and 1c·2c exhibited similar
downfield shifts of N�H protons to those of the duplex 1’·2’[8]

which indicates that the PEG and PS strands are linked by
intermolecular hydrogen bonds. Results from 2D 1H NMR
(NOESY) studies on 1a·2a and 1c·2 c revealed interstrand
NOEs that are also consistent with the formation of hydro-
gen-bonded duplexes, that is, the noncovalent coupling of
PEG and PS strands.[8]
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Hydrogen-bond-mediated association of the modified PS
and PEG chains was further confirmed by gel permeation
chromatography (GPC). The 1c·2 c pair, relative to 1c or 2c
alone, had the fastest elution time (23.00 min), followed by 1c
(23.45 min), and then 2c (24.99 min; Figure 1a). Upon elution

with the polar solvent DMF (Figure 1b), 1c·2c appeared as
two peaks that coincided with the positions of 1 c and 2c
which again confirmed the hydrogen-bonded nature of 1c·2c.
Similar results were obtained from GPC analyses of another
duplex, 1b·2b, and its corresponding constituent blocks 1b
and 2b.[8]

The above NMR and GPC results clearly establish that PS
and PEG strands can indeed be linked through hydrogen
bonding. In the bulk phase, under conditions that favor the
formation of intermolecular hydrogen bonds, these supra-
molecular block copolymers may demonstrate properties that
are characteristic of typical covalent block copolymers. On
the other hand, under conditions that disrupt intermolecular
hydrogen bonds, these supramolecular diblock copolymers
may dissociate and behave like A/B polymer blends. One of
the most important properties of block copolymers involves

microphase separation, which depends on the incom-
patibility or immiscibility of the two constituent
polymer blocks and the volume fraction of the
blocks.[1] If the molecular weights of the blocks are
low, the constituent blocks are miscible and the
corresponding block copolymers will be disordered
and therefore not show microphase separation. As
their molecular weights increase, the constituent
blocks will eventually become immiscible and the
corresponding block copolymers will show microphase
separation.

According to the method described by Cheng and
co-workers,[9] the interaction parameters (cN; 60 8C) of
the PS and PEG chains in the diblock copolymer
architecture were estimated to have values of 2.8, 4.5,
17.3, and 19.8 for 1 b·2a, 1b·2b, 1 c·2b, and 1c·2c,
respectively. In terms of polymer–polymer interactions
in the phase diagram of diblock copolymers,[10] these
cN values mean that 1) 1b·2a and 1b·2 b should exist as
disordered hydrogen-bonded block copolymers, which

do not exhibit PS/PEG microphase separation owing to their
low cN values, 2) 1c·2b may still be disordered owing to its
low PEG volume fraction (9.5%), although it has a reason-
ably large cN value, and 3) 1c·2c with its cN value of 19.8 and
PEG volume fraction of 20.9% should show microphase
separation, which would lead to discontinuous nanoscale
PEG domains embedded in the PS matrix. These predictions
based on the cN values are fully consistent with results from
differential scanning calorimetry (DSC) studies.

Figure 2 shows the DSC heating diagrams of four PS–
PEG pairs, 1b·2a, 1 b·2b, 1c·2b, and 1c·2c. The similar results
obtained during the first heating scans for 1b·2a, 1b·2b, and
1c·2b indicate the absence of ordered PEG domains, which
suggests that these three duplexes are disordered block
copolymers. This is consistent with the above theoretical
predictions on 1b·2a, 1b·2b, and 1c·2 b. In contrast, the first
DSC heating diagram of 1 c·2c revealed a sharp melting peak
for PEG near 60 8C and a glass transition of PS near 100 8C.
This heating diagram is very similar to those of ordered,
covalent PS–PEG diblock copolymers[9] and suggests that
1c·2c self-assembles into an ordered morphology. The
endothermic peaks observed for 1b·2a (175 8C), 1b·2b
(174 8C), and 1c·2b (190 8C) during the first heating scans
are likely brought about by the dissociation of the hydrogen-
bonded duplex units because a similar peak (192 8C) was also
observed in the heating diagram of duplex 1’·2’, which does
not carry a polymer chain. The first heating scans of 1c·2c
revealed a broad exothermic peak centered around 179 8C,
which indicates that the hydrogen-bonded duplex unit of
1c·2c is in an environment that is very different from those in
the three supramolecular pairs that exist in the disordered
state. The endothermic peaks were reproduced in the second
heating of 1 b·2a (172 8C) and 1b·2b (174 8C). The corre-
sponding endo- or exothermic peak was absent in the diagram
of 1c·2b or 1c·2c during the second heating cycle. Instead,
melting peaks of PEG were observed for both 1c·2b and
1c·2c, which suggests that the blocks of 1b·2a and 1b·2b
remain as miscible blends after the hydrogen-bonded duplex
unit dissociates at high temperatures. Upon cooling, the two

Figure 1. GPC traces of 1c·2c (green), 1c (d, purple), and 2c (c,
pink) eluted with a) DMF/toluene (10:90, v/v) and b) DMF, both at
60 8C. DMF= N,N-Dimethylformamide.
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blocks were linked through hydrogen bonds to form the
diblock copolymers from the homogeneous mixtures of the
melts. As for 1c·2 b and 1 c·2c, the separated PS and PEG
macrophases did not allow the pairing of their hydrogen-
bonded duplex units and thus the block copolymers within the
timeframe of the cooling cycle. This conclusion is further
supported by comparison of the behavior of 1c·2c with that of
a PS/PEG (MM: 20000:5000) blend by DSC studies, which
revealed significant differences between the two.[8] The first
heating scan gave results that were consistent with micro-
phase separation for 1c·2c and macrophase separation for the
PS/PEG blend. After cooling down from the first heating
scan, the second heating scan on the same samples led to DSC
results that indicated macrophase separation of both samples
relative to the original 1c·2 c duplex and the PS/PEG blend.

The microphase separation of 1 c·2c was also confirmed
by the AFM image of its spin-coated film from benzene
(Figure 3). It was reported that PEG cylinders could be
aligned normal to the substrate by spin-coating PS–PEG
diblock copolymers from benzene.[11] From the AFM image
(Figure 3), the well-dispersed discontinuous PEG domains
(dark regions) with an average diameter of 24 nm indicate
that the 1c·2c sample has a typical PS–PEG diblock copoly-

mer-like microphase separation,[11] although it is not clear at
this moment whether the PEG domains are vertically
oriented cylinders or dispersed spheres. The morphology of
a cryogenically fractured surface of the 1 c·2c sample was
examined by scanning electron microscopy (SEM) after the
DSC experiments, which revealed that the sample had indeed
undergone a macroscopic phase separation after the heating
and cooling cycles in the DSC analyses. The AFM images of
1c·2c before and after dipping into a mixture of methanol/
water (1:1 v/v) at room temperature for one hour show that
the methanol/water-treated sample contains nanoscale local
swellings in the PEG domains, which is presumably due to the
disruption of the six hydrogen-bonded association units and
the swelling of PEG.[8] Furthermore, the AFM image of
1d·2d, with its higher ratio of PEG relative to that for 1c·2c,
contains enlarged dark regions,[8] which supports our con-
tention that the dark regions in the AFM image of 1c·2c
correspond to microphase-separated PEG domains.

In summary, the supramolecular diblock copolymers
described here demonstrate the phase behavior that is typical
of diblock copolymers. The perturbation of the hydrogen-
bonded duplex units on the phase behavior of the diblock
assemblies, such as 1c·2c and 1d·2d, with long PS and PEG
blocks is surprisingly small. Relative to covalent block
copolymers, these supramolecular block copolymers offer
unique advantages such as 1) the rapid generation of numer-
ous block combinations, 2) the preparation of block copoly-
mers consisting of blocks that can only be prepared separately
by using drastically different methods, 3) the hydrogen-
bonded bridging units can be formed or cleaved under mild
conditions, and 4) the ability of the designed system to
undergo self-repair (or error-correcting). Coupled with the
programmable sequence-specificity and high stability of our
hydrogen-bonded duplexes, the described strategy can be
easily extended to the creation of tri- and multiblock

Figure 2. DSC profiles from the A) first and B) second heating at
5 8Cmin�1 of a) 1b·2a, b) 1b·2b, c) 1c·2b, and d) 1c·2c. Prior to the
second heating, the samples were cooled from 250 8C to �50 8C at
5 8Cmin�1. Arrows are used to indicate the glass transition from the
PS domains of either ordered or macrophase-separated PS/PEG.

Figure 3. Tapping mode AFM image (height) of a film of 1c·2c by
spin-coating from benzene solution. Inset: SEM image of freeze-frac-
tured surface of a sample of 1c·2c, which had been heated to 250 8C
and cooled to �50 8C at 5 8Cmin�1 (that is, after the DSC experi-
ments).
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copolymers, which will greatly enhance the diversity of the
corresponding self-assembled nanoarchitectures.
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Radical Reactions

Four-Stage Amphoteric Redox Properties and
Biradicaloid Character of Tetra-tert-
butyldicyclopenta[b ;d]thieno[1,2,3-cd ;5,6,7-
c’d’]diphenalene**

Takashi Kubo,* Maki Sakamoto, Minako Akabane,
Yoshinori Fujiwara, Kagetoshi Yamamoto,
Motoko Akita, Katsuya Inoue, Takeji Takui, and
Kazuhiro Nakasuji*

Dedicated to Emeritus Professor Ichiro Murata
on the occasion of his 75th birthday

Phenalenyl-based hydrocarbons possess highly amphoteric
redox properties that give low oxidation and high reduction
potentials and afford stable multivalent redox species.[1] These

compounds have frontier orbitals with a nonbonding molec-
ular orbital (NBMO) character that results from a weak
perturbation between singly occupied molecular orbitals
(SOMOs) of the phenalenyl radical and the frontier orbitals
of a central conjugated system. This perturbation leads to a
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small gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO). This amphoteric redox property makes the phena-
lenyl moiety is an important species in redox chemistry.
Herein, the synthesis and properties of a new phenalenyl-
based conjugated system that has amphoteric redox proper-
ties (Scheme 1) and a biradicaloid character originating from
a small HOMO–LUMO gap is reported.

The synthetic procedure for 1 is shown in Scheme 2. The
key intermediates 3 were obtained as an isomeric mixture of
3,10-, 3,11-, and 4,10-dimethyl compounds by treatment of
acenaphthene derivative 2 with sulfur.[2] Isolation of the
individual isomers was not carried out as 1 could be prepared
from each of them. Bis(propionic acid) derivatives 6 were
obtained in three steps. Intramolecular Friedel–Crafts cycli-
zation of the acyl chloride of 6 with AlCl3 gave diketones 7,
which were reduced and subsequently dehydrated to afford
dihydro compounds 9. Dehydrogenation of 9 with p-benzo-
quinone provided the target compound 1 as black prisms.
Compound 1 was found to be stable in the solid state at room
temperature even in air. The structure of 1 was confirmed by
X-ray cystrographic analysis (see below).

The cyclic voltammogram of 1 gave four reversible redox
waves, with two oxidation potentials (Eox

2 = ++ 0.94 VandEox
1 =

+ 0.47 V) and two reduction potentials (Ered
1 =�0.53 V and

Ered
2 =�0.90 V; Figure 1. The reversibility of the redox waves

indicates the persistency of the mono- and divalent ionic
species. Furthermore, the low Eox

1 and high Ered
1 values suggest

that the oxidized and reduced species that are generated have
high thermodynamic stabilities. The Esum

1 value[3a] of 1.00 V is

comparable to that of pentaleno[1,2,3-cd ;4,5,6-c’d’]diphena-
lene (PDPL, 0.99 V[3b]), which is the smallest value reported
for closed-shell hydrocarbons.[1c] Thus, 1 possesses a high
amphoteric redox ability, which indicates that it has a small
HOMO–LUMO gap. Such a small gap is also confirmed by
the electronic absorption spectrum of 1, where an extraordi-
narily low energy band at 800–2000 nm is seen (Figure 2). The
band is assignable to a HOMO–LUMO transition, which is
consistent with the value of 1520 nm (f= 0.08) calculated by
time-dependent density functional theory (TD-DFT;
RB3LYP/6-31G**) calculations.[4] The low energy band is
independent of the sample concentration (5 D 10�4 and 5 D
10�5 molL�1) and the solvent polarity (cyclohexane, tetrahy-

Scheme 1. Four-stage amphoteric redox behavior of 1.

Scheme 2. Synthesis of neutral 1 and ionic redox species 12+, 1C+, 1C� , and 12�. Reaction conditions: a) Sulfur, DMF, reflux, 2 h, 90%; b) N-bromo-
succinimide (NBS), benzoyl peroxide, benzene, reflux, 10 min; c) NaOEt, CH2(CO2Et)2, benzene+ethanol, RT, 21 h, 67% (2 steps); d) 1. 10% aq
KOH, ethanol, reflux, 3 h, 2. 3n HCl, reflux, 12 h, 89%; e) 1. (COCl)2, reflux, 2 h, 2. AlCl3, CH2Cl2, �30 8C, 2 h, 75%; f) LiAlH4, THF, RT, 4 h, 86%;
g) cat. p-toluenesulfonic acid, benzene, reflux, 5 min, 99%; h) p-chloranil, benzene, reflux, 5 min, 87%; i) KH, under vacuum, THF, RT, 1 week;
j) K mirror, THF, RT; k) 1 equiv. of SbCl5, CH2Cl2; l) D2SO4, RT, 10 days.

Figure 1. Cyclic voltammogram (versus saturated calomel electrode) of
1 in CH2Cl2 with 0.1m Bu4NClO4 as the supporting electrolyte at room
temperature; sweep rate=100 mVs�1.
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drofuran, dichloromethane, and acetonitrile). Such observa-
tions exclude the possibility that the band is an intermolecular
charge-transfer (CT) absorption band.

The high amphotericity indicates that 1 should yield
cationic and anionic species readily. The ionic redox species of
1 were generated with no difficulties and showed no
appreciable decomposition over several weeks at room
temperature. The reaction conditions are summarized in
Scheme 1. The monovalent radical species 1C+ and 1C� gave
rise to well-resolved ESR signals without detectable changes
in the spectra at 183–293 K. The coupling constants of the ring
protons are given in Table 1 along with the theoretical

coupling constants calculated by the DFT (SVWN/6-31G**)
method and the McConnell equation.[5] The agreement
between the experimental and the theoretical hyperfine
coupling constants indicates that the unpaired electron is
not confined to one phenalenyl moiety (A) but is delocalized
over the entire molecule (B).[6] The spin-density calculation
indicates that the p spin of 1C+ and 1C� resides on the two
phenalenyl moieties with a similar spin distribution pattern to
that of the phenalenyl radical (Figure 3). The similarity of the
distribution pattern on two phenalenyl moieties supports the
idea that both the HOMO and LUMO of 1 should have a

large contribution from the nonbonding molecular orbital
(NBMO) in the phenalenyl radical.

The p-charge distribution of the divalent species 12+ and
12� should closely relate to the p-spin distribution of the
monovalent species 1C+ and 1C� . The removal and addition of
two electrons in the divalent species occurs in the same
molecular orbitals as those of a single electron in the
monovalent species, that is the HOMO and LUMO, respec-
tively. The divalent species 12+ and 12� gave rise to only seven
signals in the 1H NMR spectra (two from the tert-butyl groups
and five from the ring protons; Table 2). This simple 1H NMR

Figure 2. Electronic absorption spectrum of 1 in CH2Cl2 at room tem-
perature.

Table 1: Experimental and theoretical hyperfine coupling constants (in
mT) of 1C+ and 1C� .

1C+ [a] 1C� [b]

position exptl. theor.[c] exptl. theor.[c]

1,11 0.218 �0.225 0.150 �0.163
2,10 0.060 +0.045 0.004 +0.004
3,9 0.218 �0.204 0.154 �0.164
5,7 0.029 +0.003 0.068 +0.045
13,14 0.060 +0.054 0.008 �0.004

[a] Recorded in CH2Cl2 at�70 8C. The g value was 2.0045. [b] Recorded in
THF at �70 8C. The g value was 2.0034. [c] Calculated at the SVWN/6-
31G** level and with the McConnell equation (Q =�2.5 mT for 1C+ and
�2.4 mT for 1C�).

Figure 3. Spin density of 1C+, 1C� , and the phenalenyl radical calculated
at the SVWN/6-31G** level.

Table 2: 1H and 13C NMR spectroscopic data (d) of 12+ and 12�, and
13C NMR chemical shift changes on going from 12+ to 12�.[a]

12+ 12�

position 1H 13C 1H 13C position[b] Ddc
[c]

1,11 8.75 148.8 8.08 115.4 a 33.4
2,10 7.39 131.0 7.50 118.2 b 12.8
3,9 8.75 150.0 8.06 115.7 a 34.3
3a,8a 134.0 129.6 4.4
4,8 185.0 128.8 a 56.2
5,7 7.14 123.6 8.07 116.0 b 8.6
5a,6b 155.2 111.1 a 44.1
8c,15c 139.0 127.8 11.2
13a,13d 147.6 108.7 a 38.9
13,14 7.27 125.0 8.93 119.2 b 5.8
12,15 180.0 128.1 a 51.9
11a,15a 133.9 129.9 4.0
8b,15b 129.1 129.5 �0.4
5b,6a 159.5 119.7 39.8
13b,13c 150.4 123.4 27.0

[a] Compound 12+ was recorded in D2SO4 at room temperature.
Compound 12� was recorded in [D8]THF at room temperature. [b] a

and b denote the positions shown in the first formula. [c] Ddc=
13C(12+)�13C(12�).
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spectroscopic pattern reflects theC2-symmetry of the divalent
species. The changes in the 13C NMR chemical shifts of the sp2

carbon atoms on going from 12+ to 12� are 744.0 ppm (or
186.0 ppm per electron), which supports the complete gen-
eration of the dication and the dianion.[7] The changes
observed in chemical shifts for the individual carbon atoms
are large at the a position and small at the b position. A
similar trend is found with the changes found for the chemical
shifts for the phenalenyl species: large (51.8 ppm) at the
a position and small (4.9 ppm) at the b position.[8] These
NMR spectroscopic studies show that the electronic struc-
tures of the phenalenyl cation and anion contribute largely to
the divalent species 12+ and 12�, as shown in formula C. Thus,
it can be concluded that the high amphotericity of 1 results
from the NBMO character of its frontier orbitals.

A large exchange interaction (KH,L) in the frontier orbitals
is expected for a compound with a small HOMO–LUMO gap
and a large spatial overlap between these orbitals which
would lead to a pronounced biradical character.[9] The frontier
orbitals in the two phenalenyl moieties in 1 have a very similar
pattern to the NBMOof the phenalenyl radical, and therefore
substantial spatial overlap between the HOMO and LUMO is
expected (Figure 4). ESR measurements of solid 1 afforded a

typical spectra for triplet species (jD j= 17.2 mT, jE j=
3.9 mT). Furthermore, the temperature dependence of the
half-field signal indicated a thermal excitation to the triplet
state with an energy gap (DES-T) of ~ 5 kJmol�1. The average
distance between the two interacting spins is estimated from
the D value to be 5.5 J, which is smaller than the intra-
molecular distance between the centers of the two phenalenyl
moieties of 1 (8.4 J). This finding suggests that an unpaired

electron is not confined to one phenalenyl moiety but can
delocalize on the central thiophene ring. The unpaired
electron spin of a triplet state generally broadens NMR
resonance signals by thousands of hertz. No signals arising
from the ring protons were observed in the 1H NMR spectrum
of 1 recorded in CD2Cl2. Although a weak and broad signal
was recognized between 4 and 9 ppm below �70 8C, sharp
signals could not be obtained even at �90 8C (see the
Supporting Information). An equilibrium with the thermally
accessible triplet state would cause line broadening of the
NMR resonance signals. Such a thermal accessibility to the
triplet state supports the existence of a small HOMO–LUMO
gap and the large exchange interaction (KH,L) in 1.

The large exchange interaction (KH,L) is another fascinat-
ing property that describes the ground-state configuration.[10]

A configuration interaction (CI) calculation at the
CASSCF(2,2)/6-31G(d,p) level afforded an admixture (4%)
of the double excitation 1FH,H!L,L into the ground config-
uration 1F0. The singlet diradical index, proposed by Neese
and co-workers recently,[11] was estimated to be approxi-
mately 35% based on the CI calculation for 1. The singlet
diradical picture was supported by the DFT calculation at the
UB3LYP/6-31G(d,p) level, which afforded an energy low-
ering of 7 kJmol�1 induced by symmetry breaking of the DFT
solution. Fortunately, we obtained two indicative results for
the singlet biradicaloid character.

The first indicative result is the X-ray crystal structure
showing that 1 formed two kinds of dimeric pairs with
substantially short nonbonding contacts of about 3.1 J
between each thiophene ring, as shown in Figure 5. The
terminal rings were separated by over 4.2 J because of the
steric repulsion between the tert-butyl groups and the six-
membered rings. The van der Waals contact between carbon
atoms only exist within the central dicyclopenta[b ;d]thio-
phene moieties. The attractive forces leading to dimerization
would probably be an intermolecular CT interaction. There-
fore, there will be intermolecular delocalization of electrons
in the dimer of 1.[12] There are two possible explanations for

Figure 4. HOMO and LUMO of 1 as well as the singly occupied
molecular orbital (SOMO) of the phenalenyl radical calculated at the
B3LYP/6-31G** level.

Figure 5. Crystal structures of 1. Top view of the dimeric pair A (a) and
B (b), and side view of the dimeric pair A (c) and B (d). Hydrogen
atoms are omitted for clarity.
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the dimerization of 1 through CT interactions: The first is the
attractive forces resulting from electron transfer between
occupied and unoccupied molecular orbitals (MOs) in each of
the monomers in the dimers. In general, the most important
terms are related to an intermolecular HOMO–LUMO
interaction; however, with 1 the HOMO–LUMO interaction
should lead to no or only slight stabilization of the system
because of the orbital symmetry mismatching in the dimeric
arrangement described above. In contrast, the next highest
occupied molecular orbital (NHOMO)–LUMO interaction
should result in the formation of a bonding intermolecular
orbital (Figure 6a). The second explanation is an attractive

interaction through the double excitation configuration
1FH,H!L,L, that is, a singlet biradical contribution. Based on
the CASSCF(2,2) calculation of 1, the occupation numbers of
HOMO and LUMO are 1.9 and 0.1, respectively. In this case,
a LUMO–LUMO interaction will lead to stabilization of the
system because a newly formed “LUMO” of the dimer, which
is more stable than the original LUMO, can accommodate at
least 0.2 electrons (Figure 6b). In addition, a HOMO–
HOMO interaction seems likely to stabilize the system
because a newly formed “HOMO” of the dimer would
contain only 1.8 electrons. This would suppress a four-
electron repulsion that would result from the interaction
between fully occupied orbitals. A valence-bond picture is
helpful for understanding the singlet biradical structure. The
KekulN form of 1 loses aromatic stabilization in the central
thiophene ring, whereas thiophene and phenalenyl radical
structures appear in a singlet biradical form of 1. Therefore,
mixing of the singlet biradical configuration with the ground
state is promoted. The broken symmetry DFT solution
affords a large p-spin population on the phenalenyl moieties

with a little delocalization to the thiophene ring (see the
Supporting Information).

The second indicative result is a cycloaddition reaction of
1with tetracyanoethylene (TCNE). Mixing a solution of 1 and
TCNE in C6D6 exclusively afforded a TCNE adduct within
10 seconds in the dark at room temperature (Scheme 3). The

structure of the adduct was confirmed by NMR spectroscopy
(1H, 13C, NOESY, HMBC, and HMQC experiments). The
reaction may proceed by a stepwise process involving a
biradical or a symmetry-forbidden thermal concerted
[10+2] process. At this stage the reaction mechanism is still

undetermined. However, discussion of symmetry being “for-
bidden” or “allowed” becomes meaningless for the concerted
reaction of biradicaloid compounds because the double
excitation configuration should lower the symmetry-imposed
activation energy.[9]

In conclusion, the amphoteric redox compound 1 was
prepared by a stepwise synthesis and showed highly ampho-
teric redox properties. Notably, a singlet biradical character of
1 is suggested by quantum chemical calculations and sup-
ported by experimental results. The chemistry of amphoteric
redox systems are expected to contribute to investigations

Figure 6. Schematic drawing of the molecular orbital interaction of
dimeric 1 through electron transfer between occupied and unoccupied
molecular orbitals (a), and through the double excitation configuration
1FH,H!L,L (b). S and A denote the symmetry of the molecular orbitals.

Scheme 3. Reaction of 1 with tetracyanoethylene (TCNE).
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into the solid-state properties of conjugated singlet biradicals,
such as crystal packing, magnetism, and electroconductive
behavior. Closed-shell conjugated systems based on the
phenalenyl radical could lead to conjugated biradicaloid
compounds that could be isolated in the air.

Experimental Section
The detailed synthetic procedure for 1 is described in the Supporting
Information.

Crystal data for 1: C52H60S, M= 717.11, triclinic, space group P1̄
(no. 2), a= 12.901(2), b= 17.000(3), c= 20.674(4) J, a = 82.243(3),
b = 89.589(3), g = 69.229(3)8, V= 4196(1) J3, Z= 4, m(MoKa)=
0.111 cm�1, 1calcd.= 1.135 gcm

�3, R1(wR2)= 0.071 (0.187) for 982
parameters and 15174 unique reflections with I> 2s(I), GOF=

1.004. Data collection were performed on Enraf-Nonius CAD-4
diffractometer (MoKa, l = 0.71069 J) at 9 K. The structure was solved
with direct methods and refined with full-matrix least squares
(teXsan). CCDC-237621 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Inorganic Electrides

Is Mayenite without Clathrated Oxygen an
Inorganic Electride?**

Zhenyu Li, Jinlong Yang,* J. G. Hou, and Qingshi Zhu

With electrons as their anions, electrides have attracted a
much interest recently in broad fields of research.[1] Despite
their importance both in fundamental science and industrial
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applications, traditional organic electrides are stable only at
cryogenic temperatures and are air- and water-sensitive. It is
therefore interesting and important to explore room-temper-
ature stable inorganic electrides.[2] Existing model systems
towards this direction include Na4

3+ clusters in the sodalite
cage of Na+Y[3] and alkali metals in the channels of zeolite
ITQ-4.[4] Recently, Matsuishi et al.[5] removed the clathrated
oxygen ions from the crystallographic cages of mayenite
12CaO·7Al2O3 (C12A7) through a base-metal oxidation
process. They suggested that their treatment inject extra
electrons in place of the free O2� with a spherical 1 s wave
function of an F+-like center, and thus produce an inorganic
electride.

To gain insight into the electronic properties of this kind
of mayenite with removed clathrated oxygen (C12A7:2e�)
and to verify the electride model, it is important to investigate
this material theoretically. Unfortunately, the existing theo-
retical studies give contradictory conclusions. The first
theoretical work by Sushko et al.[6] supports the electride
model with localized extra electrons, whereas a recent study
by Medvedeva and Freeman[7] reveals that the extra electrons
are highly delocalized both in the cavities and in the regions
occupied by cations, and thus opposes the electride model. We
noticed that both studies do not provide a satisfactory
conclusion with respect to the real physical picture of the
extra electrons in this novel material. Sushko et al.[6] used an
embedded cluster model, which is only suitable for the dilute
extra electron limit, and Medvedeva and Freeman[7] used the
linear muffin-tin orbital (LMTO) method with a simple
atomic sphere approximation, which may not be accurate
enough to describe the charge-density distribution in this
complex system. Moreover, the geometry was not fully
optimized in either of the studies. To clarify this issue, we
report herein a careful plane-wave pseudopotential study on
the geometrical and electronic structure of this material.

The crystal structure of C12A7, with two formula units per
unit cell, is characterized by a positively charged lattice
framework [Ca24Al28O64]

4+ that forms twelve crystallographic
cages per unit cell (I4̄3d space group). The remaining two
oxygen ions are clathrated in the cages to maintain charge
neutrality. We optimized the geometry of C12A7 with its
lattice parameter fixed to the experimental value
(11.989 >).[8] As shown in Figure 1, cages with free oxygen
inside have a relatively large distortion after optimization,
where it can be clearly seen that two opposite Ca atoms at the
cage wall are strongly pulled towards the center of the cage.
Therefore, after optimization, the cages in C12A7 are no
longer identical.

When considering the geometry of the system without
clathrated oxygen, one must take special care. In the work of
Medvedeva and Freeman,[7] they simply assumed that all
cages in C12A7:2e� are identical. But considering the
possibility that the extra electrons may be captured in some
cages with other cages being kept empty,[5, 6] this assumption is
far from obvious. In this work, we optimized the geometry of
C12A7:2e� from two initial configurations. The first optimi-
zation starts from a framework of undistorted cages, and the
second starts from the previously relaxed distorted frame-
work, but without clathrated oxygen. Within numerical

precision, both optimizations led to the same final structure,
and the distortion of the second initial geometry finally
disappeared. Therefore, the simple assumption of Medvedeva
and Freeman[7] turns out to be correct, but it must be
emphasized that we can only be confident with the following
calculations on electronic structure after such a careful
examination of the geometry.

The identical-cage geometry strongly suggests that the
picture[5,6] of two types of cages (electron trapping and empty)
in C12A7:2e� may be incorrect. We noticed that in the
embedded cluster calculation[6] the two quantum-mechanical
(QM) cages are geometrically different on account of differ-
ent classical neighboring cages. This artificial difference
between the two QM cages may be the reason that leads to
the extra electron being localized in only one of the two cages.

Based on the optimized geometries, we calculated the
band structures of C12A7 and C12A7:2e� , and the result is
shown in Figure 2. For C12A7, there are two very narrow
bands below the Fermi level, which mainly come from the
p orbitals of the clathrated oxygen, as suggested by Medve-
deva and Freeman.[7] Above these two interstitial bands, there
is a band manifest (from about 2.0 to 3.8 eV) that corresponds
to the cavities. After the clathrated oxygen is removed, the
interstitial bands disappear, and the cavity bands become
partially occupied by the extra electrons. Because of the
disappearance of the distortion, the cavity bands become
more degenerate for C12A7:2e� .

Figure 1. Perspective view of a) an undistorted cage and b) a distorted
cage in mayenite. There is a clathrated oxygen inside the distorted
cage, and the upper and lower Ca (green) at the cage wall are strongly
pulled towards the center O (red).
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To address the validity of the electride model, we
calculated the charge density in a 1.5 eV window below EF,
which gives the spatial distribution of the extra electrons. We
found that the density is equally distributed in the twelve
cages and that most of the charge density is inside the cages
(Figure 3a,b). Although it is still not perfectly localized, our
charge density is already different from that of Medvedeva
and Freeman.[7] To evaluate the degree of localization
quantitatively, we integrated the charge density inside the
cage with the ionic radii of Ca, Al, and O set to 0.99, 0.51, and
1.32 >, respectively. We found that 75% of the extra electron
density is distributed in the twelve cages. Although this value
is not very high, it is comparable to those of organic electrides.
For example, in Cs+([15]crown-5)2·e

� ,[9] a well-studied elec-
tride, we determined the ratio of the in-cavity extra electron
as 83% by performing a similar analysis. Therefore, our
pseudopotential plane-wave calculations show that the extra
electrons are generally localized in the cages, and thus support
an electride model for C12A7:2e� .

Further important theoretical evidence for the electride
model comes from the types of chemical bond between the
extra electrons and the positively charged lattice framework.
Ionic bonding would support the electride model, whereas
metallic bonding would lead to the opposite conclusion.
Following the seminal work of Silvi and Savin,[10] we used the
topological analysis of electron-localization functions

(ELF)[11] to classify chemical bonds rigorously. The key
topological character of ELF is its local maxima, namely the
localization attractors. There are three types of attractors:
bonding, nonbonding, and core. For systems with shared-
electron interactions (covalent, dative, and metallic bonds),
there is always a point or ring bonding attractor on the bond
path, whereas for the unshared-electron interactions (ionic,
hydrogen, electrostatic, and van der Waals bonds) there is
nothing between the core attractors. A previous study also
showed that ELF topological analysis of metallic bonds is
characterized by di- or polysynaptic bonding attractors and a
tridimensional network of channels.[12] For F or F+ centers,
which are chemically bonded (ionic type) to the host lattice as
a quantum-mechanical subsystem, the ELF topology is
characterized by a localization attractor at the vacancy site.[13]

As shown in Figure 3c, the calculated ELF for C12A7:2e�

gives only one localization attractor at the center of the cavity,
which is very different from the case of the typical metallic
bond,[12] but similar to the ELF topology for For F+ centers.[13]

Therefore our ELF topological analysis supports the fact that
the extra electrons act as coreless anions, and there is ionic
bonding between these anionic electrons and the positively
charged host lattice. The electride model of C12A7:2e� is thus
also supported by the criterion of the bond type. This new
criterion based on powerful ELF topological analysis is much

Figure 2. Band structures of a) C12A7 and b) C12A7:2e� . The Fermi
energy is at 0. G = (0,0,0), M = (1/2,0,0), N = (1/2,1/2,0), and
A = (0,0,1/2).

Figure 3. a) Isosurface and b) contour map of the charge density of
extra electrons in C12A7:2e� , and c) contour map of the C12A7:2e�

electron-localization function. The isosurface is plotted within a unit
cell, and the contour maps are plotted on a profile crossing one cage.
The value of the isosurface is 7.0 electrons per unit cell.
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more conclusive and easy to use than the previous charge-
density criterion, which is more frequently used in the
literature. In fact, the charge-density criterion may be difficult
to apply even for some classical organic electrides that
contain delocalized electrons.[1]

Although C12A7:2e� should be considered as an inor-
ganic electride based on the above discussions, it is very
different from the originally suggested electride model.[5,6]

The integrated extra electron density within the cavity only
approaches 1/3 instead of one electron, and the ELF value of
the corresponding localization attractor is also relatively
small (about 0.45). Therefore, C12A7:2e� can be considered
as a nonstoichiometric (between extra electrons and cages)
electride with only 1/3 of the electron localized in a cage.
Accordingly, the chemical formula can be written as
[Ca24Al28O64]

4+·(1/3e�)12. We point out that before a stoichio-
metric inorganic electride can be found, it is essential to
obtain a stoichiometric ratio between cavities and extra
electrons.

In conclusion, by carefully checking the distribution of the
extra electron density and the type of bonding between these
extra electrons and the host lattice, we obtained a conclusive
result on whether mayenite without clathrated oxygen is an
electride. This study is useful for pursuing a rigorous
definition of electrides in future, and demonstrates that
ELF topological analysis may play an important role in this
topic. The results presented herein may also shed light on the
behavior of a confined electron gas of different topology and
suggest new designs for stoichiometric inorganic electrides
and related functional materials.

Experimental Section
Computational methodology: Electronic-structure calculations were
performed with a pseudopotential plane-wave method within the
generalized gradient approximation (GGA) for exchange and
correlation. A projector-augmented wave (PAW) pseudopotential[14]

for electron–ion interactions and the Perdew–Wang form[15] of the
GGA functional were used. A plane-wave kinetic-energy cutoff of
500 eVand a 6H 6H 6 Monkhorst–Pack k-mesh were used to calculate
the total energy and charge density. The calculations were performed
with the Vienna Ab initio Simulation Package (VASP)[16] on an
HP RX2600 cluster and an HP superdome server of the USTC-HP
Laboratory for High-Performance Computing.
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Chiral Coordination Polymer

Zn2[(S)-O3PCH2NHC4H7CO2]2: A Homochiral
3D Zinc Phosphonate with Helical Channels**

Xin Shi, Guangshan Zhu, Shilun Qiu,* Kunlin Huang,
Jihong Yu, and Ruren Xu

Chiral metal–organic coordination polymers with open
frameworks have attracted much attention because of their
potential applications in enantioselective separation and
catalysis.[1–4] Such materials are generally prepared by enan-
tioselective synthesis or spontaneous resolution. Spontaneous
resolution on crystallization without any chiral auxiliary will
result in a racemic mixture of enantiomeric crystals. More-
over, spontaneous resolution is relatively rare and cannot be
predicted because its mechanism is not yet fully under-
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stood.[4–6] Enantioselective synthesis, however, is a direct and
effective method for the synthesis of enantiopure chiral open
frameworks by using enantiopure organic building units as
reactant precursors.[3,7, 8] By enantioselective synthesis, many
chiral open frameworks with high thermal stability have been
obtained in recent years, and they showed encouraging results
in enantioselective separation and catalysis.[9–11]

Some enantiopure organic compounds are good homoge-
neous catalysts in asymmetric synthesis, for example, (S)-
proline and its derivatives show highly enantioselective
catalysis and afford good yields in many reactions such as a-
amination of aldehydes or ketones and aldol, Mannich, and
Michael reactions.[12–14] An intriguing idea is to synthesize a
porous material with such enantiopure catalysts as building
units. The resulting open-framework material might be used
as a heterogeneous asymmetric catalyst.

We chose an enantiomerically pure derivative of (S)-
proline, namely, 1-phosphonomethylproline, as a chiral build-
ing unit and successfully prepared a homochiral 3D zinc
phosphonate Zn2[(S)-O3PCH2NHC4H7CO2]2 (1) with alter-
nately arranged left- and right-handed helical channels. Of
particular interest is that the active sites of 1-phosphonome-
thylproline for asymmetric catalysis—the amino group and
the partially uncoordinated carboxylate group—are retained
and directed into the channels, in contrast to a recently
reported similar metal phosphonate.[16c,d] Many open frame-
works constructed from enantiopure phosphonic acids have
been reported previously,[11,15,16] but a chiral metal phospho-
nate containing not only helical channels but also active sites
for asymmetric catalysis in achiral channels has not been
found so far.

The chiral building unit 1-phosphonomethylproline was
prepared by using a modified literature method.[16c] Enantio-
pure 1-phosphonomethylproline reacts with Zn(NO3)2·6H2O
in the presence of triethylamine as base under hydrothermal
conditions to give the homochiral 3D open framework
Zn2[(S)-O3PCH2NHC4H7CO2]2 (1; Scheme 1). Compound 1

crystallizes in the orthorhombic space group P21212 (No. 18).
It consists of 4,8-nets formed by alternately arranged left- and
right-handed helices that are connected through 1-phospho-
nomethylproline ligands to generate a 3D open framework.
Each asymmetric unit contains two unique Zn atoms and two
unique P atoms. The Zn atoms adopt tetrahedral geometry by
coordination of three phosphonate oxygen atoms and one
carboxylate oxygen atom of the ligand, while the other
carboxylate oxygen atom is uncoordinated. The 3D frame-
work is based on two crystallographically distinct ZnO4

tetrahedra and two distinct O3PC tetrahedra. Each Zn atom
shares three vertex oxygen atoms with adjacent P atoms (Zn�

O 1.922(4)–1.978(4) ?), and each O3PC tetrahedron also
shares three oxygen atoms with adjacent Zn atoms. The P�
Obridging bond lengths are in the range between 1.501(4) and
1.523(4) ?. The Zn- and P-centered tetrahedra alternate to
form 4,8-net sheets by sharing oxygen atoms on the bc plane,
which are linked by the ligands along the a axis to generate a
3D open framework.

Figure 1 shows the framework of 1 viewed along the [100]
direction. The structure contains four- and eight-membered

rings (7 B 8 ?, estimated by measuring the distances between
the centers of opposite atoms; hereafter, all dimensions are
reported in this way), similar to the reported example,[17]

which are made of two different helical chains A and B.
These chains run along the b axis and are arranged AA and
BB along the a axis, respectively.

The framework of 1 contains two types of microchannels
with dimensions of 4 B 6 and 5B 12 ?, seen in a view along the
[001] direction in Figure 2. These channels are made of helical
chains of the same handedness (either chain A or chain B)
and 1-phosphonomethylproline ligands. These helical chains
run along the b axis and are arranged ABAB along the c axis.

Figure 3a shows a view of the framework of 1 along the
[010] direction. Three different four-membered-ring channels
(left-handed helical, right-handed helical, and achiral chan-
nels) and eight-membered-ring channels (7 B 7 ?) can be
seen. Along the c axis, left-handed helical channels, achiral
channels, and right-handed helical channels alternate. These
chiral channels are enclosed by two types of helical chains, as
shown in Figure 3b and c. Interestingly, L-handed helices
consist of Zn1 and P2 atoms, while R-handed helices consist
of Zn2 and P1 atoms.

Notably, in the structure of 1, coordination of the 1-
phosphonomethylproline ligand to the zinc atom through the
phosphonate group and the monodentate carboxylate group
leaves a carboxylate oxygen atom uncoordinated and the
amino group free, and the functionality of the material is thus

Scheme 1. Synthesis of 1.

Figure 1. A polyhedral view of the framework along the [100] direction.
4,8-Nets consist of left-handed (A) and right-handed helices (B), which
are arranged AA and BB along the a axis. 1-phosphonomethylproline
ligands are omitted for clarity; Zn yellow, P purple.
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retained. The uncoordinated carboxylate oxygen atoms and
the amino groups with N�H bonds, which are the active sites
for asymmetric catalysis, are directed into the achiral six- and
ten-membered-ring channels along the [001] direction
(Figure 2) and eight-membered-ring channels along the
[010] direction (Figure 3a).

Thermogravimetric analysis (TGA) was performed to
gauge the thermal stability. No weight loss occurred below
400 8C, which shows that the open framework is stable below

that temperature. The presence of active sites for asymmetric
catalysis in channels along with the high thermal stability of
the homochiral zinc phosphonate open framework promises
applications in heterogeneous asymmetric catalysis. Research
on asymmetric catalysis is currently underway.

Experimental Section
(S)-HO3PCH2NHC4H7CO2H: HCHO (40 mmol, 36% in water) was
added dropwise to a mixture of (S)-proline (10 mmol), H3PO3

(11 mmol), and HCl (30 mL of a 6.0m aqueous solution) under
reflux. The resultant solution was then heated at reflux for a further
12 h. A white solid was recovered in a yield of 90% after removal of
water, and recrystallized from EtOH/propylene oxide. M.p. 257–
259 8C. [a]25D =�638 (c= 1.6 in water). Elemental analysis (%): calcd
for C6H12NO5P (209.14): C 34.44, N 6.69, H 5.74; found: C 34.25, N
6.80, H 5.67. 31P MAS NMR (161.9 MHz, 298 K): d = 8.7 ppm.

Zn2[(S)-O3PCH2NHC4H7CO2]2: Zn(NO3)2·6H2O (0.074 g) and
(S)-HO3PCH2NHC4H7CO2H (0.053 g) were dissolved in H2O
(10 mL), and then triethylamine (0.5 mL) was added while stirring
to adjust the pH of the mixture. The mixture (pH� 6) was sealed in a
Teflon-lined stainless steel autoclave after stirring for 10 min and
heated at 160 8C for 2 d. Colorless block single crystals were filtered
off, washed with distilled water, and dried at room temperature to
yield 1 (0.079 g, 58 8%). 31P MAS NMR (161.9 MHz, 298 K): d =
�24.5 ppm. The CD spectrum (Figure 3 of Supporting Information)
clearly shows a positive Cotton effect, in agreement with that of the
original chiral ligand, which indicates that the chiral ligand retained
its original chirality even after the hydrothermal reaction.

Inductively coupled plasma (ICP) analysis (Perkin-Elmer
Optima 3300 DV ICP instrument): Zn 24.08, P 11.45% (calcd: Zn
23.96, P 11.37%). Elemental analysis (Perkin-Elmer 2400 elemental
analyzer): C 26.51, H 3.54, N 5.22% (calcd: C 26.45, H 3.70, N
5.14%).

Figure 2. View along the [001] direction. Two types of microchannels
with dimensions of 4H6 and 5H12 I are made of 1-phosphonomethyl-
proline ligands and left-handed helical chains (A) and right-handed he-
lical chains (B). The two kinds of chiral chains are arranged ABAB
along the c axis (Zn yellow, P purple, O red, N blue, C gray).

Figure 3. a) The framework viewed along the [010] direction, showing two types of helical channels and achiral channels which are alternately
arranged along the c axis (A: achiral channel, L: left-handed helical channel, R: right-handed helical channel). b, c) The left-handed (L) and right-
handed (R) helical channels (Zn yellow, P purple, O red, N blue, C gray).
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Thermogravimetric analysis was performed on a Perkin-Elmer
TGA7 unit in air. A weight loss was observed in the 400–4508C
temperature range, which indicated decomposition of the metal
phosphonate.

Structure determination: A suitable single crystal with dimen-
sions of 0.58B 0.47B 0.14 mm was selected for single-crystal X-ray
diffraction analysis. Crystallographic data were collected at 293(2) K
on a Bruker-AXS Smart CCD diffractometer using MoKa radiation
(l = 0.71073 ?). The structure was solved by direct methods[18] and
refined by the full-matrix least-squares method against F2 (SHELXL-
97).[19] All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms of organic ligands (except H1 and H2) were located
geometrically.

Crystal data: Zn2[(S)-O3PCH2NHC4H7CO2]2 (1), Mr = 544.98,
orthorhombic, space group P21212 (No. 18), a= 18.425(8), b=
9.168(2), c= 10.554(3) ?, V= 1782.7(9) ?3, Z= 4, m = 2.929 mm�1,
1cald = 2.031 gcm�3, 2781 reflections measured, of which 2207 were
unique (Rint = 0.0424). The final wR(F2) was 0.0788 (all data), and
R(F) was 0.0523 (all data). CCDC-239389 contains the supplementary
crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB21EZ, UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.
ac.uk).
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2003, 115, 4958 – 4961; Angew. Chem. Int. Ed. 2003, 42, 4810 –
4813; b) P. Grosshans, A. Jouaiti, V. Bulach, J.-M. Planeix, M. W.
Hosseini, J.-F. Nicoud, Chem. Commun. 2003, 1336 – 1337; c) Y.
Cui, S. J. Lee, W. Lin, J. Am. Chem. Soc. 2003, 125, 6014 – 6015.

[8] a) J. D. Ranford, J. J. Vittal, D. Wu, Angew. Chem. 1998, 110,
1159 – 1162; Angew. Chem. Int. Ed. 1998, 35, 1114 – 1116; b) C.
Wu, C. Lu, S. Lu, H. Zhuang, J. Huang, J. Chem. Soc. Dalton
Trans. 2003, 3192 – 3198; c) Y. Cui, O. R. Evans, H. L. Ngo, P. S.
White, W. Lin, Angew. Chem. 2002, 114, 1207 – 1210; Angew.
Chem. Int. Ed. 2002, 41, 1159 – 1160.

[9] J. S. Seo, D. Whang, H. Lee, S. I. Jun, J. Oh, Y. J. Jeon, K. Kim,
Nature 2000, 404, 982 – 986.

[10] R. Xiong, X. You, B. F. Abrahams, Z. Xue, C. Che, Angew.
Chem. 2001, 113, 4554 – 4557; Angew. Chem. Int. Ed. 2001, 40,
4422 – 4425.

[11] O. R. Evans, H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2001, 123,
10395 – 10396.

[12] A. Bøgevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A.
Jørgensen, Angew. Chem. 2002, 114, 1868 – 1871; Angew. Chem.
Int. Ed. 2002, 41, 1790 – 1793.

[13] A. G. M. Barrett, A. S. Cook, A. Kamimura, Chem. Commun.
1998, 2533 – 2534.

[14] Reviews: R. O. Duthaler, Angew. Chem. 2003, 115, 1005 – 1008;
Angew. Chem. Int. Ed. 2003, 42, 975 – 978; P. Dalko, L. Moisan,
Angew. Chem. 2004, 116, 5248 – 5286; Angew. Chem. Int. Ed.
2004, 43, 5138 – 5175.

[15] a) O. R. Evans, D. R. Manke, W. Lin, Chem. Mater. 2002, 14,
3866 – 3874; b) H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2002, 124,
14298 – 14299.

[16] a) F. Fredoueil, M. Evain, M. Bujoli-Doeuff, B. Bujoli, Eur. J.
Inorg. Chem. 1999, 1077 – 1079; b) F. Fredoueil, M. Evain, D.
Massiot, M. Bujoli-Doeuff, B. Bujoli, J. Mater. Chem. 2001, 11,
1106 – 1110; c) A. Turner, P.-A. JaffrWs, E. J. MacLean, D.
Villemin, V. Mckee, G. B. Hix, J. Chem. Soc. Dalton Trans.
2003, 1314 – 1319; d) B. Yang, J. Mao, Y. Sun, H. Zhao, A.
Clearfield, Eur. J. Inorg. Chem. 2003, 4211 – 4217.

[17] J. Liang, Y. Wang, J. Yu, Y. Li, R. Xu, Chem. Commun. 2003,
882 – 883.

[18] G. M. Sheldrick, SHELXS-97, Program for Crystal Structure
Solution, GXttingen University, Germany, 1997.

[19] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure
Refinement, GXttingen University, Germany, 1997.

Angewandte
Chemie

6485Angew. Chem. Int. Ed. 2004, 43, 6482 –6485 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Molecular Switches

Molecular-Mechanical Switch-Based Solid-State
Electrochromic Devices**

David W. Steuerman, Hsian-Rong Tseng,
Andrea J. Peters, Amar H. Flood, Jan O. Jeppesen,
Kent A. Nielsen, J. Fraser Stoddart,* and
James R. Heath*

The dynamics of electrochemically driven, bistable molecular
mechanical switches—such as certain nondegenerate, two-
station, donor–acceptor [2]catenanes and [2]rotaxanes—have
been the subject of numerous experimental investigations[1–3]

in the solution phase, in which the general mechanistic details
of the redox-activated switching processes are becoming
increasingly well understood.[4] These molecular machines
may have many technological applications,[5] although few are
likely to be liquid-solution-phase based.[6–9] Thus, significant
effort has been directed towards understanding and exploit-
ing the bistability of [2]catenanes and [2]rotaxanes in other
environments, including both Langmuir–Blodgett (LB)[10,11]

and self-assembled monolayers (SAMs),[12] and in solid-state
molecular-switch tunnel junctions (MSTJs).[13–16]

Herein we explore, at a fundamental level, the solid-state
application of electrochromic devices by taking advantage of
the colorimetric changes that accompany the electrochemi-
cally driven switching of certain bistable [2]catenanes and
[2]rotaxanes. The molecular switches were immobilized
within a solid-state polymer electrolyte, and a microfabri-
cated, planar, three-terminal equivalent of a standard electro-
chemical cell was used for electrical addressing. The polymer
environment significantly slows down certain steps within the
molecular-mechanical switching cycle, but the overall mech-
anism remains unchanged from that observed in other
environments. We also find that by varying the molecular
structure of the switch, the colorimetric retentions times of

these devices could be controlled over a dynamic range of 103

to 104 s. The fundamental properties of these devices were
quantified through time- and temperature-dependent cyclic
voltammetry (CV) measurements. In this way, the kinetic
parameters (DG�, DH�, DS�, and Ea) of the rate-limiting step
in the switching cycle of the device could be evaluated for
several different molecular switches.

Four bistable molecular-mechanical systems[2,3a,17,18]—two
[2]catenanes C14+ and C24+ and two [2]rotaxanes R14+ and
R24+—along with appropriate control compounds, were
investigated (Figure 1) for electrochromic device applica-

tions. Most of these compounds have been studied[2,3, 19] in the
liquid-solution phase by using 1H NMR spectroscopy and
temperature-dependent electrochemistry. In addition, the
switching cycle of a SAM[12] formed from a [2]rotaxane that
is closely related to R14+ was previously reported. Herein, we
present a description of the general switching cycle mecha-
nism that is applicable to all four molecules, followed by a
brief description of how certain details of this cycle vary
between the four molecules.

The switching cycle mechanism for the bistable [2]cate-
nanes and [2]rotaxanes is illustrated in Figure 2. There is
always an equilibrium (K(D/T)4+) established between the
cyclobis(paraquat-p-phenylene) (CBPQT4+) ring encircling
the tetrathiafulvalene (TTF) site (labeled as the ground-state
co-conformer or GSCC) and the dioxynaphthalene (DNP)
site (labeled as the metastable-state co-conformer or
MSCC).[20] These labels reflect the fact that the equilibrium
is most commonly shifted toward the CBPQT4+ ring encir-
cling the TTF site. The first oxidation state of the GSCC

Figure 1. The structural formulas of the two bistable [2]catenanes C14+

and C24+ and the two bistable [2]rotaxanes R14+ and R24+ investigated
within solid-state polymer electrolyte environments. The use of color—
namely, red, blue, and green—for certain units and components
relates to the graphical representations shown in Figure 2.
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corresponds to removal of an electron from the TTF site, and
is accompanied by a rapidly driven shuttling (Coulombic
repulsion) of the CBPQT4+ ring to the DNP site with a rate
described by the constant, kT+!D. Upon reduction of the TTF
site back to its charge-neutral state, the MSCC is formed. The
MSCC and GSCC are readily distinguished from each other
by using CV because the oxidation potential of the (bare)
TTF unit on the MSCC is approximately 200 mV less[12]

positive than that for the GSCC (vs. a Pt reference elec-
trode)—a result that is valid for both the bistable [2]catenanes
and the bistable [2]rotaxanes. The return of the MSCC to the
GSCC, which is really a recovery of the equilibrium
distribution described by K(D/T)4+, is thermally activated. This
recovery is typically too fast to observe at room temperature
in the solution phase.

CV measurements on the bistable [2]rotaxane SAMs[12]

revealed that the rate of recovery of the equilibrium
distribution was strongly dependent[21] on the physical envi-
ronment—the rate was much slower for the SAM environ-
ment than for the solution phase. For the SAM, it was also
demonstrated that the GSCC/MSCC equilibrium distribution
may be recovered at least 1000 times faster through the
pathway that accesses the two-electron reduction of the
CBPQT4+ ring to its bis-radical cation, CBPQT2C 2+

(Figure 2).[12] This pathway is precisely that proposed origi-
nally as the mechanism for “opening” a MSTJ device.[13]

The solid-state polymer environment, which can be
considered as a highly viscous solvent, should also affect the
rate of recovery of the equilibrium distribution from the

MSCC to the GSCC. There is a long history, dating back to
the early work of Kramers,[22] of investigations into molecular-
mechanical processes within high-viscosity solvents,[23,24]

although those studies have typically focused on low-ampli-
tude molecular motions with energy barriers of only a few
kcalmol�1. Based on the assumption that the large-amplitude,
high-energy-barrier motions in our systems follow similar
trends, the expectation is that the rate constant for the
recovery of the equilibrium distribution will scale as k= h�g (h
is the solvent viscosity and g has a value between 0.5 and
0.75).[25]

The molecular switches investigated herein exhibit sig-
nificant differences from one another that should be reflected
in the switching characteristics of the electrochromic devices.
R14+ and R24+ are characterized[3] by very different equili-
brium dynamics in solution. R14+ contains a simple TTF unit,
and the room-temperature affinity of the CBPQT4+ ring for
this TTF unit over the DNP ring system is 10:1.R24+ does not
have a simple TTF unit and the CBPQT4+ ring has an equal
probability for being located on the “quasi-TTF” or the DNP
at 298 K, although this equilibrium is temperature-dependent.
As chemical constitution impacts the dynamic equilibrium
between translational isomers[26] in solution for R14+ and
R24+, we expect a similar situation to pertain within the solid-
state polymer environment.

C14+ and C24+, on the other hand, are characterized[2,16] by
similar equilibrium dynamics. For both structures, the ground-
state equilibrium strongly favors the CBPQT4+ ring encircling
the TTF unit. However, the molecular-mechanical motion in
C24+, with its two bulky diazapyrenium units, is significantly
more sterically hindered than that in C14+, and this constitu-
tional feature is expected, in any environment, to slow the
recovery of C24+ from the MSCC to the GSCC substantially
relative to that of C14+.

Figure 3 shows two successive CVs collected from a solid-
state polymer device containingR14+ as well as measurements

Figure 2. The analogous switching cycles for a) the bistable catenanes
and b) the bistable rotaxanes, starting from the centrally located
ground-state co-conformers. The green and red sites on the ring and
dumbbell components refer to the TTF- and DNP-recognition units,
respectively. When the TTF unit is oxidized, it is drawn as a highlighted
green unit carrying yellow ends. The CBPQT4+ ring is modeled as the
blue ring encircling the green site with positive charges indicated as
white spots. The metastable co-conformers are isomeric (and isoelec-
tronic) with the appropriate ground-state co-conformers.

Figure 3. The first and second CVs (298 K, scan rate = 150 mVs�1) of
the R14+-containing solid-state polymer electrolyte device. The initial
scan (gray trace) reveals a weak feature at 115 mV and two oxidation
peaks (partially resolved) at 315 and 465 mV. For the second scan
(black trace) virtually all the signal corresponding to the feature at
315 mV has shifted to 115 mV. The features at 115 and 315 mV were
assigned as the first oxidation state of the metastable and ground-
state co-conformers, respectively. A control device that contains only
the dumbbell component of R14+ reveals two well-separated oxidation
peaks at 55 and 355 mV that do not change between the first and
second scans.

Angewandte
Chemie

6487Angew. Chem. Int. Ed. 2004, 43, 6486 –6491 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


from a control device containing the dumbbell component of
R14+. This bistable [2]rotaxane exhibits an equilibrium
GSCC/MSCC population of about 10:1 under ambient
conditions, similar to that observed in solution at 298 K.
The first CV trace reflects this distribution—three oxidation
features are recorded at 115, 315, and 465 mV. The relatively
weak feature at 115 mV corresponds to the TTF!TTFC+

oxidation of the low-abundance MSCC. The feature at
315 mV arises from the TTF!TTFC+ oxidation of the
GSCC, and the feature at 465 mV is the second oxidation
(TTFC+!TTF2+) of R14+. This second oxidation step is
independent of the co-conformer as the CBPQT4+ ring
encircles the DNP site once the TTF site is singly oxidized.
For the second scan, nearly all the integrated current under
the 315 mV feature has moved to 115 mV. This assignment is
consistent with the control device measurements, which
reveal two well-separated oxidation peaks at 55 and 355 mV.

The hysteretic response in the successive CV curves of
R14+ reflects the slow recovery of the ground-state equili-
brium distribution (described byK(D/T)4+), and is similar to that
observed for the bistable [2]rotaxane SAMs.[12] By varying the
time between the first and second CV scans as well as the
temperature of the experiment, the various kinetic parame-
ters for relaxation from the MSCC to the GSCC were
determined. Figure 4a shows a scan-rate series of (second)
CVs. Figure 4b displays a graph of the scan-rate series
condensed into a single plot that exhibits an exponential
decay. In this case, we have taken into account the rates based
on the integrated current of the MSCC oxidation peak at
115 mV relative to the total current of the first-oxidation
peaks of the MSCC and GSCC. For all data sets, at least one
point was taken at scan rates that were much slower than the
measured relaxation times—the
Dt= 100 s in Figure 4b, for exam-
ple—and that point was fixed in the
exponential decay fit. Figure 4c is
an Eyring plot of several such
series, each collected at a different
temperature. From this plot, we
can extract the various kinetic
parameters that describe the recov-
ery of the ground-state equilibrium
distribution. Those parameters,
along with the analogous measure-
ments for C14+, C24+, and R24+, are
summarized in Table 1. The data
for C24+ were only collected under
ambient conditions, and so only t298
and DG�

298 are reported.
The polymer utilized in this

case has a viscosity approximately 104 times greater than
that of MeCN, which is the commonly used solvent in the
investigation of the electrochemical properties of these
molecules in solution. Thus, the implication is that the
relaxation rates in solution should be between 102 and 103

times faster than those observed. Thus, under cryogenic
conditions, it should be possible to observe the MSCC!
GSCC relaxation in the liquid-solution phase, and we have
now confirmed that this prediction does, indeed, hold true. [19]

The viscosity of the polymer matrix changes by approx-
imately a factor of two over the temperature range of these
investigations (280–320 K). This trend can certainly impact
the measured thermodynamic parameters—most notably
DS�. However, t298, k298, DG�

298, and Ea are less sensitive and
so it is in the case of these parameters that we have the most
confidence. In reference to these values, we find that the
MSCC!GSCC relaxation rates, within the polymer environ-
ment, are under significant chemical control. In fact, they

Figure 4. Experimental data utilized to extract the kinetic parameters
of the metastable!ground-state relaxation process of R14+ within the
solid-state polymer electrolyte environment. a) Representative (second
scan) CVs recorded at 296 K at various scan rates. b) The population
ratios of the metastable state and the relaxation times fitted to a first-
order decay model. c) The temperature dependence of the relaxation
kinetics expressed as an Eyring plot.

Table 1: The 1/e decay times (t298) and free energies of activation (DG�
298) obtained by using cyclic

voltammetry together with the thermodynamic data, obtained after an analysis of variable-temperature
cyclic voltammetry studies using the Eyring (DH�, DS�) and the Arrhenius (E�

a ) relationships for a series
of bistable rotaxanes and catenanes in solution and in a solid-state polymer electrolyte.[a]

Compound t298 k298 DG�
298 DH� DS� E�

a

[s] [s�1] [kcalmol�1] [kcalmol�1] [calmol�1K�1] [kcalmol�1]

[2]R14+[b] 3.50(�0.02) 0.286(�0.002) 18.1(�0.2) 19.5(�0.2) 4.7(�1.4) 19.6(�0.2)
[2]R24+ !1 @1 15.8(�0.4) 9.1(�0.4) �22(�3) 9.7(�0.5)
[2]C14+ 0.6 1.7 17.0(�0.4) 14.8(�0.4) �7.5(�2.5) 15.4(�0.4)
[2]C24+ 800 0.00125 21.0 – – –

[a] Solid-state polymer data obtained from samples mixed within a polymer matrix (MeCN/PPMA/PC/
LiClO4 (w/w/w/w)=70:7:20:3) at a Pt electrode over a range of temperatures R14+ (290–320 K). [b] Self-
assembled monolayers of the analogue to R14+, bearing a disulfide tether, was characterized by variable-
temperature CV to obtain thermodynamic data: k293=0.39 s�1, DG�

298=18.0 kcalmol�1, DH� =17.6�
3.0 kcalmol�1, DS� =�1.4�10 calmol�1 K�1, Ea=17.7�2.8 kcalmol�1.
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varied by more than 1000 times in moving from R24+ to C24+.
This result directly translates into chemical control over
colorimetric retention times in these electrochromic devices.
In Figure 5, we present a demonstration of such a device

containing R14+ that was cycled from the green to the red
state, and then back to the green state again. This electro-
chromic device[27] contained substantially higher concentra-
tions ofR14+ than did other devices discussed herein, but was,
in all other ways, identical to them.

In summary, we find that a single mechanistic picture can
be applied to describe the electrochemically driven switching
cycle of bistable [2]catenanes and [2]rotaxanes in solid-state
polymer electrolytes. This mechanistic picture is qualitatively
identical to that initially proposed to describe the behavior of
a MSTJ device,[13] and is also analogous to that observed for
the switching cycle of a [2]rotaxane SAM.[12] We find that the
MSCC!GSCC relaxation rate is strongly dependent upon
both physical environment and molecular structure. In
particular, by varying the molecular structure we could vary

this relaxation rate by more than 1000 times. This variation
has interesting implications for controlling the colorimetric
retention times (and hence power efficiencies) in solid-state
electrochromic devices,[27] and we have demonstrated such a
device. Finally, these results suggest that electrochemical
measurements[19] on these same molecules in cryogenic
solutions should go far toward quantifying how the kinetic
parameters that describe the switching cycle are impacted by
the physical environment of the molecular switches.

Experimental Section
A three-terminal, microfabricated device, operated as a function of
voltage scan rate and temperature, was employed to interrogate the
kinetics of electrochemically-induced molecular mechanical switch-
ing within a solid-state polymer. The polymer electrolyte matrix was a
standard solid-state electrolyte prepared from a solution in MeCN
that contained polymethylmethacrylate (PMMA, Mw = 300000),
propylene carbonate, (PC)—as a plasticizer—and LiClO4 (MeCN/
PMMA/PC/LiClO4 (w/w/w/w) = 70:7:20:3). These materials were
handled only in flame-dried glassware under an inert atmosphere of
Ar. The LiClO4 was purified by fusion under vacuum. TheMeCNwas
dried either by passage through steel columns containing activated
alumina under Ar using a solvent purification system (Anhydrous
Engineering) or by distillation over CaH2. Finally, the MeCN was
deoxygenated prior to use through three freeze/pump/thaw cycles.

The solid-state electrolyte devices were fabricated with tradi-
tional CV experiments in mind. A planar three-electrode—working,
counter, reference—configuration was implemented, and each elec-
trode consisted of 10 nm of Ti covered with 50 nm of Pt. The
electrodes were patterned by using standard lithographic and metal
evaporation procedures onto a glass substrate. The fabricated
substrates were placed in a glove box under a N2 environment. The
electrochemically active species were then combined with the
electrolyte and drop cast onto the three electrodes. These devices
were allowed to stand for 20 min to facilitate drying, and then were
pumped for a further 20 min to a final pressure of 100 mTorr. The
working devices were firm to the touch, with a consistency similar to
that of a stiff rubber band. The viscosity of similarly prepared polymer
electrolytes has been reported,[28] and, at 298 K, it is more than 104

times larger than that for the solvent MeCN.
CV measurements were performed in a sealed container on an

EG&G VersaStat II Potentiostat with the aid of three electrical
feedthroughs and a thermocouple fed back to a hot-plate for thermal
control. The key experimental variables were scan rate and temper-
ature and—for a given device—these parameters were varied
randomly to avoid the influence of systematic errors.
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Asymmetric Synthesis

Stereospecific, Enantioselective Allylation of a-
Hydrazono Esters by Using Allyltrichlorosilanes
with BINAP Dioxides as Neutral-Coordinate
Organocatalysts**

Chikako Ogawa, Masaharu Sugiura, and
Shū Kobayashi*

Enantioselective allylation of a-imino esters or their equiv-
alents provides one of the most efficient routes to optically
active natural and unnatural a-amino acids. Lectka et al.
reported enantioselective allylation of a hemiacetal of a N-
sulfonyl a-imino ester with trimethyl(2-phenylallyl)silane and
related silanes using a chiral CuI catalyst.[1] Jørgensen et al.
also reported at almost the same time that the chiral CuI

catalyst had lower activity for the reaction with allylsilanes.
His group used allylstannanes instead of allylsilanes.[2] How-
ever, in both cases, the enantioselectivities obtained were still
unsatisfactory, and were dependent on the structure of
allylsilanes. Recently, our group also reported that enantio-
selective allylation of a-hydrazono esters with allyltrimethoxy-
silanes proceeded smoothly in aqueous media in the presence
of a ZnF2-chiral diamine complex.[3] However, also in this case
the enantoselectivities obtained were less than 90% ee.
Furthermore, only a few examples of diastereo- and enantio-
selective addition of g-substituted allyl metals to a-imino
esters have been reported;[1b,2, 4] no stereospecific, enantiose-
lective allylation has been attained to date.

Recently, we have found that neutral (uncharged) organic
molecules such as N,N-dimethylformamide (DMF) and

hexamethylphosphoramide (HMPA) mediate allylation of
aldehydes[5] and N-acylhydrazones[6] with allyltrichlorosi-
lanes. Remarkably, the reactions proceeded without the use
of any metal catalyst. These organic molecules coordinate to
allyltrichlorosilanes to form hypervalent silicon compounds[7]

that react with electrophiles efficiently; thus, we defined these
molecules as neutral coordinate-organocatalysts (NCOs).[8]

Quite recently, we have achieved stereospecific, enantiose-
lective allylation of N-acylhydrazones by using chiral sulf-
oxides as chiral NCOs.[9] We have also found that phosphine
oxides are effective for the allylation of N-acylhydrazones.[10]

On the basis of this background, we decided to develop the
stereospecific, enantioselective allylation of a-imino ester
derivatives.

We selected a-hydrazono esters as a-imino ester surro-
gates because of their stability compared to the corresponding
a-imino esters. Indeed, most a-hydrazono esters are crystal-
line, easily purified by simple recrystallization, and can be
stored for several months at room temperature.[3, 11] First, the
reaction of a-hydrazono ester 4a (prepared from ethyl
glyoxylate and benzhydrazide) with allyltrichlorosilane (5a)
was chosen as a model, and several enantiopure catalysts were
tested (Table 1). When sulfoxide 1 was used as a chiral

catalyst, the reaction proceeded to afford the desired allylated
adduct 6a in 60% yield but with disappointingly low
enantioselectivity (23% ee ; Table 1, entry 1). Although
several reaction conditions were examined using 1, little
improvement of the yield and the selectivity was observed.
We then decided to search for other chiral catalysts for this
reaction. After screening several catalysts, we found that 2,2’-
bis(diphenylphosphanyl)-1,1’-binaphthyl dioxides (2, BINAP
dioxides) were promising. When 1.0 equivalent of (S)-BINAP
dioxide (2) was used in the reaction between 4a and 5a, the
reaction proceeded in dichloromethane at �78 8C to give the
desired adduct 6a in 62% yield with 96% ee (Table 1, entry
4). Unfortunately, use of smaller amounts of (S)-BINAP
dioxide gave lower yields and enantioselectivities (Table 1,

Table 1: Optimization of reaction conditions.

Entry NCO x Conc. [m] Yield [%] ee [%]

1 1 3.0 0.15 60 23 (S)
2 2 0.2 0.30 11 56 (R)
3 2 0.4 0.30 38 69 (R)
4 2 1.0 0.30 62 96 (R)
5 2 1.0 0.05 72 95 (R)
6 2 2.0 0.05 91 98 (R)
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entries 2 and 3). The yield and the selectivity were further
improved when two equivalents of 2 were used under lower
concentration conditions; thus, the desired adduct 6a was
obtained in 91% yield with 98% ee (Table 1, entry 6). After
the reaction, 2 was recovered almost quantitatively without
loss of optical purity. It is noted that the use of chiral
phosphine oxides in asymmetric catalysis has been limited,[12]

whereas innumerable usage of BINAP has been reported.[13]

We then examined other a-hydrazono esters and allyltri-
chlorosilanes, and the results are summarized in Table 2. For

a-hydrazono esters, larger ester groups gave lower yields,
whereas high enantioselectivities were maintained in some
cases. For allyltrichlorosilanes, we carefully examined croty-
lation using (E)- and (Z)-crotyltrichlorosilanes. It was excit-
ing to find that the reactions proceeded stereospecifically;
(E)-crotyltrichlorosilane 5b gave the syn adduct 6e (Table 2,
entry 5), whereas the anti adduct 6 f was produced from (Z)-
crotyltrichlorosilane 5c (Table 2, entry 6).[14] In both cases,
yields were high, and excellent diastereo- and enantioselec-
tivities were obtained. When (E)- and (Z)-allylic trichlorosi-
lanes, 5d and 5e, were employed, both syn and anti adducts
were also obtained stereospecifically, although (R)-2,2’-bis(di-
p-tolylphosphanyl)-1,1’-binaphthyl dioxides (3, (R)-p-tol-
BINAP dioxides) as an NCO gave better results than 2
(Table 2, entries 7 and 8). It is noteworthy that this is the first
example of stereospecific, enantioselective allylation of a-
imino ester equivalents. Other allylic silanes 5 f and 5g also
worked well to afford the desired adducts with high enantio-
selectivities (Table 2, entries 9 and 10).

The present allylation was successfully applied to the
enantioselective synthesis of d-alloisoleucine, an uncommon
a-amino acid observed in biologically important peptides;[15]

however, there are several reports on enantioselective syn-
thesis of this molecule.[16] Our synthesis is outlined in
Scheme 1. The starting material 6e is an allylated adduct

prepared from 4a and 5b (Table 2, entry 5). The olefin moiety
of 6e was reduced by using polymer incarcerated Pd (PI
Pd)[17] to give 7 in 70% yield. Successive reductive cleavage of
the N�N bond of 7 using SmI2,

[18] followed by ester hydrolysis
gave d-alloisoleucine (quantitative yield for two steps). Thus,
d-alloisoleucine has been synthesized from a-hydrazono ester
4a in four steps in an overall yield of 64%. This efficient
synthesis demonstrates the utility of the BINAP dioxide-
catalyzed enantioselective allylation reaction for amino acid
synthesis.

In conclusion, we have found that BINAP dioxides are
excellent chiral neutral-coordinate organocatalysts for the
enantioselective allylation of a-hydrazono esters using allyl-
trichlorosilanes. The reactions proceeded stereospecifically;
(E)-allylic silanes gave syn adducts, whereas anti adducts were
obtained from (Z)-allylic silanes. This is the first example of
the stereospecific, enantioselective allylation of a-imino ester
equivalents. Diastereo- and enantioselectivies obtained in this
allylation are very high compared to those reported by
previous methods. In addition, the present reaction was
successfully applied to the efficient synthesis of d-alloisoleu-
cine. A drawback of this reaction is the use of two equivalents
of BINAP dioxides, but the chiral source could be recovered
almost quantitatively without loss of optical purity. Further
investigations to reduce the amounts of BINAP dioxides are
now in progress.

Received: July 15, 2004

.Keywords: allylation · amino acids · asymmetric catalysis ·
asymmetric synthesis · hydrazones

[1] a) D. Ferraris, T. Dudding, B. Young, W. J. Drurry III, T. Lectka,
J. Org. Chem. 1999, 64, 2168; b) D. Ferraris, B. Young, C. Cox, T.
Dudding, W. J. Drury III, L. Ryzhkov, A. E. Taggi, T. Lectka, J.
Am. Chem. Soc. 2002, 124, 67.

[2] X. Fang, M. Johannsen, S. Yao, N. Gathergood, R. G. Hazel,
K. A. Jørgensen, J. Org. Chem. 1999, 64, 4844.

Table 2: Allylation of a-hydrazono esters by using BINAP dioxides.

Entry Electrophile Silane Yield [%] syn/anti ee [%]

1 4a 5a 91 (6a) – 98 (R)
2 4b 5a 70 (6b) – 97
3 4c 5a 28 (6c) – 98
4 4d 5a 12 (6d) – 91
5 4a 5b 92 (6e) 98/2 >99 (2R, 3S)
6 4a 5c 96 (6 f) <1/>99 96 (2R, 3R)
7[a] 4a 5d 80 (6g) 98/2 96 (2S, 3R)
8[a] 4a 5e 80 (6h) <1/>99 81 (2S, 3S)
9[b] 4a 5 f 83 (6 i) – 94 (R)
10[a] 4a 5g 50 (6 j) – 95

[a] Compound 3 was used instead of 2. Reaction time was 15 h.
[b] Reaction time was 6 h.

Scheme 1. Facile synthesis of d-alloisoleucine.
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Stereoselective Synthesis

A Stereodivergent Synthesis of Virantmycin by an
Enzyme-Mediated Diester Desymmetrization and
a Highly Hindered Aryl Amination**

Thomas G. Back* and Jeremy E. Wulff

(�)-Virantmycin (1) is an unusual chlorinated tetrahydroqui-
noline that was isolated from a strain of Streptomyces
nitrosporeus in 1980.[1] It was found to possess both strong
inhibitory activity against RNA and DNA viruses, and
antifungal activity.[2] The initial structure elucidation of
virantmycin was reported in the 1980s,[2, 3] but not until 1990
was the correct stereochemistry established by NMR meth-
ods,[4] and later confirmed by synthesis.[5] To date, racemic
syntheses of 1 have been completed by Hill and Raphael,[6]

Morimoto, Shirahama et al.,[5,7] and by Steinhagen and
Corey.[8] The preparation of the (+)-antipode of the naturally
occurring antibiotic has also been reported.[9] Very recently,
Kogen et al. achieved the first enantioselective synthesis of
(�)-1 from (S)-indoline-2-carboxylic acid.[10] The latter report
prompted us to disclose our own efforts in this area, which
have resulted in a stereodivergent route to both (+)-1 and
(�)-1.

The principal challenge in the synthesis of virantmycin
involves the stereoselective construction of the two contig-
uous stereocenters, which include the quaternary carbon atom
at C2. Our plan was to construct the latter center by the
desymmetrization of a key intermediate diester 2 by an
enzyme-mediated partial hydrolysis. After appending the aryl
moiety by a Claisen-like condensation, we envisaged the
stereoselective introduction of the amino group to the highly
hindered stereocenter by a Curtius rearrangement and ring-
closure to complete the tetrahydroquinoline skeleton by an
intramolecular aryl amination reaction (Scheme 1).

Diester 2 was readily obtained by sequential alkylation of
the enolate derived from dimethyl malonate by using NaH
with 5-iodo-2,3-dimethyl-2-pentene[11] and methoxymethyl
chloride. Scheme 2 illustrates the desymmetrization of 2,
which was achieved by partial hydrolysis with porcine liver
esterase (PLE)[12] to afford the half-ester 3 in 89% yield and
95% ee, as determined by integration of the NMR spectrum
of the salt formed from 3 and (S)-(�)-a-methylbenzylamine.
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The absolute configuration of 3 was assumed to be (S) on the
basis of earlier studies[12b,c] of PLE-mediated hydrolyses of
other b-diesters, and this assignment was confirmed unequiv-
ocally by the ultimate conversion of 3 to essentially pure
enantiomers of the final products. Thus, half-ester 3 was
converted separately into each of the pseudo-enantiomeric
acyl fluorides 4 and 5 (Scheme 2),[13] which in turn served as
respective precursors of (+)-1 and (�)-1. Acylation of the
enolate of diester 6[14] with 5 afforded triester 7 (Scheme 3),
which was subjected to selective Krapcho decarboxylation[15]

of the less hindered b-keto ester moiety to furnish 8. The
reduction of the ketone group of 8, which was required to
introduce a hydroxy group to serve as the chlorination site for
the final product, resulted in poor stereoselectivity under a
variety of conditions. However, the undesired epimer 10 was
easily separated from 9 and recycled back to ketone 8 with
PCC. The configurations of epimers 9 and 10were assigned on
the basis of NOE experiments conducted on the correspond-
ing b-lactones (Scheme 3).

Alcohol 9 was acetylated and the trimethylsilylethyl ester
was selectively removed with fluoride ion. The resulting
carboxylic acid was subjected to a Curtius rearrangement

mediated by diphenylphosphoryl azide (DPPA),[16] followed
by workup with sodium borohydride, to afford formamide 11
(Scheme 4). The crucial intramolecular Buchwald–Hartwig
aryl amination[17] step was then attempted under a variety of
conditions, with generally unsatisfactory results. However, we
were pleased to discover that the treatment of formamide 11
with [Pd2(dba)3] in the presence of the Keay ligand BINAPFu
(12)[18] under the conditions shown in Scheme 4 resulted in
quantitative cyclization to 13.

The selection of BINAPFu as the Pd ligand of choice was
based on model studies of the aryl aminations of other a-
quaternary amines (1-adamantylamine and methyl a,a-dime-
thylglycinate) with methyl 4-bromo-3-methylbenzoate. Other
ligands, such as BINAP,[19a] DPPF,[19b] PCy3,

[19c] o-biphenyl-
PCy2,

[19d] o-biphenylPtBu2,
[19d] DPEphos,[19e] MAP,[19f] and

IMES hydrochloride[19g] failed to effect coupling or produced
very low yields of the corresponding aryl amines under a wide
variety of conditions. The successful intramolecular aryl
amination of formamide 11 using the BINAPFu ligand is
particularly noteworthy because very few examples of aryl
aminations of aliphatic amines containing a-quaternary
centers are known.[20] BINAPFu is a less strongly donating
ligand than other commonly employed bidentate phosphines
such as BINAP.[18] Moreover, the reductive elimination steps

Scheme 1. Retrosynthesis of (�)-virantmycin (1).

Scheme 2. Desymmetrization of diester 2 to generate chiral intermedi-
ates 4 and 5 : a) porcine liver esterase (PLE), DMSO-pH 8.0 phosphate
buffer (1:4), 7 days, RT, 89%, 95% ee; b) cyanuric fluoride, pyridine,
dichloromethane, 1 h, 0 8C, 71% for 4 and 75% for 5 ; c) 2-(trimethyl-
silyl)ethanol, 1,3-dicyclohexylcarbodiimide (DCC), N,N-dimethylamino-
pyridine (DMAP), dichloromethane, 3 days, RT, 77%; d) 10% aqueous
KOH, methanol, 15 h, 45 8C, 88% (based on 20% of recovered 3.

Scheme 3. Coupling of diester 6 with chiral intermediate 5 : a) lithium
hexamethyldisilazide (LiHMDS), Et2O, 0 8C, 10 min; then 5, Et2O, 1 h
at 0 8C!20 h at RT, 63%; b) 10% aqueous NaCl, DMSO, 20 h, 125 8C,
78%; c) NaBH4, methanol, 2.5 h, 0 8C, 83%; d) pyridinium chlorochro-
mate (PCC), dichloromethane, 3 days, RT, 77%.
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of aryl aminations and related Pd-catalyzed coupling reac-
tions are enhanced by weakly coordinating phosphine
ligands.[21] It is therefore possible that reductive elimination
is the rate-determining step in the present case because of the
high degree of steric hindrance associated with coupling an
ortho-substituted aryl bromide with an a-quaternary amine
derivative. The particular efficacy of BINAPFu may be
attributed to its ability to facilitate this step.

Deacetylation and concomitant deformylation of tetrahy-
droquinoline 13 provided the free alcohol 14, which was
converted into (�)-1 by the same method used previously by
Morimoto and Shirahama[9] in their synthesis of (+)-1
(Scheme 4). The product displayed NMR spectra consistent
with the literature[4,6, 9] and gave a specific rotation [a]20D =

�118 (c= 0.13, chloroform) that compared favorably with
that reported for the natural product: [a]24D =�11.18 (c=

0.175, chloroform).[9]

Finally, acyl fluoride 4 was converted into the unnatural
antipode (+)-1 by a similar process (Scheme 5), except that
the aromatic and aliphatic ester moieties of 15were converted
to the free carboxylic acids in 16 by saponification of the
former and dealkylation with sodium propanethiolate of the
latter, followed by selective reesterification of the aromatic
carboxylic acid and Curtius rearrangement of the remaining
aliphatic acid (Scheme 5). Completion of the synthesis was
achieved as in the case of (�)-1. The NMR spectra of the
product were identical to those of (�)-1 and the optical
rotation data [a]20D = ++ 138 (c= 0.14, chloroform), compared

favourably with the literature value [a]24D = ++ 11.28 (c= 0.125,
chloroform).[9]

In conclusion, the present method provides a new route to
both enantiomers of the antiviral agent virantmycin (1). It
employs as key steps a highly enantioselective enzyme-
mediated desymmetrization and a remarkably effective intra-
molecular aryl amination of a hindered a-quaternary ali-
phatic amine. The procedure is also potentially amenable to
the preparation of analogues for the purpose of structure–
activity studies.
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RNA Binding

Targeting RNAs with Tobramycin Analogues**

Fu-Sen Liang, Sheng-Kai Wang, Takuji Nakatani, and
Chi-Huey Wong*

There are growing interests in developing small molecules to
specifically target RNA because of the potential therapeutic
applications.[1] Aminoglycosides and macrolides, for example,
have been known to exhibit antibiotic activities by interacting
with the bacterial ribosomal RNA.[2] Recent discoveries of
other small molecules that control gene expression in living
cells by attenuating RNA activities have shed more light on
the promising potential of developing RNA-binding mole-
cules as drugs.[3] Many aminoglycosides have been developed
to target not only the bacterial ribosomal RNA 16S A-site,
but also other RNA sequences, including the regulatory
domains of HIV-1 mRNA, the oncogenic Bcr-Abl mRNA
sequence, and the group I intron.[4]

From NMR and X-ray crystallographic studies,[2, 5] it is
clear that the two-ring cores (rings I and II) of both
tobramycin (1) and paromomycin (2), which are 4,5- and
4,6-linked aminoglycosides, respectively (see Figure 1), sit in
the bulges of A1408, A1492, and A1493 of the A-site and make
very similar contacts with the RNA bases and the phosphate
backbones. The surface plasmon resonance (SPR) binding
studies of the naturally occurring aminoglycosides with the
wild-type or mutant 16S A-site RNAs show that the binding
affinity and specificity vary when the compositions or the
linking positions of the additional sugar moieties change.[6]

Previous studies also suggest that both neamine and nebr-
amine are basic cores for binding to various RNA sequences
and for cell permeability.[7] It is possible that by keeping the

Figure 1. The structures of 4,6- and 4,5-linked aminoglycosides.
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two-ring core and changing the carbohydrate unit
attached to position 5 or 6 of the core may affect
both affinity and specificity.

Most of the aminoglycoside analogues devel-
oped to date have been modified by the attachment
of various nonsugar moieties to the original amino-
glycosides or to the two-ring core through different
linkers. Here, we designed and synthesized a new
library of 4,6-linked tobramycin analogues with
various mono- or diaminosugars attached to the 6-
position of the deoxystreptamine ring (Figure 2).
With the relatively rigid conformation of the carbo-
hydrate framework, it was hoped that new amino-
glycosides with higher binding affinities and selec-
tivities would be found.

The protected nebramine core 5 was derived
from tobramycin (1; Scheme 1). The amine groups
of tobramycin (1) were first converted into azides as
protecting groups by the diazo transfer reaction.[8]

This was followed by benzylation of the alcohol
groups to give the fully protected tobramycin
derivative 6. Cleavage of the glycosidic bond
between the nebramine core and the third ring was
catalyzed by a Lewis acid in the presence of p-
thiocresol as nucleophile.[9] The advantage of this
method, instead of HCl or copper chloride catalyzed
cleavage, is that the resulting cleaved third ring can

be recovered as a thioglycoside building block
and used in library synthesis.

A group of protected monosaccharide
building blocks, which contained one or more
amine groups, was then selected and synthe-
sized from our thioglycoside building block
database (Figure 3). Two sets of building blocks
were chosen with significant differences in
reactivity as glycosylation donors.[10] The first
set, which includes compounds 7–17, contains
thioglycoside donors with high reactivity which
were designed by the introduction of electron-
donating protecting groups (Figure 3a). The

second set, which includes compounds 18–29, contains
thioglycoside donors with lower reactivity, tuned by elec-
tron-withdrawing protecting groups (Figure 3b). Thio-
glycosides 7–17 were either directly coupled to the protected
nebramine core 5 or were used to assemble disaccharide
building blocks with thioglycosides 18–29 by N-iodosuccini-
mide (NIS)–TfOH promoted glycosylation (TfOH=

trifluorosulfonic acid).[11] After several unsuccessful attempts
under different glycosylation conditions, these disaccharide
building blocks were found to be relatively inactive. The
protecting groups were then changed to benzyl groups to
provide higher reactivity toward the nebramine core 5
(Scheme 2). Benzenesulfinylpiperidine (BSP) and Tf2O
were used as promoters for these glycosylation reactions
(Scheme 3).[12] Stereoisomers at the anomeric positions (a or
b linkage) were usually formed in these glycosylation
reactions and these were separated by column chromatog-

Figure 2. Synthetic strategy of tobramycin analogues.

Scheme 1. Synthesis of the protected nebramine core: a) TfN3, ZnCl2
(cat.), NEt3, CH2Cl2, H2O, MeOH; b) NaH, BnBr, TBAI, DMF, 82%
(two steps); c) p-TolSH, BF3·Et2O, CH2Cl2, 5 43%, 7 47%. Tf= triflate
(CF3SO2), Bn=benzyl, TBAI= tetra-n-butylammonium iodide,
DMF= N,N-dimethylformamide.

Figure 3. Thioglycoside building blocks as a) the first donors and b) the second donors.
Tol= p-tolyl, Troc= trichloroethyloxycarbonyl (CCl3CH2OC(O)-), Bz=benzoyl.
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raphy (silica gel). The number of different protecting
groups used was kept to a minimum, with the use of only
azido and benzyl groups to simplify the deprotection
steps afterward.

Deprotection was completed by first, the reduction
of the azido groups with Raney Nickel and anhydrous
hydrazine and second, palladium hydroxide catalyzed
hydrogenation under acidic conditions to remove the
benzyl groups (Scheme 3), to give the tobramycin
analogues 32–92 (Figure 4 and Supporting Informa-
tion). An attempt to remove both groups in one step by
hydrogenation in the presence of different palladium
catalysts only gave mixtures of incompletely depro-
tected products probably owing to the poisoning of the
catalysts by amines.[13]

The SPR assay was then used to study the binding
affinity and specificity of these tobramycin analogues
with a number of short RNA sequences (24 to 48 bps),
which were identified from sequence-conserved and
functionally important regions of several disease-
related bacterial, viral, or human RNAs, such as the
bacterial ribosomal 16S A-site, E. coli. transglycosidase
mRNA, Hepatitis C virus (HCV) internal ribosome
entry site (IRES) RNAs,[14] HIV frameshift signal,[15]

HIV protease mRNA, human oncogenic Bcr-Abl
mRNA,[16] and human tyrosine sulfotransferase
mRNA (Figure 5). The synthetic compound library as
well as commercially available aminoglycosides and

macrolides were first screened at 1 mm against the
above RNA molecules. By using tobramycin (1) and
neomycin B (3) as standards, compounds with high
binding signals were selected for the determination of
dissociation constants (Kd).

[17] The Kd values of
selected compounds from each RNA screening were
determined for all RNA sequences in this study to
examine the binding specificity (Table 1).

From the results of the binding assay, several
molecules displayed an affinity in the nanomolar range
to specific RNA sequences. Whereas all of the selected
compounds showed some limited affinity toward the
RNAs tested, several compounds exhibited higher
affinity to specific RNAs. Tobramycin (1) showed a
higher affinity to the HIV frameshift signal (0.64 mm,
2–100-fold selectivity); neomycin B (3) was more
specific to the bacterial 16S A-site and the human
tyrosine sulfotransferase mRNA (0.2 mm and 0.3 mm,
8–14-fold); sisomycin (4) was selective for the HCV
IRES IIId domain (0.26 mm, 5 to > 100-fold); 33
displayed a relatively high affinity to the HCV IRES
IIId (0.7 mm, 1.6–5-fold); 34 also showed a high affinity
to the HCV IRES IIId (0.25 mm, 1.7–38-fold); 35 was
selective for the HIV frameshift signal (0.32 mm, 5.6–

Scheme 2. Representative synthesis of disaccharide building blocks. a) NIS, TfOH,
CH2Cl2, mol. sieves (4 F), �45 8C; b) NaOMe/MeOH; c) NaH, BnBr, TBAI, DMF, 54%
(three steps); d) NIS, TfOH, CH2Cl2, mol. sieves (4 F), �45 8C; e) AcOH, H2O, 80 8C;
f) NaH, BnBr, TBAI, DMF, 41% (three steps). NIS= N-iodosuccinimide.

Scheme 3. Synthesis of tobramycin analogues. a) BSP, Tf2O, CH2Cl2, mol.
sieves (4 F), �45 8C, 32–78%; b) Raney Ni, N2H4, EtOH, dioxane; c) HCl
(0.1n), H2, Pd(OH)2 (20%), MeOH/H2O, 19–65% (two steps).
BSP=benzenesulfinylpiperidine.

Figure 4. Selected tobramycin analogues (with R groups as shown) which
were active in the SPR studies (structures of other synthesized analogues can
be found in the Supporting Information).
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25-fold); 37 bound better to the HCV IRES IIb domain
(0.28 mm, 2.5 to > 100-fold); 39 selectively bound the E. coli.
transglycosidase mRNA (0.42 mm, 4–23-fold); 41 exhibited a
high affinity to the HCV IRES IIId domain and the E. coli.
transglycosidase mRNA (0.53 mm and 0.67 mm, 2–16-fold).
The charges of the aminoglycosides tested range from + 5 to
+ 7. However, upon comparing theKd values and the number
of charges, no direct correlations were found.

In conclusion, we have developed an efficient method to
replace a monosaccharide unit of tobramycin with another

monosaccharide or disaccharide moiety to form analogues of
tobramycin. The SPR studies of the interactions of these
analogues with certain RNA sequences show that new
aminoglycosides can be created to target RNA in a
sequence-selective manner. Work is in progress to further
study the interactions of selected compounds and RNAs to
understand the origin of selectivity and to design better RNA-
binding molecules as inhibitors of translational processes in
cell-based systems.
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Natural Products Synthesis

Synthesis of the C-1027 Chromophore Framework
through Atropselective Macrolactonization**

Masayuki Inoue,* Takeo Sasaki, Suguru Hatano, and
Masahiro Hirama*

C-1027 is a chromoprotein enediyne natural product with
potent in vitro and in vivo cytotoxicity against a variety of
cancer cell lines.[1] It is a member of the subset of enediyne
antibiotics that includes neocarzinostatin,[2] kedarcidin,[3] and
maduropeptin.[4, 5] Each of these agents is composed of
protein and small-molecule (chromophore) components,
which form a 1:1 complex. The C-1027 chromophore 1

(Figure 1) has extremely limited stability in solution and has
been shown to undergo spontaneous Masamune–Bergman
rearrangement without any external activator.[6] Through this
rearrangement, 1 generates p-benzyne biradical 2, which

exerts its potent toxicity by abstracting hydrogen atoms (2!
3) from the backbone of DNA to cleave the double strand.[7]

This chemical instability and its complex structure distinguish
1 as a challenging target for total synthesis.[8–11]

The structure of 1 is highly unusual, characterized by a
chlorocatechol-containing ansa-bridge, a strained
bicyclo[7.3.0]dodecatrienediyne, an appended benzooxa-
zine,[12] and an aminosugar.[13] The synthetic challenge pre-
sented by 1 is heightened by the presence of nonbiaryl
atropisomerism arising from hindered rotation of the chloro-
catechol ring in the ansa-bridge.[14,15] Herein we present the
synthesis of the C-1027 chromophore framework through a
newly designed atropselective macrocyclization.

Our synthetic strategy is outlined in Scheme 1. The total
synthesis of 1 would be attained from its framework 4 by
attaching the amino sugar[16] and the benzoxazine, followed by
introducing two olefins (C4–C5 and C11–C12).[17] As the nine-
membered diyne of 4 could be chemically unstable, as
suggested by experiments on a model compound,[18] the
macrolactone system would have to be constructed prior to
the nine-membered ring.[19] We planned to form this strained
nine-membered diyne 4 by LiN(TMS)2/CeCl3-promoted cyc-
lization of 5.[16,17,19b,20] The highly unsaturated macrocycle 5
was to be synthesized through the coupling of the three
fragments 6, 7, and 8 in a convergent manner.

The synthesis of the five-membered ring 14 bearing the b-
tyrosine moiety was improved from a previously published
procedure,[21] and started with the known intermediate 9
(Scheme 2).[22] Nucleophilic addition of vinylmagnesium bro-
mide to enone 9 occurred from the opposite side of the bulky
TBS ether to afford tertiary alcohol 10 as the sole isomer.

Figure 1. Structure of the C-1027 chromophore 1 and its Masamune–
Bergman rearrangement to 3.
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Selective ozonolysis of the terminal olefin of 10 and
subsequent reductive workup generated aldehyde 11. Treat-
ment of 11 with ethynylmagnesium bromide in toluene
exclusively produced diol 12 bearing the b-hydroxy group at
C8. The stereochemical outcome of the reaction was presum-
ably governed by magnesium chelation and the presence of
the bulky iodine, forcing the nucleophile to attack from the

less hindered side of the five-membered chelate 15. The
secondary alcohol of 12 was selectively mesylated with MsCl
and Et3N, and the monomesylate was converted into epoxide
13 by the addition of DBU (one-pot reaction). Next, the TBS
group of 13 was replaced by a MOM group to give 6 in a two-
step sequence. Finally, the b-tyrosine moiety 7[21] was coupled
to 6 by the action of CsF in DMF,[23] leading to adduct 14.

To evaluate potential strategies for the desired atropse-
lective macrolactonization, substrate 19 was first synthesized
(Scheme 3). The tertiary alcohol of 14 was converted into the
TMS ether, and the TMS group was also introduced to the
terminal acetylene to afford 16. Sonogashira coupling[24] of 16
with acetylene moiety 8[19a] in the presence of catalytic
[Pd(PPh)4] and CuI led to 17. Treatment of 17 with K2CO3

in methanol resulted in simultaneous removal of the acetyl
and two TMS groups to produce 18, and subsequent
saponification of the methyl ester of 18 with KOH gave rise
to seco-acid 19.

Macrolactonization of 19 was successfully realized by two
methods, but with a non-atropselective outcome. Carboxylic
acid 19 was treated with 2,2’-dipyridyl disulfide and PPh3 to
give the corresponding thioester, which was heated at reflux
in toluene,[25] resulting in the formation of macrolactone 20
and 21 in 50% yield (1:1).[19a] A higher yield of 20 was
achieved by the powerful method recently developed by
Shiina and co-workers:[26] Treatment of 19 with MNBA and
DMAP at 40 8C produced macrolactones 20 and 21 (1:1.1
ratio in 65% combined yield). Importantly, the ratio of the
atropisomers was unaffected under the two different con-
ditions, and thus the structure of the substrate was likely to be
the decisive factor in the selectivity of the reaction. Further-
more, isomerization to enrich the desired atropisomer 20 was
unsuccessful. Separate heating of atopisomers 20 and 21 at
160 8C in deuterated 1,2-dichlorobenzene for 12 h did not
result in isomerization, which suggests that these macrocycles
are highly rigid.[27,28] Consequently, selective formation of the
desired atropisomer would be possible only by controlling the
transition state of the macrolactonization by using an
appropriately functionalized substrate.

To examine the effect of substituents of the aromatic ring
on selectivity, the OMOM group at C23 of 19 was replaced
with OH in the alternative substrate 27 (Scheme 3). First, bis-
MOM ether 14 was successfully transformed into mono-
MOM ether 22 by treatment with TFA and subsequent
reattachment of Boc to the C18 amine. After conversion of
phenol 22 into pivaloate ester 23, TMS groups were intro-
duced at 9-OH and at the C6-methyne to produce Sonoga-
shira coupling substrate 24. Adduct 25 was then obtained by
coupling 24 with 8 in the presence of catalytic Pd0 and CuI.
Deprotection of four protecting groups (two TMS, Ac, and
Piv) from 25 with K2CO3 in methanol and subsequent
treatment with KOH resulted in seco-acid 27 with the free
23-OH group. Surprisingly, macrolactonization of 27 by using
the Corey–Nicolaou thioester method generated solely the
undesired atropisomer 28 in modest yield.

From NOESY data and molecular modeling (Macro-
Model Ver 8.0),[29] all the macrolactones (20, 21, and 28) were
found to have similar conformations. The structure of 28 is
shown as a representative example (Figure 2), in which it can

Scheme 1. Retrosynthesis of the C-1027 chromophore.
MOM=methoxymethyl, MPM= p-methoxyphenylmethyl, TES= triethyl-
silyl, Boc= tert-butoxycarbonyl.

Scheme 2. Reagents and conditions: a) CH2=CHMgBr, Et2O, �70!
0 8C, 83%; b) O3, CH2Cl2/MeOH/pyridine (4:4:1), �80 8C; then Me2S,
�60 8C!RT; c) HC�CMgBr, toluene, �85 8C!RT, 62% (over two
steps); d) MsCl, CH2Cl2, �70 8C; then DBU, �70 8C!RT, 69%;
e) TBAF, THF, 0 8C, 95%; f) MOMCl, iPr2NEt, (CH2Cl)2, 40 8C, 86%;
g) 7 (1.1 equiv), CsF, DMF, 75 8C, 77%. TBS= tert-butyldimethylsilyl ;
Ms=methanesulfonyl; DBU=1,8-diazabicyclo[5.4.0]undec-7-ene;
TBAF= tetrabutylammonium fluoride; MOM=methoxymethyl;
DMF= N,N-dimethylformamide.
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be seen that the terminal acetylene and the chlorocatechol are
perpendicular to the macrocycle plane. It is evident that the

1,5 hydroxy groups (9-OH and 23-OH) are in spatial
proximity, suggesting hydrogen bonding. This hydrogen
bonding could also fix the conformation of the transition
state (Figure 3), which explains the sole formation of 28 from
27. In the cyclization of 19, the larger unfavorable steric

Scheme 3. Reagents and conditions: a) TMSCl, imidazole, DMF, room temperature, 89%; b) TMSCl, LiN(TMS)2, THF, �78 8C, 94%; c) 8
(1.1 equiv), [Pd(PPh3)4] (10 mol%), CuI (20 mol%), iPr2NEt, DMF, room temperature, 97%; d) K2CO3, MeOH, room temperature, 74%; e) KOH,
THF/H2O/MeOH (6:4:3), room temperature, 95%; f) 2,2’-dipyridyl disulfide, PPh3, THF, room temperature, 96%; g) toluene (1 mm), 120 8C, slow
addition of thioester over 15 h, 25% (20), 25% (21), 28% (dimer); h) MNBA, DMAP, CH2Cl2 (1 mm), 40 8C, slow addition of 19 over 12 h, 31%
(20), 34% (21), 14% (dimer); i) TFA, CH2Cl2, 0 8C; j) (Boc)2O, NaHCO3, 1,4-dioxane/H2O (1:1), room temperature, 84% (over two steps);
k) PivCl, DMAP, pyridine, 83%; l) TMSCl, imidazole, DMF, room temperature, 94%; m) TMSCl, LiN(TMS)2, THF, �78 8C, 87%; n) 8 (1.1 equiv),
[Pd(PPh3)4] (25 mol%), CuI (40 mol%), iPr2NEt, DMF, room temperature, 59%; o) K2CO3, MeOH, room temperature, 84%; p) KOH, THF/H2O
(1:1), room temperature, 90%; q) 2,2’-dipyridyl disulfide, PPh3, THF, room temperature, 66%; r) toluene (1 mm), 120 8C, slow addition of thioester
over 15 h, 31%. TMS= trimethylsilyl; MNBA=2-methyl-6-nitrobenzoic anhydride; TFA= trifluoroacetic acid; Piv=pivaloyl.

Figure 2. Three-dimensional structure of 28 based on NOESY data
(C6D6) and molecular modeling.

Figure 3. Potential hydrogen bonding in the transition state of the
macrolactonization reaction.
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interaction between the 23-OMOM group and the tertiary 9-
OH group could counteract the attractive hydrogen bond,
which could be the reason for the nonstereoselective outcome
observed. Hence, the atropselectivity of the macrolactoniza-
tion appears to be controlled by the balance between steric
interaction and hydrogen bonding of the substituents at C9
and C23.

From these considerations, placement of a bulky protect-
ing group on the tertiary 9-OH group could force an
atropselective macrolactonization to the desired isomer,
because both increased steric interaction with the 23-
OMOM group and elimination of the hydrogen bond would
impose an energetic penalty on the transition state of the
unwanted atropisomer. For undertaking an experimental
verification of this hypothesis, we designed a new macro-
lactonization substrate 31, which bears 23-OMOM and 9-
OTES groups (Scheme 4).

As shown in Scheme 4, seco-acid 31 was synthesized from
14 in a route similar to that used for 19. The TES group was
introduced at the tertiary alcohol function of 14, and the
acetylene moiety was transformed to its TMS-protected form
29. Condensation of 8 and 29 under Sonogashira conditions
led to diyne 30, whose acetate, methyl esters, and TMS group
were hydrolyzed with KOH in THF/MeOH/H2O, without
affecting the TES ether, giving 31.

Atropselective macrolactonizaton of seco-acid 31 was
effected by using the MNBA method. Upon treatment of 31
with MNBA and DMAP in refluxing CH2Cl2, the desired
isomer 32 was formed with 4:1 atropselectivity and isolated in

61% yield.[31] Remarkably, the yield of the desired atrop-
isomer (32 versus 20) was doubled by strategic protection of
the 9-OH group.

With the desired ansa macrolide 32 in hand, our next focus
was to construct the nine-membered diyne ring. Before doing
so, the reaction conditions of protecting- and functional-
group manipulations were carefully tuned. First, the cyclo-
pentylidene ketal of 32 was selectively removed with TfOH in
CF3CH2OH/THF[30] without affecting other acid-labile pro-
tecting groups (MOM, TES,MPM, and Boc) to afford 1,2-diol
34. After conversion of 34 into tris-TES ether 35, another Boc
group was introduced by using (Boc)2O and DMAP to mask
the acidic 18-NH proton of 35, leading to biscarbamate 36.[32]

The primary alcohol at C5 was selectively deprotected by
using HF·py to produce 37, which was oxidized to aldehyde 5
with (COCl)2 and DMSO.

Cyclization of 5 was promoted by a 1:1 mixture of
LiN(TMS)2 and CeCl3 in THF from �50 8C to room temper-
ature, giving rise to the strained nine-membered diyne 4 as the
sole isomer in 30% yield. Thus, this LiN(TMS)2/CeCl3
reagent combination proved to be applicable to the highly
complex and conformationally rigid system 5. The stereo-
chemical structure of 4, including the newly formed b

secondary alcohol, was unambiguously determined by
ROESY experiments in [D6]DMSO. The correct atropisom-
erism of 4 was again confirmed at this stage, indicating the
high energy barrier to rotation of the chlorocatechol in all the
synthetic intermediates. Diyne 4 slowly decomposed at room
temperature, presumably through Cope rearrangement, as

Scheme 4. Reagents and conditions: a) TESCl, imidazole, DMF, room temperature, 98%; b) TMSCl, LiN(TMS)2, THF, �78 8C, 87%; c) 8
(1.2 equiv), [Pd(PPh3)4] (20 mol%), CuI (40 mol%), iPr2NEt, DMF, room temperature, 80%; d) KOH, THF/H2O/MeOH (5:1:1), 90%; e) MNBA
(2.4 equiv), DMAP (4.8 equiv), CH2Cl2 (1 mm), 40 8C, slow addition of 31 over 12 h, 61% (32), 15% (33), 5% (dimer); f) TfOH, CF3CH2OH/THF
(5:1), 65%; g) TESCl, imidazole, DMF, 40 8C, 93%; h) (Boc)2O, DMAP, MeCN, 40 8C, 100%; i) HF·py, THF, 0 8C, 78%; j) (COCl)2, DMSO, Et3N,
CH2Cl2, �78 8C, 100%; k) LiN(TMS)2 (58 equiv), CeCl3 (61 equiv), THF (1 mm), �50!0 8C, 30%. Tf= trifluoromethanesulfonyl, DMSO=dimethyl
sulfoxide.
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demonstrated with previously synthesized model com-
pounds.[33]

In conclusion, we achieved the stereoselective synthesis of
the C-1027 chromophore framework through atropselective
macrolactonization. The key features in this synthesis were
1) strategic protection of a 1,5-diol to attain atropselective
macrocyclization, and 2) LiN(TMS)2/CeCl3-promoted acety-
lide–aldehyde condensation to build the nine-membered
diyne ring in a highly unsaturated and heavily substituted
macrocycle. Further studies on the total synthesis of the C-
1027 chromophore from 4 are currently underway in this
laboratory.
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Natural Products Synthesis

A Formal Total Synthesis of (+)-Pinnatoxin A**

Satoshi Sakamoto, Hayato Sakazaki, Koji Hagiwara,
Kei Kamada, Kento Ishii, Takeshi Noda,
Masayuki Inoue,* and Masahiro Hirama*

In 1995, Uemura and co-workers reported the isolation and
characterization of pinnatoxin A (1, Scheme 1),[1, 2] one of the
major toxic principles responsible for outbreaks of Pinna
shellfish poisonings in China and Japan. The precise biolog-
ical activity has not been clarified, but 1 has been suggested to
be a Ca2+-channel activator.[3] Structurally, 1 features a spiro-
linked cyclic imine along with trioxadispiro- and bicycloacetal
substructures within a 27-membered macrocycle. The novel

chemical and biological aspects of 1 render it an intriguing
and challenging target. Indeed, a number of synthetic
approaches have been described to date.[4–6] The only total
synthesis of 1 was reported by Kishi in 1998,[7] an achievement
further highlighted by the determination of the absolute
configuration of 1 and the development of a biomimetic
intramolecular Diels–Alder reaction to construct the G ring
along with the macrocycle. Herein, we describe our own
efforts in this area which have culminated in a formal total
synthesis of natural (+)-pinnatoxin A.

Our synthetic strategy toward (+)-1 targeted an optimally
convergent route in which two complex fragments (2 and 3)
were to be constructed, coupled, and elaborated to form the
macrocyclic system (Scheme 1). We envisaged assembling 2

and 3 through a dithiane coupling reaction at C25; the
polyether macrocycle would then emerge from ring-closing
olefin metathesis reaction (RCM)[8] to link C8 and C9, and
subsequent EF-ring formation. Ring G was to be constructed
by using intramolecular cyclization of epoxy nitrile 4,[9] which
would set the stereochemistry of the C5 quaternary center, as
demonstrated in our model studies on simple substrates.[4c,d]

The synthesis of the BCD bisspiroacetal 2 began with
previously reported compound 5[4a] (Scheme 2). Sharpless
asymmetric epoxidation[10] of allylic alcohol 5with (+)-diethyl
tartrate provided 6. Oxidation of alcohol 6 to aldehyde 7 with
SO3·py/DMSO followed by treatment with vinylmagnesium
bromide produced epoxy alcohol 8 as a 1:1 diastereomeric
mixture. Subsequent reductive opening of epoxide 8 with
Red-Al in Et2O resulted in the formation of 1,3-diol 9 as the
major isomer.[11] After protection of 9 as its acetonide, chemo-
and enantioselective dihydroxylation of the C15–C16 olefin
was realized under Sharpless conditions in the presence of
(DHQD)2PHAL,[12] which exclusively produced the desired

Scheme 1. Retrosynthesis of pinnatoxin A. MOM= methoxymethyl;
TES = triethylsilyl ; TIPS= triisopropylsilyl; TMS= trimethylsilyl.
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1,2-diol 10 without oxidizing the terminal olefin. Then,
oxidation with SO3·py converted secondary alcohol 10 into
ketone 11.

The crucial bisspiroacetalization of 11 necessitated fine-
tuning of the reaction conditions.[13] First, 11 was exposed to
camphorsulfonic acid in methanol at room temperature to
remove the acetonide, and then methanol was replaced with

toluene to increase the ratio of the desired isomer 12. In this
way, 12 was selectively generated out of four possible isomers
in 84% yield. As depicted in Figure 1, favorable intramolec-
ular hydrogen bonding between free hydroxy groups at C10

and C24 is considered to influence the high selectivity for
12.[14] Next, the 10-OH and 15-OH groups of 12 were
protected as their TES ethers through a three-step sequence
to afford 13, whose 24-OH function was converted into iodide
to give 14. Finally, nucleophilic attack of lithiodithiane at 14
delivered the BCD-ring fragment 2, suitably functionalized
for assembly of the fragments. The configurations of the C16
and C19 stereocenters established during the spiroacetaliza-
tion were unambiguously determined by NOE experiments at
this stage.

Synthesis of the other half of the molecule began with 4,6-
O-benzylidene-d-glucose (15)[15] (Scheme 3). Wittig reaction
of 15 with ylide 16[16] in refluxing THF afforded olefin (E)-17.
The hydroxy groups at C28 and C31 of 17 were selectively
protected as TES ethers, and PMBM[17] was introduced to
protect the remaining 30-OH to produce 18. Reduction with
DIBAL-H and subsequent protection with MOMCl con-
verted ester 18 into MOM ether 19. Then, chemoselective
hydroboration[18] of the terminal olefin of diene 19 generated
alcohol 20, which was oxidized to aldehyde 21 with SO3·py.
Addition of Grignard reagent 22[4d] to 21 extended the carbon
chain corresponding to the A-ring to furnish 23. The
secondary alcohol of 23 was derivatized to mesylate 24,
after which the mesylate was replaced by a nitrile group
through the action of Et4NCN to provide 25 after reattach-
ment of the partially cleaved TES groups (1:1 diastereomeric
mixture at C5). Replacement of the PMBM group of 25 with
the Ms group in two steps and subsequent selective removal
of TES from 26 with HF·py resulted in diol 27.

Stereoselective G-ring formation from 27 was induced by
an excess of KN(TMS)2.

[4c,d] After treating mesylate 27 with
KN(TMS)2 (2.5 equiv) in THF to promote the C30–C31
epoxide formation,[19] additional KN(TMS)2 (1.5 equiv) was
introduced to the reaction mixture, giving rise to the desired
product 29 as the sole isomer in 72% yield.[20] Not only is the
stereoselectivity quite remarkable, but the reactions effi-
ciently install consecutive C5 quaternary and C31 tertiary
centers. The selectivity is consistent with cyclization through
transition state 28 in which the large branched carbon chain
preferentially adopts the equatorial orientation.

Having constructed the G-ring, we turned our attention to
stereoselective introduction of the C36-methyl group and

Scheme 2. Reagents and conditions: a) tBuOOH, Ti(OiPr)4 (0.2 equiv),
(+)-DET (0.2 equiv), molecular sieves (4 F), CH2Cl2, �20 8C, 83%;
b) SO3·py, Et3N, DMSO, CH2Cl2, room temperature; c) CH2=CHMgBr,
THF, �40 8C, 74% (over two steps); d) NaAlH2(OCH2CH2OCH3)2,
Et2O, �20!0 8C; then NaIO4, THF/H2O (1:1), room temperature,
90%; e) 2-methoxypropene, p-TsOH, DMF, room temperature, 91%;
f) OsO4 (1 mol%), (DHQD)2PHAL (1.5 mol%), K3[Fe(CN)6] (3 equiv),
K2CO3 (3.5 equiv), MeSO2NH2 (1 equiv), tBuOH/H2O (1:1), 0 8C;
g) SO3·py, Et3N, DMSO, room temperature, 82 % (over two steps);
h) CSA (0.1 equiv), MeOH, room temperature, 3 h; then CSA, toluene,
room temperature, 2 days, 84% (12), 11% (C19-epimer); i) PivCl,
CH2Cl2/pyridine (2:1), 0 8C!RT; j) TESOTf, 2,6-lutidine, CH2Cl2, 0 8C;
k) DIBAL-H, THF, �78 8C, 75 % (over three steps); l) I2, Ph3P, imida-
zole, THF, room temperature, 91%; m) 1,3-dithiane, nBuLi, THF/
HMPA (4:1), �78 8C, 83%. DET =diethyl tartrate; DMSO =dimethyl
sulfoxide; Ts = p-toluenesulfonyl; DMF= N,N-dimethylformamide;
(DHQD)2PHAL= hydroquinidine 1,4-phthalazinediyl diether;
CSA= (+)-camphorsulfonic acid; Piv = pivaloyl; Tf = trifluoromethane-
sulfonyl; DIBAL-H = diisobutylaluminum hydride; HMPA=hexamethyl-
phosphoramide.

Figure 1. Potential intramolecular hydrogen bond in 12.
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elongation of the carbon chain at C6 (Scheme 4). First, 1,3-
diol 29 was converted into acetonide 30, of which stepwise
reduction to the alcohol and subsequent protection with TBS
afforded 31. Then, deprotection of the benzylidene acetal of
31 under Birch conditions produced diol 32, and the
secondary alcohol at C29 was quantitatively protected as its
TES ether to give 33 in a three-step sequence. Oxidation of
the remained primary alcohol of 33 with SO3·py followed by
addition of MeMgBr led to secondary alcohol 34, which was
further oxidized to ketone 35. Treatment of 35 with the Tebbe
reagent[21] resulted in exo olefin 36. Regio- and stereo-
selective hydroboration of diene 36 was realized with 9-BBN
to generate 37 with the desired C36-methyl stereochemis-

Scheme 3. Reagents and conditions: a) 16 (2 equiv), THF, reflux; b) TESCl, Et3N, THF, 40 8C; c) PMBMCl, iPr2NEt, nBu4NBr, CH2Cl2, reflux, 51%
(over three steps); d) DIBAL-H, THF, �78 8C, 89%; e) MOMCl, iPr2NEt, nBu4NBr, (CH2Cl)2, room temperature, 95 %; f) 9-BBN, THF, room tem-
perature; then aqueous H2O2, aqueous NaOH, 0 8C!RT, 90%; g) SO3·py, Et3N, DMSO, CH2Cl2, room temperature, 84%; h) 22 (2.5 equiv), THF,
0 8C, 85%; i) MsCl, Et3N, CH2Cl2, 0 8C; j) Et4NCN, MeCN, 70 8C; k) TESCl, imidazole, DMF, room temperature, 67% (over three steps); l) DDQ,
CH2Cl2/pH 7 buffer (20:1), 85 %; m) MsCl, DMAP, pyridine, 40 8C; n) HF·py, 0 8C, 99% (over two steps); o) KN(TMS)2 (2.5 equiv), THF, 0 8C; then
KN(TMS)2 (1.5 equiv), 0 8C!RT, 72 %. PMBM =p-methoxybenzyloxymethyl; 9-BBN = 9-borabicyclo[3.3.1]nonane; Ms = methanesulfonyl;
DDQ= 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; DMAP=4-(dimethylamino)pyridine.

Scheme 4. Reagents and conditions: a) 2,2-dimethoxypropane, CSA,
CH2Cl2, room temperature, 88%; b) DIBAL-H, toluene, �30 8C!RT;
then SiO2, hexane, room temperature, 99%; c) DIBAL-H, toluene,
�78 8C to 0 8C; d) TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C, 100% (2 steps);
e) Na, liq NH3, THF, �78 8C, 91%; f) PivCl, pyridine, room tempera-
ture; g) TESCl, imidazole, DMF, room temperature; h) DIBAL-H, tolu-
ene, �78 8C, 100% (over three steps); i) SO3·pyridine, DMSO, Et3N,
CH2Cl2, room temperature; j) MeMgBr, THF, 0 8C; k) Dess–Martin
periodinane, CH2Cl2/pyridine (5:1), room temperature, 87% (over
three steps); l) Tebbe reagent, THF, room temperature, 95%; m) 9-
BBN, THF, room temperature; then aqueous H2O2, aqueous NaOH,
0 8C!RT, 78%; n) PivCl, DMAP, pyridine, room temperature; o) TBAF,
THF, room temperature, 100% (over two steps); p) PDC, CH2Cl2,
room temperature, 84%; q) TMSCl, imidazole, DMF, room tempera-
ture, 94 %; r) CH2=CHCH2MgBr, THF, 0 8C; s) PivCl, DMAP, pyridine,
room temperature; t) TMSCl, imidazole, DMF, room temperature;
u) DIBAL-H, toluene, �78 8C, 67% (42, over four steps), 17 % (C6-
epimer, over four steps); v) I2, Ph3P, imidazole, THF, room tempera-
ture, 88 %. TBS = tert-butyldimethylsilyl; TBAF= tetrabutylammonium
fluoride; PDC= pyridinium dichromate.
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try.[22] Primary alcohol 37 was in turn transformed into
pivaloyl ester 38, from which the silyl protecting groups
(except TIPS) were removed with TBAF to afford 39. After
selective oxidation of diol 39 with PDC to form aldehyde 40,
the 29-OH group was converted into the TMS ether to afford
41. Addition of allylmagnesium bromide to the C6 aldehyde
of 41 and a subsequent reprotection–deprotection sequence
gave 42. Lastly, introduction of iodine at C26 of alcohol 42
furnished 3, appropriately functionalized for the next cou-
pling reaction.

The stage was now set for union of the two highly complex
structural fragments 2 and 3 and subsequent macrocyclization
by RCM (Scheme 5). Lithiation of dithiane 2 with tBuLi in
THF/HMPA at �78 8C was immediately followed by addition
of a precooled solution of iodide 3,[23] delivering the coupling
adduct 43 in 95% yield based on recovered 3. After many
unsuccessful attempts to effect the macrocyclization of 44, it
was found that the silyl protecting groups proximal to the
terminal olefins impeded the RCM reaction, presumably
owing to steric shielding of the reaction sites. Therefore, the
TES (10-OH) and two TMS groups (6-, 29-OH) were
selectively removed with TBAF at 0 8C to produce triol 44.
Gratifyingly, macro-RCM reaction of 44 was enabled by the
action of Grubbs catalyst 45,[24] resulting in the formation of
27-membered carbocycle 46 with the E olefin (75% yield).

Prior to construction of the EF-ring system within the
obtained macrocycle, dithiane 46 was transformed into

dimethyl acetal 47 with the Stork reagent ((CF3CO2)2IPh,
MeOH).[25] Then, 47 was sequentially subjected to TFA/
MeOH and CSA/MeOH,[26] which led to deprotection of the
acetonide and silyl protecting groups, and concomitant
cyclization of the desired EF-ring of 48 in 71% yield over
the sequence. Notably, the preexisting trioxadispiroacetal
moiety was left intact under these acidic conditions.

With the synthesis of the entire macrocyclic structure of 1
completed, the end game for the total synthesis entailed
specific functional-group manipulations of the highly compli-
cated molecule. The C10 allylic alcohol of pentaol 48 was
oxidized with DDQ to afford a,b-unsaturated ketone 49,[27]

which was converted into ketone 50 by 1,4-reduction of the
C8�C9 double bond with the Stryker reagent.[28] The exo
methylene group was then introduced at C10 of 50 by Wittig
reaction to provide 51. The Ts and TES groups were
sequentially introduced to 1-OH and 28-OH of 51, respec-
tively, and the 6-OH group was oxidized with Dess–Martin
periodinane[29] to give ketone 52. Displacement of tosylate of
52 with azide generated 53, which was treated with acid to
remove the MOM and TES groups, affording triol 54. Allylic
alcohol 54 was then oxidized to carboxylic acid 55 in a two-
step sequence (MnO2

[30] then NaClO2).
To obtain pinnatoxin A (1) directly from 55, intramolec-

ular aza-Wittig reaction of azide 55 was attempted in the
presence of PMe3.

[4d] However, 1 was not detected in the
reaction products, and the amine was only obtained through

Scheme 5. Reagents and conditions: a) tBuLi (1.9 equiv), 2 (1.7 equiv), THF/HMPA (9:1), �78 8C, 95% based on recovered 3 (41%); b) TBAF,
THF, 0 8C, 89%; c) 45 (0.1 equiv), CH2Cl2, reflux, 75%; d) (CF3CO2)2IPh, molecular sieves (3 F), MeOH/CH2Cl2 (20:9), room temperature; e) TFA/
MeOH (1:20), room temperature; then CSA, MeOH, room temperature, 71% (over two steps); f) DDQ, 1,4-dioxane/CH2Cl2 (1:1), 40 8C, 67 %;
g) [{(Ph3P)CuH}6] (0.1 equiv), toluene/H2O (100:1), room temperature, 64 %; h) Ph3PCH3Br, tBuOK, THF, 0 8C, 64 %; i) p-TsCl, Et3N, DMAP, molec-
ular sieves (4 F), CH2Cl2, room temperature; j) TESCl, imidazole, CH2Cl2, room temperature, 51 % (over two steps); k) Dess–Martin periodinane,
CH2Cl2; l) NaN3, DMF, 80 8C, 68% (over two steps); m) aqueous HCl (2n)/THF (1:10), 40 8C, 96%; n) MnO2, CH2Cl2, room temperature;
o) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH/H2O (4:1), 0 8C; p) PMe3, THF, 60 8C, 0% (1); q) 56, toluene, 70 8C, 34 % (over three steps);
r) PMe3, THF/H2O (10:1), room temperature, 60 %.
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hydrolysis of the resultant N=P bond. Therefore, we elected
to complete the formal total synthesis of 1 simply by reduction
of the C1 azide and esterification of the C34 carboxylic acid.
Introduction of tBu to 55 with 56[31] and subsequent treatment
with PMe3 in THF/H2O

[32] gave rise to amine 57, which had
been transformed into 1 by Kishi in two steps.[33] Our synthetic
57 showed 1H NMR data that was identical to that provided
by Professor Kishi.

In summary, we have reported the formal total synthesis
of (+)-pinnatoxin A in a highly convergent fashion. The
salient methodologies employed in our successful campaign
include 1) stereoselective bis-acetalization to yield the BCD-
ring fragment 2 effected by exploiting intramolecular hydro-
gen bonding; 2) intramolecular alkylation of epoxynitrile 4 to
construct the G-ring; 3) powerful dithiane coupling to unify
the two halves of the molecule (2 and 3); 4) macrocyclization
of 27-membered carbocycle 46 by utilizing olefin metathesis
reaction; and 5) intramolecular acetalization of the complex
macrocycle to construct EF-ring 49.

Received: August 27, 2004

.Keywords: heterocycles · macrocycles · natural products ·
spiro compounds · total synthesis

[1] a) D. Uemura, T. Chou, T. Haino, A. Nagatsu, S. Fukuzawa, S.
Zheng, H. Chen, J. Am. Chem. Soc. 1995, 117, 1155 – 1156; b) T.
Chou, O. Kamo, D. Uemura, Tetrahedron Lett. 1996, 37, 4023 –
4026.

[2] For the structural determination of related molecules, see:
pinnatoxin B,C: a) N. Takada, N. Umemura, K. Suenaga, T.
Chou, A. Nagatsu, T. Haino, K. Yamada, D. Uemura, Tetrahe-
dron Lett. 2001, 42, 3491 – 3494; pinnatoxin D: b) T. Chou, T.
Haino, M. Kuramoto, D. Uemura, Tetrahedron Lett. 1996, 37,
4027 – 4030; spirolides: c) T. Hu, J. M. Curtis, Y. Oshima, M. A.
Quilliam, J. A. Walter, W. M. Watson-Wright, J. L. C. Wright, J.
Chem. Soc. Chem. Commun. 1995, 2159 – 2161; d) M. Falk, I. W.
Burton, T. Hu, J. A. Walter, J. L. C. Wright, Tetrahedron 2001,
57, 8659 – 8665; pteriatoxins: e) N. Takada, N. Umemura, K.
Suenaga, D. Uemura, Tetrahedron Lett. 2001, 42, 3495 – 3497.

[3] S. Z. Zheng, F. L. Huang, S. C. Chen, X. F. Tan, J. B. Zuo, J. Peng,
R. W. Xie, Chin. J. Mar. Drugs 1990, 33, 33 – 35.

[4] For synthetic studies of 1 from this laboratory, see: a) T. Noda,
A. Ishiwata, S. Uemura, S. Sakamoto, M. Hirama, Synlett 1998,
298 – 300; b) A. Ishiwata, S. Sakamoto, T. Noda, M. Hirama,
Synlett 1999, 692 – 694; c) A. Nitta, A. Ishiwata, T. Noda, M.
Hirama, Synlett 1999, 695 – 696; d) J. Wang, S. Sakamoto, K.
Kamada, A. Nitta, T. Noda, H. Oguri, M. Hirama, Synlett 2003,
891 – 893.

[5] For synthetic studies of 1 from other laboratories, see: a) T.
Sugimoto, J. Ishihara, A. Murai, Tetrahedron Lett. 1997, 38,
7379 – 7382; b) J. Ishihara, T. Sugimoto, A. Murai, Synlett 1998,
603 – 606; c) B. D. Suthers, M. F. Jacobs, W. Kitching, Tetrahe-
dron Lett. 1998, 39, 2621 – 2624; d) T. Sugimoto, J. Ishihara, A.
Murai, Synlett 1999, 541 – 544; e) J. Ishihara, S. Tojo, A.
Kamikawa, A. Murai, Chem. Commun. 2001, 1392 – 1393; f) S.
Nakamura, J. Inagaki, T. Sugimoto, M. Kudo, M. Nakajima, S.
Hashimoto, Org. Lett. 2001, 3, 4075 – 4078; g) S. Nakamura, J.
Inagaki, M. Kudo, T. Sugimoto, K. Obara, M. Nakajima, S.
Hashimoto, Tetrahedron 2002, 58, 10353 – 10374; h) S. Naka-
mura, J. Inagaki, T. Sugimoto, Y. Ura, S. Hashimoto, Tetrahedron
2002, 58, 10375 – 10386.

[6] For synthetic studies of spirolides, see: a) D. P. Furkert, M. A.
Brimble, Org. Lett. 2002, 4, 3655 – 3658; b) M. Trzoss, M. A.
Brimble, Synlett 2003, 2042 – 2046, and references therein.

[7] a) J. A. McCauley, K. Nagasawa, P. A. Lander, S. G. Mischke,
M. A. Semones, Y. Kishi, J. Am. Chem. Soc. 1998, 120, 7647 –
7648; b) K. Nagasawa, J. Synth. Org. Chem. Jpn. 2000, 58, 877 –
886.

[8] For reviews, see: a) A. FKrstner, Angew. Chem. 2000, 112, 3140 –
3172; Angew. Chem. Int. Ed. 2000, 39, 3013 – 3043; b) T. M.
Trnka, R. H. Grubbs, Acc. Chem. Res. 2001, 34, 18 – 29; c) Hand-
book of Metathesis, Vol. 2 (Ed.: R. H. Grubbs), Wiley-VCH,
Weinheim, 2003.

[9] a) G. Stork, L. D. Cama, D. R. Coulson, J. Am. Chem. Soc. 1974,
96, 5268 – 5270; b) G. Stork, J. F. Cohen, J. Am. Chem. Soc. 1974,
96, 5270 – 5272; for a review, see: c) F. F. Fleming, B. C. Shook,
Tetrahedron 2002, 58, 1 – 23.

[10] a) Y. Gao, R. M. Hanson, J. M. Klunder, S. Y. Ko, H. Masamune,
K. B. Sharpless, J. Am. Chem. Soc. 1987, 109, 5765 – 5780; b) T.
Katsuki, V. S. Martin, Org. React. 1996, 48, 1 – 299.

[11] J. M. Finan, Y. Kishi, Tetrahedron Lett. 1982, 23, 2719 – 2722.
[12] a) G. A. Crispino, K. S. Jeong, H. C. Kolb, Z. M. Wang, D. Xu,

K. B. Sharpless, J. Org. Chem. 1993, 58, 3785 – 3786; b) P. G.
Andersson, K. B. Sharpless, J. Am. Chem. Soc. 1993, 115, 7047 –
7048; for a review, see: b) H. C. Kolb, M. S. VanNieuwenhze,
K. B. Sharpless, Chem. Rev. 1994, 94, 2483 – 2547.

[13] For a recent review on synthesis of bis-spiroacetals, see: M. A.
Brimble, F. F. FarMs, Tetrahedron 1999, 55, 7661 – 7706.

[14] Existence of this intramolecular hydrogen bond was suggested
from the X-ray analysis of a closely related substrate with free
hydroxy groups at C10 and C24.[4a] Furthermore, acidic treat-
ment of a 10-OH-protected substrate resulted in nonselective
formation of the desired spiroacetal and its C19-epimer despite
the seemingly favorable anomeric effect at C19 of the desired
compound.

[15] P. L. Barili, G. Berti, G. Catelani, C. Cini, F. D’Andrea, E.
Mastrorilli, Carbohydr. Res. 1995, 278, 43 – 57.

[16] a) H. J. Bestmann, Angew. Chem. 1965, 77, 651 – 666; Angew.
Chem. Int. Ed. Engl. 1965, 4, 645 – 660; b) R. S. Mali, S. G. Tilve,
S. N. Yeola, A. R. Manekar, Heterocycles 1987, 26, 121 – 127.

[17] A. P. Kozikowski, J.-P. Wu, Tetrahedron Lett. 1987, 28, 5125 –
5128.

[18] H. C. Brown, R. Liotta, C. G. Scouten, J. Am. Chem. Soc. 1976,
98, 5297 – 5301.

[19] The intermediacy of epoxide 4 was supported by its isolation
without the subsequent addition of KN(TMS)2.

[20] The stereochemistry of C5 and C31 were determined by X-ray
crystallographic analysis of an analogue derivatized from 29 ; see
Supporting Information for detail.

[21] F. N. Tebbe, G. W. Parshall, G. S. Reddy, J. Am. Chem. Soc. 1978,
100, 3611 – 3613.

[22] W. C. Still, J. C. Barrish, J. Am. Chem. Soc. 1983, 105, 2487 –
2489.

[23] a) D. R. Williams, S.-Y. Sit, J. Am. Chem. Soc. 1984, 106, 2949 –
2954; b) A. B. Smith III, S. M. Condon, J. A. McCauley, J. L.
Leazer, Jr., J. W. Leahy, R. E. Maleczka, Jr., J. Am. Chem. Soc.
1997, 119, 947 – 961; c) A. B. Smith III, S. M. Condon, J. A.
McCauley, Acc. Chem. Res. 1998, 31, 35 – 46.

[24] M. Scholl, S. Ding, C. W. Lee, R. H. Grubbs, Org. Lett. 1999, 1,
953 – 956.

[25] G. Stork, K. Zhao, Tetrahedron Lett. 1989, 30, 287 – 290.
[26] While initial treatment with TFA mainly removed the TMS and

TES groups, the TIPS and acetonide groups were deprotected by
subjection to CSA/MeOH. This stepwise deprotection scheme
appears to be superior to a single-step approach in terms of yield.

[27] a) H.-D. Becker, A. BjNrk, E. Adler, J. Org. Chem. 1980, 45,
1596 – 1600; b) E. J. Corey, C. Shih, N.-Y. Shih, K. Shimoji,
Tetrahedron Lett. 1984, 25, 5013 – 5016.

Angewandte
Chemie

6509Angew. Chem. Int. Ed. 2004, 43, 6505 –6510 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


[28] W. S. Mahoney, D. M. Brestensky, J. M. Stryker, J. Am. Chem.
Soc. 1988, 110, 291 – 293.

[29] D. B. Dess, J. C. Martin, J. Am. Chem. Soc. 1991, 113, 7277 –
7287.

[30] T. Aoyama, N. Sonoda, M. Yamauchi, K. Toriyama, M. Anzai, A.
Ando, T. Shioiri, Synlett 1998, 35 – 36.

[31] L. J. Mathias, Synthesis 1979, 561 – 576.
[32] For related examples, see: a) B. M. Trost, S. R. Pulley, Tetrahe-

dron Lett. 1995, 36, 8737 – 8740; b) J. Zhu, D. Ma, Angew. Chem.
2003, 115, 5506 – 5509; Angew. Chem. Int. Ed. 2003, 42, 5348 –
5351.

[33] Kishi reported that heating 57 at 200 8C under vacuum and
treating the resultant imine with TFA afforded pinnatoxin A
(1).[7]

Communications

6510 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6505 –6510

http://www.angewandte.org


Biaryl Compounds

Enantioselective Synthesis of Axially Chiral
Phthalides through Cationic [RhI(H8-binap)]-
Catalyzed Cross Alkyne Cyclotrimerization**

Ken Tanaka,* Goushi Nishida, Azusa Wada, and
Keiichi Noguchi

Axially chiral biaryl compounds are widely found as key
structures of effective chiral ligands and biologically active
compounds. Therefore, several catalytic enantioselective
syntheses of these compounds have been developed to date.
These methods are based on three types of asymmetric cross-
coupling approaches: 1) cross-coupling of aryl compounds
(such as the Kumada coupling,[1] Suzuki coupling,[2] and
oxidative coupling[3]), 2) cross-coupling of biaryl ditriflates,[4]

and 3) cross-coupling of dinaphthothiophene.[5] In these
reactions, the axial chirality is constructed during the
formation of the biaryl link, the selective substitution of one
of two triflates, and the selective cleavage of one of two
carbon–sulfur bonds, respectively.[6, 7]

Cyclotrimerization of alkynes is an attractive method for
the synthesis of substituted benzenes, and various transition-
metal complexes catalyze this reaction.[8] We recently
reported the chemo- and regioselective intermolecular cross

cyclotrimerization of terminal alkynes and an electron-
deficient alkyne (diethyl acetylene dicarboxylate) catalyzed
by the cationic [RhI(H8-binap)]

[9] complex.[10] We anticipated
that cross cyclotrimerization of terminal alkynes and electron-
deficient 1,6-diynes (bearing a ortho-substituted phenyl group
and a hydrogen atom at each terminal position) would install
the axial chirality during the formation of the benzene rings
(Scheme 1).[11–14] Very recently, Gutnov, Heller, and co-work-

ers reported the synthesis of axially chiral 2-aryl pyridines
through the CoI-catalyzed asymmetric [2 + 2+ 2] cycloaddi-
tion of alkynes and nitriles,[15] and Shibata et al. reported the
synthesis of axially chiral teraryl compounds through a
neutral [IrI(Me-duphos)] complex catalyzed asymmetric [2 +

2 + 2] cycloaddition of symmetrical a,w-diynes and symmet-
rical monoynes.[16] Herein we describe a highly enantioselec-
tive synthesis of axially chiral phthalides by the cationic
[RhI(H8-binap)] complex catalyzed cross alkyne cyclotrime-
rization of unsymmetrical a,w-diynes and unsymmetrical or
symmetrical monoynes.[17]

The reaction of 2-methylphenyl-substituted 1,6-diyne 1a
with various terminal monoynes was investigated in the
presence of the cationic complex [RhI{(S)-H8-binap}]. We
were pleased to find that the use of propargyl acetate (2a ;
5 equiv) furnished axially chiral phthalide (+)-3aa in high
yield with high enantioselectivity (Table 1, entry 1). Not only

Scheme 1. Cationic [RhI(H8-binap)]-catalyzed cross alkyne cyclotrimer-
ization to give axially chiral phthalides.

Table 1: Enantioselective cross alkyne cyclotrimerization of 1,6-diynes 1
and terminal monoynes 2.

Entry 1 2 Phthalide Yield [%][a] 3/4 ee (3) [%]

1 1a 2a (+ )-3aa/4aa 79 90:10 87
2 1b 2a (�)-3ba/4ba 91 88:12 82
3 1c 2a (�)-3ca/4ca 86 66:34 81
4 1d 2a (�)-3da/4da 91 87:13 73
5 1a 2b (+)-3db/4db 90 70:30 78

[a] Yields of isolated products.
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2-methylphenyl-, but also 1-naphthyl- (1b, Table 1, entry 2),
2-trifluoromethylphenyl- (1c, Table 1, entry 3), and 2-chloro-
phenyl-substituted 1,6-diynes (1d, Table 1, entry 4) were
suitable substrates in this process. Importantly, the generation
of sterically demanding regioisomers 3 was predominant. In
the case of 1d, the use of propargyl alcohol (2b) improved the
enantioselectivity (Table 1, entry 5).

Interestingly, the use of symmetrical internal monoyne,
1,4-diacetoxy-2-butyne (2c ; 5 equiv), enhanced the enantio-
selectivity to yield axially chiral phthalides 3ac–dc in good
yield with excellent enantioselectivity (Table 2, entries 1–4).

In the case of 1d, the use of 2-butyne-1,4-diol (2d) improved
the yield and enantioselectivity (Table 2, entry 5). The
absolute configuration of the diol (+)-3dd was determined
to be R by an anomalous dispersion method, and that of the
diacetate (+)-3dc was also determined to be R (Figure 1).[18]

The present enantioselective cross alkyne cyclotrimeriza-
tion was applied to the symmetrical internal diyne 2e, and the
chiral phthalides 5 and 6 were obtained in excellent yield with
high enantioselectivity (Scheme 2).

In conclusion, we have discovered an enantioselective
cross alkyne cyclotrimerization of unsymmetrical 1,6-diynes
and both terminal and internal alkynes. This method provides
easy access to axially chiral phthalides that bear one or two
oxymethylene functionalities. Work toward developing a wide
variety of asymmetric reactions in the presence of cationic
complexes of RhI and modified binap is underway in our
laboratory.

Experimental Section
Full procedures and characterization data are given in the Supporting
Information.3ac : Under an Ar atmosphere, (S)-H8-binap (7.9 mg,
0.0125 mmol) and [Rh(cod)2]BF4 (5.1 mg, 0.0125 mmol) were dis-
solved in CH2Cl2 (1.0 mL), and the mixture was stirred for 5 min. H2

was introduced to the resulting solution in a Schlenk tube. The
resultingmixture was stirred for 30 min at room temperature and then
concentrated to dryness. The residue was taken up in CH2Cl2
(1.0 mL), and to this solution was added a solution of 1a (49.8 mg,
0.250 mmol) and 2c (212.7 mg, 1.25 mmol) in CH2Cl2 (1.0 mL) at
room temperature; the vial was rinsed with CH2Cl2 (0.5 mL). The
mixture was stirred at room temperature for 3 h. The resulting
mixture was concentrated and purified by preparative TLC to furnish
(+)-3ac (61.7 mg, 0.167 mmol, 67%, > 99% ee) as a yellow solid.
M.p. 95.0–97.5 8C; [a]25D = ++ 17.38 (c= 0.274, CHCl3); IR (neat): ñ =

1740, 1220, 1020 cm�1; 1H NMR (CDCl3, 400 MHz): d = 7.60 (s, 1H),
7.22–7.36 (m, 3H), 7.01 (dd, J= 7.6 and 1.2Hz, 1H), 5.33 (s, 2H), 5.29
(d, J= 3.2Hz, 2H), 4.99 (d, J= 12.8Hz, 1H), 4.88 (d, J= 12.8Hz, 1H),
2.17 (s, 3H), 1.98 (s, 3H), 1.97 ppm (s, 3H); 13C NMR (CDCl3,
100 MHz): d = 170.3, 170.0, 168.6, 147.5, 143.2, 142.6, 135.8, 133.7,
133.2, 129.7, 128.6, 128.5, 125.5, 123.4, 121.5, 68.2, 63.4, 59.8, 20.9, 20.6,
20.0 ppm; HRMS (EI): calcd for C21H20O6 [M]+: 368.1260; found:
368.1226; CHIRALPAK AS, hexane/iPrOH 80:20, 0.8 mLmin�1,
retention times: 28.6 min (minor isomer) and 30.3 min (major
isomer).
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Lead Complexes

Tungsten–Lead Triple Bonds: Syntheses,
Structures, and Coordination Chemistry
of the Plumbylidyne Complexes
trans-[X(PMe3)4W�Pb(2,6-Trip2C6H3)]**

Alexander C. Filippou,* Nils Weidemann,
Gregor Schnakenburg, Holger Rohde, and
Athanassios I. Philippopoulos

Compounds containing a multiple bond between lead and
another main-group element are very rare.[1] In fact, only a
few diplumbenes, [Pb2R4] (R= aryl, silyl),[2] have been
isolated to date,[3, 4] whereas alkenes are ubiquitous in organic
chemistry. Similarly, very few transition-metal plumbanediyl
(plumbylene) complexes have been reported,[5] whereas
carbene complexes are a common class of organometallic
compounds.[6] Other prominent examples of compounds
containing transition-metal–lead multiple bonds are the
heterocumulenes [(h5-C5H4R)(CO)2Mn=Pb=Mn(CO)2(h

5-
C5H4R)] (R=H, Me).[7] Two major reasons have emerged
from quantum chemical studies for the distinct reluctance of
lead to participate in multiple bonding. These are the
comparatively low bond energies[8] and the reduced hybrid-
ization of its 6s and 6p valence orbitals.[9,10] However, these are
not inherent properties of lead, as recently demonstrated by
our synthesis of the plumbylidyne complex trans-
[Br(PMe3)4Mo�Pb(2,6-Trip2C6H3)], which features a triply
bonded, linear-coordinated lead atom.[11] We have now char-
acterized compounds with tungsten–lead triple bonds. First
results of the coordination chemistry of these compounds are
also presented, providing experimental evidence for their
electronic analogy with Fischer-type carbyne complexes.[12]

Starting materials were the dinitrogen complexes cis-
[W(N2)2(PMe3)4] and [W(N2)(PMe3)5]

[13] and the aryllead(ii)
halides [{Pb(2,6-Trip2C6H3)X}2] (X=Br (1-Br), I (1-I)).
Compound 1-I was prepared by metathetical exchange of 1-
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Br[14] with NaI in diethyl ether. It was isolated in 82% yield as
an air-sensitive, bright orange solid, which melts at 222 8C and
decomposes at 235 8C to give an oily, red mass.[15] Compound
1-I is the first organolead(ii) iodide to be structurally
characterized.[16] It crystallizes as a centrosymmetric iodide-
bridged dimer, which features a Pb2I2 parallelogram with a
Pb···Pb separation of 4.603(1) ?[17] and two quite different
Pb�I bond lengths (2.9499(7) and 3.2764(8) ?) and internal
bond angles (84.81(2) and 95.19(2)8 ; Figure 1). The Pb�Caryl
bond length of 1-I at 2.326(6) ? compares well with those of

1-Br (2.306(13) and 2.329(11) ?).[14] Heating a solution of cis-
[W(N2)2(PMe3)4] with a stoichiometric amount of 1-Br or 1-I
in toluene at 100 8C was accompanied by a rapid color change
from orange to red-brown to afford the plumbylidyne
complex 2-Br and 2-I, respectively (Scheme 1).[15,18] Com-
pounds 2-Br and 2-I were purified by crystallization from
pentane and isolated as red-brown, air-sensitive, microcrystal-
line solids in 66 (2-Br) and 58% (2-I) yields. Both complexes
are very soluble in pentane and decompose upon melting at
195 and 192 8C, respectively. The plumbylidyne complex 2-Br
was also obtained in a straightforward manner by the reaction

of [W(N2)(PMe3)5] with 0.5 equivalents of 1-Br in toluene at
100 8C (Scheme 1).[15] This reaction provides another example
for the aptitude of electron-rich[19] Group 6 metal dinitrogen
complexes with a d6 electron configuration to form triple
bonds to lead. Compounds 2-Br and 2-I are essentially
isotypic (Figure 2).[15] The isostructural, trans-configured

octahedral complexes have approximate C2 point group
symmetry,[20] and display almost linear W-Pb-Caryl linkages
(2-Br, 177.5(2)8 ; 2-I, 175.79(8)8) and the shortestW�Pb bonds
(2-Br, 2.5464(5) ?; 2-I, 2.5477(3) ?) reported to date.[21] In
fact, the W�Pb bond lengths of 2-Br and 2-I are 0.20 ?
shorter than those of the bridged plumbylidyne complex
[{W(CO)4}2(m-Br){m-Pb(2,6-Trip2C6H3)}] (2.7423(3) and
2.7517(3) ?), which contains a three-coordinate lead center
with trigonal-planar geometry,[14] and approximately 0.45 ?
shorter than the W�Pb single bonds of the V-shaped
tungstenoplumbylene [Pb(2,6-Trip2C6H3){W(h

5-C5H5)(CO)3}]
(2.9809(10) and 3.0055(6) ?).[21d] The Pb�Caryl bonds of 2-Br
(2.254(6) ?) and 2-I (2.258(3) ?) are shorter than those of 1-
Br and 1-I (Figure 1), or those reported for the plumbylenes
[Pb(2,6-Trip2C6H3)R] (R=Me, tBu, Ph: Pb�Caryl 2.272(9)–
2.321(3) ?)[14] and metalloplumbylenes [Pb(2,6-
Trip2C6H3){M(h

5-C5H5)(CO)3}] (M=Cr, Mo, W: Pb�Caryl
2.278(9)–2.294(4) ?),[21d] and indicate that the triply bonded
lead atom uses sp-hybrid orbitals for s bonding. The compo-
sition of 2-Br and 2-I was confirmed by elemental analyses
and IR, 1H, 31P{1H} and 13C{1H} NMR spectroscopy.[15] The
number and relative intensity of the 1H NMR spectroscopy
signals of the m-terphenyl substituent and the PMe3 ligands
suggest an averaged C2v symmetry of the plumbylidyne
complexes 2-Br and 2-I in solution, and their 31P{1H} NMR
spectra in C6D6 showed a singlet for the four chemically
equivalent PMe3 ligands, which appears up field (2-Br, d =

Figure 1. DIAMOND plot of the molecular structure of 1-I in the solid
state. Thermal ellipsoids are set at 30% probability. Hydrogen atoms
are omitted for clarity. Selected bond lengths [G] and angles [8]: Pb-I
2.9499(7), Pb-I# 3.2764(8), Pb-C1 2.326(6); C1-Pb-I 97.3(2), C1-Pb-I#
115.1(2), I-Pb-I# 84.81(2), Pb-I-Pb# 95.19(2).

Scheme 1. Syntheses of the plumbylidyne complexes 2-X (X=Br, I).

Figure 2. DIAMOND plot of the molecular structure of 2-I in the solid
state. Thermal ellipsoids are set at 30% probability. Hydrogen atoms
are omitted for clarity. Selected bond lengths [G] and angles [8] of 2-I
and [2-Br]: W-Pb 2.5477(3) [2.5464(5)], W-I 2.8656(4) [W-Br 2.6798(9)],
W-P1 2.4776(9) [2.474(2)], W-P2 2.481(1) [2.484(2)], W-P3 2.4663(9)
[2.461(2)], W-P4 2.486(1) [2.485(2)], Pb-C1 2.258(3) [2.254(6)]; W-Pb-
C1 175.79(8) [177.5(2)], I-W-Pb 177.857(8) [Br-W-Pb 179.05(3)], Pb-W-
P1 90.00(2) [90.17(5)], Pb-W-P2 98.17(2) [100.88(5)], Pb-W-P3 89.01(2)
[89.17(4)], Pb-W-P4 102.45(3) [102.84(6)].
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�43.6 ppm; 2-I, d =�53.9 ppm) of those of the lighter
Group 14 element analogues trans-[Cl(PMe3)4W�E-R] (E=

C, R=Me: dP=�20.8 ppm, 1J(W,P)= 285 Hz;[22] E=Ge,
R=C6H3-2,6-Dipp2 (Dipp= 2,6-iPr2C6H3): dP=�31.1 ppm,
1J(W,P)= 258 Hz; E=Sn, R= 2,6-Dipp2C6H3: dP=

�30.8 ppm, 1J(W,P)= 256 Hz).[23] The 31P NMR signals are
flanked by one pair of satellites arising from coupling with the
183W nucleus,[24] the 1J(W,P) coupling constants (2-Br, 257 Hz;
2-I, 258 Hz) comparing well with those of the ylidyne
complexes trans-[Cl(PMe3)4W�E-R] (E=Ge, Sn; R= aryl,
see above). The 13C{1H} NMR spectra of the plumbylidyne
complexes 2-Br and 2-I display a characteristic downfield-
shifted signal for the lead-bonded Cipso atom at d = 270.2 (2-
Br) and 267.9 ppm (2-I), as do those of the aryllead(ii) halides
1-Br (dC= 287.9 ppm)[14] and 1-I (dC= 276.7 ppm).[15]

Electrophile-induced halide abstraction was shown to be a
very efficient method for the preparation of cationic Fischer-
type carbyne complexes from neutral precursors.[25] Applica-
tion of this method to 2-Br and 2-I was envisaged as an
approach to cationic plumbylidyne complexes, given the
electronic analogy of 2-Br and 2-I with Fischer-type carbyne
complexes.[12] In fact, treatment of 2-Br with Na[B{3,5-
(CF3)2C6H3}4]

[26] and PhCN in toluene afforded the brown
benzonitrile complex salt 3, and bromide abstraction from 2-
Br by Li[B(C6F5)4]·2.5Et2O

[27] in fluorobenzene gave in the
presence of PMe3 the olive-green to brown plumbylidyne
complex salt 4 [Eq. (1)].[15] Both salts are soluble in THF, and
decompose upon melting at 181–182 (3) and 149–150 8C (4).

The structures of the complex cations in 3 and 4 (Figures 3
and 4) reveal the same bonding features of the plumbylidyne
ligand as observed in 2-Br and 2-I. These are the almost linear
coordination geometry at lead (W-Pb-Caryl= 171.7(1) (3),
177.5(1)8 (4)), the short W�Pb triple bonds (2.5520(6) (3),
2.5744(2) ? (4)), and the comparatively short Pb�Caryl bonds
of 2.228(5) ? (3) and 2.289(4) ? (4). The W�P bond of the
trans-disposed PMe3 ligand in 4 is longer (2.565(1) ?) than
those of the cis-coordinated PMe3 ligands (2.490(1)–
2.513(1) ?), reflecting the trans-influence of the plumbyli-
dyne ligand.[28] 1H, 31P{1H}, 19F{1H}, and 13C{1H} NMR
spectroscopic studies corroborated the X-ray structures of 3
and 4.[15] Thus, the IR spectrum of 3 in nujol displays a
characteristic n(C�N) band of the benzonitrile ligand at
2171 cm�1, which is at lower wavenumbers than that of free
PhCN (n(C�N) in nujol= 2230 cm�1) and indicates some
tungsten–nitrile back-bonding.[29] In addition, the 31P{1H}
NMR spectrum of 3 shows a singlet resonance at d =

�36.8 ppm (1J(W,P)= 262 Hz) for the PMe3 ligands, which
confirms the trans-configuration of the complex cation in 3. In

comparison, the 31P{1H} NMR spectrum of 4 reveals the signal
pattern expected for a nonfluxional, square-pyramidal
W(PMe3)5 fragment, that is, one doublet at d =�52.1 ppm
(2J(P,P)= 31 Hz, 1J(W,P)= 249 Hz) and one quintet at d =

�65.6 ppm (2J(P,P)= 31 Hz) in the intensity ratio of 4:1.[15]

The structures of 3 and 4 are also confirmed by the Pb-Cipso
resonance signal in the 13C{1H} NMR spectra at d = 278.7 (3)
and 279.1 ppm (4). The Cipso signal of 4 is split into a doublet as
a result of coupling with the trans-disposed PMe3 ligand
(3J(P,C)= 22 Hz).

The similarity of the plumbylidyne complex [(PMe3)5W�
Pb(2,6-Trip2C6H3)]

+ with the Fischer-type carbyne complexes

Figure 3. DIAMOND plot of the structure of the complex cation in 3.
Thermal ellipsoids are set at 30% probability. Hydrogen atoms are
omitted for clarity. Selected bond lengths [G] and angles [8]: W-Pb
2.5520(6), W-N 2.099(4), W-P1 2.469(1), W-P2 2.472(2), W-P3
2.493(2), W-P4 2.496(2), Pb-C1 2.228(5), C49-N 1.137(7); W-Pb-C1
171.7(1), N-W-Pb 174.9(1), Pb-W-P1 90.28(4), Pb-W-P2 95.69(4), Pb-W-
P3 91.56(4), Pb-W-P4 104.96(4), W-N-C49 179.1(5).

Figure 4. DIAMOND plot of the structure of the complex cation in 4.
Thermal ellipsoids are set at 30% probability. Hydrogen atoms are
omitted for clarity. Selected bond lengths [G] and angles [8]: W-Pb
2.5744(2), W-P1 2.500(1), W-P2 2.490(1), W-P3 2.513(1), W-P4
2.495(1), W-P5 2.565(1), Pb-C1 2.289(4); W-Pb-C1 177.5(1), Pb-W-P1
87.10(3), Pb-W-P2 93.90(3), Pb-W-P3 88.93 (3), Pb-W-P4 92.93(3),
Pb-W-P5 174.87(3).
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[(CO)5M�C-NEt2]+ (M=Cr, Mo, W) is noticeable.[30] This
fact prompted us to study the nature of theW�Pb bond in 4 by
various quantum chemical methods. Optimization of the
structure of the complex cation at the BP86/LANL2DZ level
of theory led to a minimum structure with a W�Pb separation
of 2.609 ? and a bond angle at the lead atom of 174.98 in good
agreement with the experimental values (Figure 4). Analysis
of the electronic charge distribution by the natural bond
orbital (NBO) method[31] gives an optimal Lewis structure
with a W�Pb triple bond. The W�Pb bond is composed of a
s component that is polarized towards the lead atom, and two
nearly degenerate p bonds, which are strongly polarized
towards the tungsten center (Table 1). The high polarity of the
W�Pb bond is further reflected in the natural population
analysis (NPA) partial charges of the Pb (+ 1.21) and Watom
(�1.58) and the Wiberg bond index (WBI) of 1.42 (Table 1),
which is slightly lower than that of the model compound trans-
[Br(PH3)4Mo�Pb-Ph] (WBI= 1.51).[11] Partitioning of the
total interaction energy DEint (�410.9 kJmol�1) between the
frozen fragments [W(PMe3)5] and [Pb(2,6-Trip2C6H3)]

+ into
the attractive Coulomb term DEelstat of �352.0 kJmol�1, the
repulsive Pauli term DEPauli of + 472.0 kJmol�1, and the
orbital interaction term DEorb of �530.9 kJmol�1 affords a
covalent character of 60% for the W�Pb bond.[32] All these
results suggest that the W�Pb triple bond of 4 can be
reasonably described with the Dewar–Chatt–Duncanson
model as a donor–acceptor interaction involving a [PbR]+!
[W(PMe3)5] s donation and two [W(PMe3)5]![PbR]+ p back-
donations.[33]

Finally, the Gibbs free dissociation energy of 4 to give the
fragments [W(PMe3)5] and [Pb(2,6-Trip2C6H3)]

+ in their
electronic ground states and minimum geometries[34,35] was
calculated to be only 149.7 kJmol�1, which suggests that the
complex cation might be useful as a [Pb-R]+ transfer reagent.

Several applications of these compounds in stoichiometric
reactions might be envisaged given their structural and
electronic analogy with Fischer-type carbyne complexes.
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Cycloadditions

A Lewis Acid Catalyzed Intramolecular [4+3]
Cycloaddition Route to Polycyclic Systems That
Contain a Seven-Membered Ring**

Gildas Pri	, Natacha Pr	vost, Heather Twin,
Stephanie A. Fernandes, Jerome F. Hayes, and
Michael Shipman*

Oxyallyl cations are important intermediates in the synthesis
of seven-membered rings by way of [4+3] cycloadditions with
1,3-dienes.[1] The products commonly serve as useful tem-
plates in organic synthesis.[2] Intramolecular cycloadditions of
oxyallyl cations are especially useful for the construction of
complex polycyclic systems.[1e, f, 3] For example, Harmata and
co-workers have used this approach to make aphanamol I,
widdrol, and (+)-dactylol.[1e] Less well-studied are 2-amino-
allyl cations, which also participate in [4+3] cycloadditions.[4]

Interestingly, theseN-substituted cations appear to have some
advantages over the more extensively studied oxyallyl cations.
For example, Cha and co-workers have shown that in some
situations cycloadditions that involve 2-aminoallyl cations
proceed in higher yields and/or with enhanced stereocon-
trol.[4g] Furthermore, Kende and Huang have shown that
asymmetric induction (up to 60% ee) is possible in [4+3]
cycloadditions that involve 2-aminoallyl cations by incorpo-
rating a chiral, nonracemic element into the cation.[4h] Despite
these potential benefits, 2-aminoallyl cations are not widely
used because methods for their generation are rather limited.
Typically, they involve the solvolysis of unstable a-chloro-
enamines[4a,d–g] or 2-chloroimines[4c,h] with stoichiometric
amounts of silver(i) salts.

As part of a program aimed at exploring the scope and
utility of 2-methyleneaziridines 1 in organic synthesis,[5] we
realised that these heterocycles might serve as alternative
precursors to 2-aminoallyl cations. As methyleneaziridines
can be functionalised readily at C3,[5c] we felt that this
methodology might be especially useful for the development
of intramolecular [4+3] cycloadditions. The general strategy

is depicted in Scheme 1. Lithiation and alkylation of 1 with an
appropriately functionalized 1,3-diene is expected to provide
direct entry to cycloaddition precursor 2. Complexation of the
nitrogen atom of 2 to a suitable Lewis acid might then

generate the highly strained and reactive aziridinium ion 3,[6]

which could be expected to undergo fragmentation to Lewis
acid complexed 2-aminoallyl cation 4. Further intramolecular
reaction with the appended 1,3-diene would lead to cyclo-
heptenone imine 5. Thus, in just two synthetic operations,
polycyclic systems might be produced from the readily
accessible methyleneaziridine 1. Herein we report our initial
studies, which demonstrate the validity of this new approach
to seven-membered rings.

A variety of cycloaddition precursors 6–12 were made to
probe this chemistry in detail with respect to changes in the
1,3-diene and aziridine components as well as in the nature of
the linking tether (Table 1). Lithiation of N-benzyl-2-isopro-
pylidineaziridine (sBuLi, TMEDA, �78 8C, THF, 5 h) and
further reaction with 2-(3-iodopropyl)furan (13), 2-(4-iodo-
butyl)furan (14), and 7-iodo-hepta-1,3-diene provided 6
(67%), 7 (71%) and 8 (83%), respectively, after column
chromatography. Similarly, reaction of N-benzyl-2-cyclohex-
ylideneaziridine with 13, and separately 14, gave 9 (61%) and
10 (62%), respectively. We used geometrically pure (Z)- and
(E)-N-benzyl-2-ethyleneaziridine,[5d] to produce (Z)-11
(59%) and (E)-11 (71%), respectively, by lithiation and
reaction with 13. Finally, deprotonation and diastereocon-
trolled alkylation of (S)-N-(1-phenylethyl)-2-isopropylidine-
aziridine gave 12 (63%) as a single diastereomer whose
relative configuration was assigned by correlation with
literature data.[5c]

Initial cycloaddition studies were conducted on furan-
tethered aziridine 6, which bears a three-carbon linking chain
between the reaction partners. After some experimentation, it
was determined that treatment of 6 with excess BF3·OEt2
(150 mol%) in dichloromethane at room temperature for
16 h yielded tricyclic imine 15 in 67% yield as a single
stereoisomer after silica-gel chromatography (Table 1,
entry 1). The structure and stereochemistry of 15 were
unambiguously confirmed by X-ray crystallography after
reduction of the imine from the Si face with sodium
cyanoborohydride and conversion of the resulting amine

Scheme 1. Proposed Lewis acid catalyzed intramolecular [4+3] cycload-
dition of 2-methyleneaziridines.
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into its crystalline hydrochloride salt (data not shown).
Significantly, 6 could also be converted into 15 by using just
a catalytic amount (10 mol%) of scandium(iii) triflate
(Table 1, entry 2).[7] Representative procedures are provided
in the Supporting Information. Ketone products can be
isolated from these reactions by inclusion of an acidic workup
step. For example, reaction of aziridine 7with either BF3·OEt2
or Sc(OTf)3 provided tricyclic ketone 16, again as a single

diastereomer, after workup with aqueous
H2SO4 in methanol (Table 1, entries 3 and
4). The reaction is not limited to electron-
rich dienes such as furan. For example,
aziridine 8, which incorporates a simple
monosubstituted 1,3-diene, reacts to give 17
as a mixture of diastereomers. In this case,
better yields were obtained by heating 8 and
BF3·Et2O in 1,2-dichloroethane at reflux for
48 h prior to acidic hydrolysis (Table 1,
entry 5). The reaction also accommodates
changes in the nature of the structure of the
methyleneaziridine component (Table 1,
entries 6–10). However, we have been
unable to determine if intramolecular cyclo-
additions proceed with methyleneaziridines
that do not bear carbon substituents on the
alkene terminus.[8] Interestingly some ster-
eochemical “memory” is apparent in the
cycloaddition of (Z)- and (E)-11. Both
produce 20 and 21, but the relative amounts
of these two diastereomers is dependent on
the alkene geometry in the starting material
(Table 1, entries 8 and 9). The assignment of
the relative stereochemistry within 20 and
21 was made on the basis of the vicinal
coupling constant between 7-H and 8-H (20 :
J7,8 = 5.3 Hz; 21: J7,8 = 0.0 Hz).[9] The con-
version of diastereomerically pure 12 into
near equal quantities of tricycles 22 and 23 is
mechanistically significant as it reveals that
the stereochemical homogeneity at C3 of 12
is almost completely lost during the cyclo-
addition (Table 1, entry 10).

We propose that the cycloadditions of 6,
8, 9, 11, and 12 proceed via a compact
transition state, with the tethering arm
orientating itself anti to the bulky Lewis
acid complexed amino substituent. This is
illustrated for the conversion of (Z)- and
(E)-11 into the major products 20 and 21 via
24 and 25, respectively (Scheme 2). In
support of this hypothesis, it is known that
cyclic 2-aminoallyl cations favor compact
transition states.[4a] Furthermore, the loss of
stereochemical integrity in the conversion
of 12 into 22 and 23 is consistent with the
formation of a planar 2-aminoallyl cation.
To account for the switch in stereochemical
outcome in the preparation of 16 (and 19),
an extended transition state may prevail

with a longer linking tether.[10] However, in considering the
analysis of these reactions, it is important to bear in mind that
other mechanistic alternatives cannot be ruled out. For
example, the formation of 15–23 might proceed in a stepwise
manner by direct nucleophilic attack of the 1,3-diene unit
onto the aziridinium cation 3, followed by subsequent ring
closure of the resulting enamine onto the allylic cation
derived from the diene.[11] Efforts to obtain direct evidence

Table 1: Lewis acid catalyzed intramolecular [4+3] cycloaddition of 2-methyleneaziridines 6–12.

Entry Aziridine Lewis acid
(method)[a]

Cycloadducts Yield
[%][b]

Ratio

1 BF3·OEt2 (A) 67[d] –
2 Sc(OTf)3 (B) 57 –

3 BF3·OEt2 (C) 70[e] –
4 Sc(OTf)3 (D) 60 –

5 BF3·OEt2 (E) 53 56:44

6 BF3·OEt2 (A) 67[f ] –

7 BF3·OEt2 (C) 65[e] –

8 BF3·OEt2 (C)[c] 56[f ] 20/21
80:20

9 BF3·OEt2 (C)[c] 45[f ] 20/21
32:68

10 BF3·OEt2 (A) 72 45:55

[a] Method A: BF3·OEt2 (150 mol%), CH2Cl2, �30 8C, 1 h; then room temperature, 16 h; method B:
Sc(OTf)3 (10 mol%), CH2Cl2, �30 8C, 1 h; then room temperature, 16 h; method C: same as method A;
then aqueous H2SO4 (10%), MeOH, 16 h, room temperature; method D: same as method B; then
aqueous H2SO4 (10%), MeOH, 16 h, room temperature; method E: BF3·OEt2 (150 mol%), ClCH2CH2Cl,
�60 8C to reflux, 48 h; then aqueous H2SO4 (10%), MeOH, 16 h. [b] Yield of isolated product.
[c] Cycloaddition and hydrolysis conducted at 50 8C. [d] Structure determined by X-ray crystallography
after reduction of the imine and formation of the HCl salt (see text). [e] Structure determined by X-ray
crystallography. [f ] Ring junction stereochemistry confirmed by NOE difference experiments.

Communications

6518 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6517 –6519

http://www.angewandte.org


for the involvement of allylic cation 4 have thus far proved
unsuccessful.[12]

To conclude, a very concise new entry into a range of
polycyclic systems that contain seven membered rings has
been devised based on an intramolecular Lewis acid catalyzed
[4+3] cycloaddition of methyleneaziridines. Efforts to
develop asymmetric variants of this chemistry by using
chiral Lewis acid catalysts or chiral, nonracemic methylene-
aziridines are currently ongoing in our laboratory.
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Oxidation

Catalytic Oxidation of CO with N2O on Gas-
Phase Platinum Clusters**

O. Petru Balaj, Iulia Balteanu, Tobias T. J. Roßteuscher,
Martin K. Beyer,* and Vladimir E. Bondybey*

Herein we report the observation of the full catalytic cycle of
CO oxidation with N2O on cationic platinum clusters for Ptn

+,
n= 6–8, in the gas phase studied by Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometry. Platinum is
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the key catalytic metal for a variety of industrial and
environmental applications, for example, it catalyzes the
oxidation of CO with O2 in catalytic converters. This reaction
has been studied in detail on surfaces.[1] In the present study,
N2O was chosen as oxidant because small platinum clusters
can undergo loss of platinum atoms by formation of PtO2 by
reaction with O2.

[2] Gas-phase reactivity studies with bare
transition-metal ions and clusters have been a useful tool to
elucidate elementary steps in catalysis.[3–6] Irion and co-
workers demonstrated the catalytic formation of benzene
from ethylene catalyzed by Fe4

+ in the gas phase,[7] during
which collision-induced desorption of C6H6 from the cluster
was necessary to close the catalytic cycle. Ervin and co-
workers demonstrated that the elementary steps of the
catalytic cycle of the oxidation of CO with N2O are possible
on anionic platinum clusters.[8–11] Schwarz and co-workers
showed that the platinum cation Pt+ already exhibits catalytic
activity, including full cycles of CO and methane oxida-
tion.[12–18] Andersson and Ros5n provided strong evidence for
catalytic oxidation of H2 with O2, forming H2O on neutral
platinum clusters in a flow reactor, albeit without resolving
the detailed kinetics of the reaction.[19] Previous studies of
gas-phase platinum clusters[1,8–11,19–28] were limited in size
range and mass resolution by the use of platinum targets with
natural isotope distribution. A laser vaporization source
requires only minor amounts of materials, permitting work
with isotopically enriched samples.[29] We recently showed
that full kinetic information of gas-phase reactions of cationic
and anionic platinum clusters with up to 24 atoms can be
obtained by using nearly pure 195Pt.[30] This size range is vital
for comparison with the reactivities of size-selectively depos-
ited clusters on surfaces, as studied for example, by Heiz
et al.[31, 32]

When platinum cluster cations in a size range from 5 to 10
are stored in the ICR cell together with a 1:6 mixture of CO
and N2O, for some cluster sizes sequential addition of CO is
observed, while for others, a steady state between the bare
platinum cluster and its oxides is established. Although Pt5

+

forms Pt5O
+ and Pt5O2

+, it efficiently reacts by attaching CO
molecules. Pt6

+ reaches a steady state with Pt6O
+, and, to a

small extent, Pt6O2
+ and Pt6O3

+ are also visible. Pt7
+

establishes a steady state with Pt7O
+ and Pt7O2

+ in a ratio
of about 1:2:4. Pt8

+ behaves somewhat similarly to Pt7
+, with

Pt8
+ and Pt8O

+ as dominant species. Pt9
+ and Pt9O

+ keep a
constant branching ratio, but their intensities decrease,
because Pt9

+ sequentially attaches CO ligands. Pt10
+ effi-

ciently attaches CO without any indication of catalytic
activity.

Mass-selection experiments confirm that a steady state is
indeed established for the Pt7

+ group. When Pt7O
+ was mass

selected after 2 s, the constant intensity ratio between Pt7
+,

Pt7O
+, and Pt7O2

+ is again established within 3 s after mass
selection, which proves that catalytic oxidation of CO takes
place, involving the four reactions [Eqs. (1)–(4)]:

Pt7
þ þN2O! Pt7O

þ þN2 ð1Þ

Pt7O
þ þN2O! Pt7O2

þ þN2 ð2Þ

Pt7O2
þ þ CO! Pt7O

þ þ CO2 ð3Þ

Pt7O
þ þ CO! Pt7

þ þCO2 ð4Þ

After very long reaction delays of 150 s, Pt7CO8–10
+ species

are observed to a very small extent. Evidently, by addition of
multiple CO molecules, some bare Pt7

+ ions are removed
from the catalytic cycle. To learn more about this process of
catalyst poisoning, and to establish the number of CO
molecules necessary to quench the oxidation reaction, we
changed the experimental conditions in favor of poisoning. A
5:3 mixture of CO and N2O was used in the ICR cell, and
Pt7CO

+ was mass selected after 1 s. Subsequently, Pt7CO
+ is

(with almost equal probability) either converted back into
Pt7

+, which becomes available for the catalytic cycle described
above, or it attaches a second COmolecule to form Pt7(CO)2

+

[Eqs. (5)–(7)]:

Pt7
þ þCO! Pt7CO

þ ð5Þ

Pt7CO
þ þN2O! Pt7

þ þCO2 þN2 ð6Þ

Pt7CO
þ þ CO! Pt7ðCOÞ2þ ð7Þ

Mass selection of Pt7(CO)2
+ under otherwise similar

conditions shows efficient addition of further CO molecules,
whereas Pt7CO

+ is barely visible over the full course of the
reaction. This observation unambiguously shows that a
second CO ligand effectively poisons the cluster, although a
minor contribution of CO2 formation, at most 10% of the
efficiency for Pt7CO

+, cannot be fully excluded. The cluster
then presumably adds CO molecules until the surface is fully
saturated [Eq. (8)]:

Pt7ðCOÞþn þCO! Pt7ðCOÞþnþ1, n ¼ 2� 9 ð8Þ

Figure 1 shows the kinetics of the Pt7
+ catalytic cycle when

using a 1:6 mixture of CO and N2O without mass selection, as
this yields the best signal to noise ratio. To decrease the
number of fit parameters, we have used the previously
published absolute rate constants of Equations (1) and (2).[30]

In addition, the rate constant of Equation (6) was taken from
the mass selection of Pt7CO

+. Absolute rate constants and
reaction efficiencies of Equations (1)–(7) are summarized in
Table 1. As seen in Figure 1, the steady state between Pt7

+,
Pt7O

+, Pt7O2
+, and Pt7CO

+ is established within 5 s. Towards
longer reaction times, the intensities slowly decrease, and the
poisoned clusters become more and more intense. By
extrapolating the exponential decrease of the ions involved
in the catalytic cycle, the active lifetime of a cluster in the
cycle is estimated to be 750 s. From the reaction rate constants
and the intensities of the reactant ions in Equations (3), (4),
and (6), one can estimate that each Pt7

+ cluster converts 0.687
CO molecules into CO2 per second. Over the lifetime of the
cluster in the cycle, this amounts to a total of 515 CO2

molecules formed.
The full catalytic cycle together with the poisoning

mechanism is summarized in Scheme 1. Efficient catalytic
conversion of CO into CO2 is achieved in three different ways,
either by CO colliding with the oxide species Pt7O

+ or Pt7O2
+

(Equations (3) and (4)), or by N2O oxidizing preadsorbed CO
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on Pt7CO
+ (Equation (6)). A minor contribution from

Pt7(CO)2
+ to CO2 formation is possible, but the absence of

Pt7(CO)þn with n= 3–7 and the appearance of the n= 8–10
species in the mass spectra clearly indicate that CO addition is
the only significant process for n= 3–9.

If N2O is present in sufficient excess, the concentration of
Pt7

+ in the steady state is small, and the catalytic cycle runs
mostly through Equations (2) and (3) between Pt7O

+ and
Pt7O2

+. Very few Pt7CO
+ ions are formed and these are, in

turn, almost entirely converted back into Pt7
+, before attach-

ment of a second or third CO molecule can occur. This gas-
phase catalytic cycle thus exhibits a typical characteristic of
large-scale catalytic processes: The partial pressures of the
reactants can be adjusted to suppress catalyst poisoning.

Our preliminary data for other cluster sizes indicate that
the catalytic activity with respect to CO oxidation by N2O is
determined by the reactivity of the bare cluster with N2O.[30]

This seems eminently reasonable: A high reactivity with N2O
shifts the cluster intensities in the steady state in favor of the
oxide species and thus hinders the poisoning reaction by
sequential CO addition to the bare cluster. For larger clusters,
however, the picture becomes more complicated. Owing to
their larger surface, adsorption of CO on PtnO

+ becomes
feasible, presumably at a site that is remote from the oxygen
atom. For example, for Pt20

+, it seems that Pt20OCO+ becomes
an observable intermediate in the catalytic cycle. Such larger
clusters, as well as anionic species, are currently under
investigation.

Experimental Section
The experiments were performed on a modified Bruker/Spectrospin
CMS47X mass spectrometer, equipped with an Apex III data station
and an external homebuilt laser vaporization source described
previously.[33–36] Platinum clusters Ptþn were produced by laser vapor-
ization of a solid platinum target with the 5-ns pulse of a frequency-
doubled Nd:YAG laser (Continuum Surelite II, 10 Hz, 5-mJ pulse
energy), followed by supersonic expansion of the hot plasma
entrained in a 50-ms helium pulse. The Ptþn ions formed were
transferred by a series of electrostatic lenses through four stages of
differential pumping, decelerated, and stored in the ICR cell. To
minimize problems associated with the isotope pattern of larger
clusters, isotopically enriched platinum (97.3% 195Pt, Oak Ridge
National Laboratories) was used as described previously.[30] The
reactant gases CO (99.98%) and N2O (99.8%) were admitted
through two needle valves into the UHV region of the FT-ICR
instruments at constant partial pressures. In the 1:6 mixture, p(CO)=

1.6 G 10�8 mbar and p(N2O)= 9.9 G 10�8 mbar. In the 5:3 mixture,
p(CO)= 1.6 G 10�8 mbar and p(N2O)= 9.8 G 10�9 mbar. Relative rate
constants were obtained by fitting the experimental data to pseudo-
first-order reaction kinetics and converted into absolute rate con-
stants and reaction efficiencies by using average dipole orientation
(ADO) theory.[37,38]

Received: July 6, 2004

.Keywords: catalyst poisoning · cluster compounds · gas-phase
reactions · heterogeneous catalysis · platinum

Figure 1. Kinetic fit of the Pt7
+ reactions with a 1:6 mixture of CO and

N2O. Pt7
+

* reacts very fast to form Pt7O
+

& and Pt7O2
+

~. The de-
scribed steady state is established between the three species within
5 s. Pt7

+ also reacts efficiently with CO to form Pt7CO
+

^, which, in
turn, can either revert back to Pt7

+
* or can very slowly attach a

second CO molecule to form Pt7(CO)2
+. Additional CO molecules are

then attached until the cluster is fully saturated. The final product of
CO attachment is Pt7(CO)10

+. The visible Pt7(CO)
þ
n 3, n =2, 8, 9, 10,

are summed together for clarity. Owing to the low intensity of
Pt7(CO)2

+, it was not possible to include it separately in the fit. The
gray area denotes the noise level.

Table 1: Absolute rate constants kabs and efficiencies calculated from
ADO theory[37, 38] for the reactions of Pt7

+.

Reaction kabs [10
�11 cm3s�1] Efficiency [%]

[Eq. (1)] 96.2 154.1[a]

[Eq. (2)] 48.9 78.4
[Eq. (3)] 179.8 287.9[a]

[Eq. (4)] 231.1 370.1[a]

[Eq. (5)] 71.9 115.1[a]

[Eq. (6)] 61.7 98.8
[Eq. (7)] 15.4 24.7

[a] Efficiencies above 100% are obtained because the collision rate is
calculated by using a point-charge model, whereas the cluster has a finite
size.

Scheme 1. Catalytic cycle of the Pt7
+ ion in a 1:6 mixture of CO and

N2O. The catalytic cycle is running efficiently between Pt7
+, Pt7O

+,
Pt7O2

+, and Pt7CO
+. Additional CO molecules increasingly poison the

cluster. Conversion of Pt7(CO)2
+ back into Pt7CO

+ might contribute to
a minor extent to the catalytic cycle.
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Dye Aggregates

Alternating Hetero H Aggregation of Different
Dyes by Interstrand Stacking from Two DNA–
Dye Conjugates**

Hiromu Kashida, Hiroyuki Asanuma,* and
Makoto Komiyama

DNA is a naturally occurring supramolecule that spontane-
ously forms a stable duplex with its complementary strand.
Recent developments in phosphoramidite chemistry have
made it possible to introduce various functional molecules or
metal complexes into DNA.[1] In these modified DNA
structures, non-natural molecules or metal ions are aligned
in an ordered manner and exhibit interesting properties that
are rarely found in the monomeric state, such as the “fluoro-
sides” demonstrated by Kool and co-workers.[2]

Dye aggregates are known to exhibit properties that the
corresponding monomers do not show. Control of the
aggregation is important,[3] especially in the fields of photo-
induced electron transfer[4] and enhancement of nonlinear
optical properties.[5] Previously, we introduced multiple
methyl red moieties into DNA and successfully prepared
stable H* and H aggregates that are characterized by a
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narrowing of the absorption band as well as hypsochromic
shift.[6,7] The number of dye molecules and their orientation
are easily controlled by programming the automated DNA
synthesizer with the correct sequence. Various aggregates that
are impossible to prepare by self-association of dyes are easily
programmable through the covalent attachment of dye to
DNA (conjugation of dye and DNA). One example of this is a
heteroaggregate in which two different dyes are stacked
alternately (Scheme 1a). Dye aggregates are conventionally

prepared by the spontaneous self-association of dye mono-
mers,[3] so alternating alignment of two different dyes is very
difficult in solution. In our study, dye molecules are intro-
duced into each strand and dye aggregates are prepared by
hybridization of these strands. As far as we know, preparation
of this type of heteroaggregate has not yet been reported. It is
widely known that H aggregation of identical dyes (homo
H aggregate) shows both a narrowing and hypsochromic shift
of the band because of the strong exciton coupling, as
predicted by McRae and Kasha.[8] However, there has been
little investigation of whether similar narrowing of the band
occurs in heteroaggregation, both from experimental and
theoretical viewpoints.

Here, we report for the first time hetero H aggregates,
which are difficult to prepare with a conventional method,[3]

by the use of two DNA–dye conjugates (Scheme 1a). This
heteroaggregate showed a new sharp absorption band that

was different from those of the individual dyes, which
indicates that exciton coupling occurs even between the
different dyes.

Methyl red and naphthyl red (designated as M and N,
respectively, in Scheme 1b) were introduced into the DNA on
d-threoninol linkers from the corresponding phosphorami-
dite monomers, as reported previously.[6,9] The pKa values of
methyl red and naphthyl red in the single-stranded DNAwere
4.1 and 5.8,[9] respectively, as determined from the change of
their absorption maxima. At pH 5.0, where all the spectro-
scopic experiments were conducted, methyl red was neutral
whereas naphthyl red was protonated (Scheme 1b). 1,3-
Propanediol (S residue in Scheme 1b) and dye residues
were alternated in the middle of the sequence.[10,11] Aqueous
solutions ofMS3A andNS3B exhibited absorption maxima at
462 and 520 nm, respectively (Figure 1).[12] Interestingly, a

new single sharp band appeared at 478 nm when these two
strands MS3A and NS3B were hybridized (Figure 1). A
simple sum of the spectra of the single-stranded MS3A and
NS3B solution was very broad and different from the
spectrum of the MS3A/NS3B duplex (compare the lines in
Figure 1). In addition to the new absorption band, a single
strong circular dichroism (CD) band with a sharp and
symmetrical positive Cotton effect was induced at around
480 nm (Figure 2b). These spectroscopic behaviors demon-
strate that methyl red and naphthyl red in the heteroaggre-
gates optically interacted with each other (H band) and had
different spectroscopic properties from those in the mono-
meric states.

This sharp new band became broad on elevating the
temperature, and at 60 8C, which is higher than the melting
temperature Tm of the MS3A/NS3B duplex,[13] the spectrum
almost coincided with the simple sum of the two individual
spectra of MS3A and NS3B (Figure 2a). This result also
supports the hypothesis that the new band is attributed to
heteroaggregation. Concurrently, the strong induced CD
signal disappeared at 60 8C (Figure 2b).

The peak maximum of the heteroaggregates appeared in
the middle of those for homoaggregates (H aggregates) of
methyl red (MS3A/MS3B) and naphthyl red (NS3A/NS3B) in

Scheme 1. Schematic illustration of a) preparation of heteroaggregates
and b) modified DNA synthesized in this study.

Figure 1. UV/Vis spectra of MS3A/NS3B duplex (a), single-stranded
MS3A (c), NS3B (d), and simple sum of the spectra of MS3A and
NS3B (b) at 0 8C, pH 5.0 (10 mm MES buffer) in the presence of
100 mm NaCl.
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both UV/Vis and CD spectra (Figure 3). This fact indicates
that the new narrow band for the heteroaggregates is an
H band derived from exciton coupling among the chromo-

phores.[14–16] This assignment is further supported by the fact
that an increase in the aggregation number resulted in a larger
hypsochromic shift (see the Supporting Information).[8] To
our knowledge, the appearance of an H band from two
different kinds of dyes has rarely been reported and is not
even predicted in the exciton theory.[17]

Notably, not all combinations of chromophores exhibit a
hetero H band. In the case of the methyl red/naphthyl red
combination, a new sharp H band appeared. But when MS3A
or NS3Awas hybridized with AS3B involving azobenzenes in
which the absorption maximum was located at 330 nm, no
significant optical interaction was observed (Figure 4): the
UV/Vis spectrum of either MS3A/AS3B or NS3A/AS3B
almost coincided with the simple sum of that of each strand
(see the Supporting Information).[18] A certain degree of
spectral overlap between the two chromophores is required to
produce a hetero H band.[19]

In conclusion, heteroaggregates in which two dyes are
stacked alternately can be prepared by interstrand stacking
from two DNA–dye conjugates. Even different dyes can
exhibit an H band as a result of aggregation. The present
method is applicable to other functional molecules, and

various novel materials can be produced by the attachment of
dyes to DNA.[17]

Experimental Section
Synthesis of the modified DNA involving dyes: The modified DNA
molecules carrying A, M, N, and S residues were synthesized with an
automated DNA synthesizer by using the corresponding phosphor-
amidite monomer prepared according to previous papers,[6, 9,20] and
conventional ones. All the modified DNA molecules listed in
Scheme 1b were purified by reversed-phase HPLC and characterized
by MALDI-TOF mass spectrometry.

MALDI-TOF mass spectrometry: NS3A : found m/z 5463 (calcd
for [NS3A�H]+: m/z 5462); NS3B: found m/z 5464 (calcd for
[NS3B�H]+: m/z 5462); MS3A : found m/z 5311 (calcd for
[MS3A�H]+: m/z 5311); MS3B : found m/z 5311 (calcd for
[MS3B�H]+: m/z 5311); AS3B : found m/z 5183 (calcd for
[AS3B�H]+: m/z 5182).

Spectroscopic measurements: The UV/Vis spectra and CD
spectra were measured on JASCO model V-530 and JASCO
model J-725 instruments with 10-mm quartz cells, respectively. Both
of them were equipped with programmed temperature controllers.
The conditions for the sample solutions were: [NaCl]= 100 mm,
pH 5.0 (10 mm b-morpholinoethanesulfonic acid (MES) buffer),
[DNA]= 5 mm. The Tm value was determined from the maximum in
the first derivative of the melting curve, which was obtained by
measuring the absorbance at 260 nm as a function of temperature.
The temperature ramp was 1.0 8Cmin�1.
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Reaction Mechanisms

Evidence for the Structure of the Enantioactive
Ligand in the Phosphine–Copper-Catalyzed
Addition of Diorganozinc Reagents to Imines**

Alexandre C
t�, Alessandro A. Boezio, and
Andr� B. Charette*

Substantial efforts have been invested recently in the design
and development of new chiral ligands for the asymmetric
catalytic synthesis of simple chiral building blocks. Among the
most effective and popular coordinating groups for chiral
ligands are phosphorus-based groups due to their inherent
ability to bind strongly but reversibly to several transition
metals. However, even though redox processes have been
reported between the phosphorus ligand and some transition
metals,[1] this potentially harmful process that could lead to
important ligand modification has never been highlighted in
asymmetric copper-catalyzed reactions. One well-known
example is the reduction of PdII salts into Pd0 with Ph3P to
produce Ph3P=O as the by-product.[2] It has also been
reported that CuII salts are reduced by 1,2-bis(diphenylphos-
phino)ethane to produce several phosphine/phosphine oxide
ligands.[3] It is surprising to see that even though Cu–
phosphine complexes have been used extensively in asym-
metric catalysis (conjugate additions and reduction,[4] nucle-
ophilic addition to ketones,[5] enamines[6] and imines[7]) the in
situ oxidation of the ligand has never been observed nor
highlighted as the key step for high asymmetric induction. In
this communication, we demonstrate that the oxidation of
Me-duphos (1) by CuII salts to produce the highly effective
monoxide ligand 2 (see Figure 1) is a key event for the high
asymmetric induction of the Cu-catalyzed addition of di-

Figure 1. Phosphine and phosphine oxide ligands derived from Me-
duphos.
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organozinc to N-phosphinoylimines. We also report that the
efficiency of the oxidation is highly dependent upon the
nature of the copper salt and the counterion used in the
process.

We recently reported that Cu·1 is an efficient catalyst for
the addition of diorganozinc compounds to imines[8] (Table 1,
entry 1). We later disclosed that the replacement of one
phospholane group by the hemilabile phosphine oxide (ligand
2) led to a significant increase of the reaction rate and
enantiomeric excesses (Table 1, entry 2).[9]

Although these two reactions appear to differ simply by
the selection of the ligand, we were puzzled by the observa-
tion that the level of enantiocontrol was greatly dependant
upon the order of addition to the reagents. For example, a
high level of stereocontrol was observed with both ligands if
Cu(OTf)2 was mixed with Me-duphos or bozphos prior to the
addition of Et2Zn. In sharp contrast, no enantioselection was
observed with Me-duphos if the CuII salt was initially reduced
with Et2Zn (to generate EtCu) followed by the addition of the
chiral ligand (Table 1, entry 3). Conversely, the order of
addition did not affect the ee value of the product if bozphos
was used (Table 1, entry 4). One explanation for this behavior
is that the Cu·1 complex is only a precatalyst for the reaction,
and it needs to undergo phosphine oxidation to generate the
more reactive and selective Cu·2 complex. To demonstrate
whether Me-duphos oxidation is a viable pathway under the
reaction conditions, we undertook a systematic spectroscopic
investigation of the reaction to identify whether 2 or 3 is
formed upon treatment with Cu salts. Unfortunately, the
reaction could not be followed by in situ NMR methods due
to the presence of paramagnetic CuII/Cu0 species and the
rapid equilibration and disproportionation between various
complexes.

To overcome this problem, we removed the residual Cu
salts from the crude reaction mixture by treatment with
aqueous KCN under deoxygenated conditions. This is a nice
alternative to the use of dithiocatechol dilithium salts, which
have been used to scavenge and recover phosphine ligands.[10]

Each ligand (1–3) was submitted to Cu(OTf)2/Et2Zn by the
normal or reverse-addition protocol. After a standard KCN
workup, the crude mixture was analyzed by 31P NMR

spectroscopy (Table 2). The first striking observation is that
significant oxidation (up to 20%) of one of the free phosphine
of Me-duphos was observed when the ligand was initally
premixed with Cu(OTf)2 (Table 2, entry 2). Conversely,

inverting the order of addition almost completely suppressed
the oxidation of the phosphine (only 3% of bozphos was
formed; Table 2, entry 1). The same series of experiments
carried with bozphos (2) indicated that very little oxidation to
give 3 (2–6%) was observed regardless of the order of
addition. This is not too surprising since the monoxide should
be less prone to oxidation than Me-duphos. The relatively low
level of oxidation with procedure A could be attributed to the
background oxidation during the workup under a noninert
atmosphere and not to a formal oxidation of phosphorus by
the in situ formed EtCu.

The next step was to establish whether other species
present in the reaction mixture could potentially oxidize Me-
duphos to give bozphos (Table 3). CuOTf also led to
significant oxidation of Me-duphos (up to 39%; Table 3,
entry 2). Conversely, both CuCl and CuOAc led to lower
levels of phosphine oxidation, indicating that the nature of the
counterion is also important. Since the level of oxidation
appeared to be somewhat dependant upon the source of the
copper salt used, we began to suspect that the presence of
water could accelerate the oxidation process. Indeed, a much
higher amount of oxidized product 2 was observed if a

Table 1: Effect of the order of addition in the Me-duphos-catalyzed
reaction.

Entry Method[a] Ligand Conv. [%] ee [%]

1 A 1 92 89
2 A 2 100 97
3 B 1 38 0
4 B 2 100 97

[a] Method A: 1) Cu(OTf)2 (6 mol%) and ligand 1 or 2 (3 mol%),
2) addition of Et2Zn (2 equiv); method B: 1) Cu(OTf)2 (6 mol%) and
Et2Zn (2 equiv), 2) addition of ligand 1 or 2 (3 mol%).

Table 2: Oxidation of ligands 1–3 by Cu(OTf)2.

1, 2, or 3
CuðOTf Þ½a�2
ð2 equivÞ
������! mixture of 1, 2, and 3

Entry Starting
ligand

Method[b] Prod. ratio[c]

1:2 :3

1 1 A 96:3:1
2 1 B 76:20:4
3 2 A 0:98:2
4 2 B 0:94:6
5 3 A 0:0:100
6 3 B 0:0:100

[a] Cu(OTf)2 was purchased from Strem Chemical Inc. [b] Method A:
1) Cu(OTf)2 (2 equiv) and Et2Zn (10 equiv), 2) addition of ligand 1, 2, or
3 (1 equiv); method B: 1) Cu(OTf)2 (2 equiv) and ligand 1, 2, or 3
(1 equiv), 2) addition of Et2Zn (10 equiv). [c] The ratios were determined
by quantitative 31P NMR spectroscopy, and the mass recovery was
>70%. See the Supporting Information for details.

Table 3: Oxidation of 1 with various copper salts.

1
CuX

ð2 equivÞ
�����! 1 + 2 + 3

Entry CuX Source Prod. ratio[a]

1:2 :3

1 (CuOTf)2·benzene freshly prepared 75:20:5
2 (CuOTf)2·toluene commercial 55:39:6
3 CuOAc commercial 90:8:2
4 CuCl commercial 96:3:1
5 Cu(OTf)2·2.3H2O freshly prepared[b] 52:42:6

[a] The ratios were determined by quantitative 31P NMR spectroscopy.
[b] Hydration of commercial Cu(OTf)2 and analyzed by elemental
analysis.
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partially hydrated form of Cu(OTf)2 was used (Table 3,
entry 5). We also noticed that the nature of the phosphine is
also very important since the replacement of Me-duphos by
PPh3 under the conditions given in Table 3, entry 2 led to
about 5% of Ph3P=O.

Plots of the course of the reaction with (Table 1, entries 3
and 4) with different ligands ligand using the reverse-addition
procedure are shown in Figure 2. The data strongly suggest

that the ligand 2 is responsible for the highly enantioselective
pathway. One striking feature is the difference in the
reactivity between complex CuI·1 and CuI·2 in the reaction.
This accounts for the observation that high enantioselectiv-
ities are obtained even when both complexes are present
(Table 1, entry 1). The excellent catalytic activity of bis(phos-
phine) monoxide complexes has been observed in several
reactions.[11–13] Further evidence for the structure of the active
catalyst resides in the demonstration that the reaction
displays first-order kinetics in catalyst (1:1 stoichiometry
ligand:Cu; Figure 3).

In conclusion, this paper highlights the very important
observation that this copper–phosphine-catalyzed process

involve an initial phosphine oxidation, leading to a more
reactive and selective metal complex.
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Asymmetric Synthesis

Direct Catalytic Enantioselective
a-Aminomethylation of Ketones**

Ismail Ibrahem, Jesffls Casas, and Armando C�rdova*

The classical Mannich reaction,[1] in which an aminomethyl
group is introduced in the position a to a carbonyl function,
has found a multitude of applications in organic chemistry.[2]

The resulting Mannich bases are of particular interest due to
their biological activity as analgesics, antioplastics, and anti-
biotics, and as synthetic building blocks and precursors of
pharmaceutically valuable g-amino alcohols.[2] However,
regardless of the immense importance of this reaction only
a few stereoselective a-aminomethylation reactions have
been developed.[3] For example, Enders et al. employed
enantiomerically pure a-silyl ketones in diastereoselective
a-aminomethylation reactions.[4]

Chemists have developed several stoichiometric, indirect,
stereoselective Mannich transformations that utilize pre-
formed enol equivalents or imines.[5] More recently, the first
successful examples of catalytic asymmetric additions of
enolates to imines were reported by Kobayashi and co-
workers,[6] which has led to intense research into catalytic
indirect Mannich reactions.[7] For example, Hoveyda and co-
workers developed an elegant one-pot three-component
silver-mediated Mannich-type reaction.[8] Recently, Shibasaki
and co-workers reported that heterodimetallic complexes are
catalysts for the direct asymmetric Mannich reaction.[9]

Shibasaki and co-workers [10] and Trost and Terrell[11] also
developed binuclear organozinc complexes that catalyze

highly enantioselective Mannich-type reactions between
hydroxyaryl ketones and preformed imines. Jørgensen and
co-workers developed direct asymmetric Mannich reactions
involving activated ketones as donors which are catalyzed by
chiral copper(ii) bisoxazoline (BOX) complexes.[12] It was not
until recently that researchers demonstrated that amino acid
derivatives function as metal-free catalysts for direct asym-
metric intermolecular reactions.[13,14] List et al.,[15] Barbas and
co-workers,[16] and we have developed direct organocatalytic
asymmetric Mannich reactions of this type that involve
ketones as donors.[17] Asymmetric Mannich-type reactions
with aldehydes as nucleophiles and preformed a-imino
glyoxylate esters as the electrophiles have also been devel-
oped.[18] More recently, we developed direct organocatalytic
one-pot three-component cross-Mannich reactions.[19] In
addition, Jacobsen and Wenzel,[20a] Terada and Uraguchi,[20b]

and others have reported excellent organocatalytic asymmet-
ric Mannich-type reactions.[20]

Despite the intense research on the catalytic enantiose-
lective Mannich reaction, there is to our knowledge only one
example of a catalytic one-pot three-component a-amino-
methylation reaction. In this example, Shibasaki and co-
workers demonstrated a catalytic enantioselective reaction
between a ketone, amine, and formaldehyde, which furnished
the corresponding Mannich base in 16% yield with 64% ee.[9]

Based on this initial investigation and our recently developed
organocatalytic asymmetric a-hydroxymethylation reac-
tion,[21] we became interested in whether organocatalysis
could be applied to this transformation. An amino acid
catalyzed one-pot three-component reaction would be a more
effective and economical process, which would provide a new
tool for the a-aminomethylation of ketones [Eq. (1)].

Herein, we disclose one-pot three-component direct
organocatalytic Mannich reactions between aqueous formal-
dehyde and ketones that furnished a-aminomethylated
ketones with yields of up to 94% and
> 99% ee. The reactions were catalyzed by proline and its
derivatives with excellent chemo- and enantioselectivity.
In an initial experiment we treated cyclohexanone 1a

(2 mmol) with formaldehyde 2 (1 mmol, 36% aqueous
solution) and para-anisidine (1.1 mmol) in the presence of a
catalytic amount of (S)-proline (10 mol%) in dimethylsulf-
oxide (DMSO, 4 mL) at room temperature [Eq. (2)]. The
reaction was quenched after 20 h, and a-aminomethylated
ketone 3a was isolated in 90% yield with > 99% ee by
column chromatography using neutral aluminium oxide as the
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stationary phase.[22] The reactions were also readily per-
formed in N,N-dimethylformamide (DMF) and N-methyl-
pyrrolidinone (NMP) without decreasing the enantioselectiv-
ity.
We also performed a catalyst screen using high-through-

put chiral-phase high-performance liquid chromatography
(HPLC) analyses and found that hydroxyproline derivatives,
5-pyrrolidine-2-yltetrazole, and proline-derived dipeptides
catalyzed the a-aminomethylation reactions. For example,
trans-4-hydroxyproline catalyzed the reaction between
ketone 1a, formaldehyde 2, and anisidine furnishing 3a with
90% ee.
Next, we performed the corresponding reaction with a set

of different aliphatic ketones (Table 1). The reactions were
effective, and the corresponding a-aminomethylated ketones
3a–3 f were isolated in high yield with predominantly
> 99% ee. The reactions proceeded with excellent chemo-
selectivity, and no aldol adducts could be detected. For acyclic
ketones, the reactions were regioselective and the a-amino-
methylation occurred predominantly at the methylene carbon
atoms of the ketones. For example, a-aminomethylated

ketones 3 f and 3 f’ were isolated (3 f/3 f’ 6:1) in 72% yield
for the combined products and with > 99% ee for 3 f. The
reactions were readily performed on a 10-gram scale in
aqueous solvents and in the presence of air without decreas-
ing the yield and the ee of the product.
We also examined the variation of the amine component

for the catalytic a-aminomethylation reaction. Hence, sub-
stituted aniline derivatives were treated with cyclohexanone
and formaldehyde in the presence of a catalytic amount of
(S)-proline (10 mol%; Table 2). In all cases, the reaction
furnished the a-arylaminomethylated ketones with
> 99% ee.

The a-aminomethylated ketone 3a was readily reduced
with NaBH4 in situ to give the corresponding monoprotected
amino alcohol 4, which was isolated in 88% yield over the two
steps with d.r. (trans/cis) 1:1 and > 99% ee (Scheme 1).
Removal of the para-methoxyphenyl (PMP) group under
oxidative conditions followed by acetylation afforded the cis-
and trans-diacetylated amino alcohols 5 in 72% yield for the
combined products. Optical rotation studies of the cis isomer
and comparison with published reports revealed that the
absolute configuration of the product was cis-(1S,2S)-5.[23] As
selective reduction of b-amino ketones to both syn- and anti-
1,3-amino alcohols is known, the present procedure is one
practical route for the preparation of all of the possible
stereoisomers of chiral 1,3-amino alcohols.[24]

Based on the absolute configuration of the product, we
propose transition-state model I to account for the regio- and
enantioselectivity of the a-aminomethylation reaction of
unmodified substituted ketones (Scheme 2). Hence, the (S)-

Table 1: Proline-catalyzed one-pot three-component direct a-amino-
methylation of different ketones.[a]

Entry Ketone Product Yield
[%][b]

3:3’ Sel. 3
[% ee][c]

1 90 – >99

2 85 – >99

3 85[d] – >99[e]

4 80 2:1 >99

5 94 4:1 84

6 72 6:1 >99

[a] Experimental conditions: a mixture of 1 (2 mmol, 2 equiv), 2
(1 mmol), and (S)-proline was stirred at room temperature for 16–
17 h. The crude product obtained after aqueous workup was purified by
column chromatography. PMP=para-methoxyphenyl. [b] Yield of the
pure products isolated after column chromatography using neutral
alumina as the stationary phase. [c] Determined by chiral-phase HPLC
analyses. [d] trans/cis =3:1. [e] ee of the trans isomer.

Table 2: Direct catalytic one-pot three-component a-aminomethylation
reactions with different aromatic amines.[a]

Entry Ar Product Yield [%][b] Sel. [% ee][c]

1 90 >99

2 45 >99

3 71 >99

4 92 >99

[a] Experimental conditions: a mixture of 1 (2 mmol, 2 equiv), 2
(1 mmol), and (S)-proline was stirred at room temperature for 16–
24 h. The crude product obtained after aqueous workup was purified by
column chromatography. [b] Combined yield of products isolated after
column chromatography using neutral alumina as the stationary phase.
[c] Determined by chiral-phase HPLC analyses.
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proline derivative forms an enamine with the ketone that is
attacked by the imine from its si face, providing (2S)-a-
aminomethylated ketones. This is in accordance with the
transition states of previously reported proline-catalyzed
Mannich reactions, in which a si-facial attack occurs.[15–19,25]

In conclusion, we have developed a direct catalytic
enantioselective method that provides a-aminomethylated
ketones in high yield with up to > 99% ee. The reactions were
performed without tedious elaboration in wet solvents, were
carried out in the presence of air, and could be readily scaled-
up. In addition, a high-throughput screen revealed that other
proline-derivatives including dipeptides catalyze the reaction
with excellent enantioselectivity. To the best of our knowl-
edge, this procedure is the first practical applicable a one-pot
three-component catalytic asymmetric a-aminomethylation
reaction. Further elaboration of this transformation and its
synthetic applications is ongoing in our laboratory.

Experimental Section
Typical experimental procedure (Table 1, entry 1): Ketone 1a
(2 mmol) was added to a vial containing 2 (1 mmol, 36% aqueous
solution) and a catalytic amount of (S)-proline (10 mol%) in DMSO
(4 mL). After 20 h of vigorous stirring, the reaction was quenched by
addition of aqueous NH4Cl, and the aqueous phase was extracted
three times with EtOAc. The combined organic layers were dried with
MgSO4, which was subsequently removed by filtration. Next, the
solvent was removed under reduced pressure, and the crude product
mixture was purified by column chromatography using neutral
aluminum oxide as the stationary phase (EtOAc/pentane 1:10) to
afford a-aminomethylated ketone 3a in 90% yield as pale yellow
solid. The ee value of 3a was > 99% as determined by chiral-phase
HPLC analysis. 3a : 1H NMR (CDCl3): d = 1.49 (m, 2H), 1.67 (m,
2H), 2.10 (m, 2H), 2.35 (m, 2H), 3.05 (dd, J= 13.3, 9.3 Hz, 1H), 3.37
(dd, J= 12.8, 7.8 Hz, 1H), 3.74 (s, 3H), 6.63 (d, J= 8.4 Hz, 2H),
6.77 ppm (d, J= 8.4 Hz, 2H); 13C NMR: d = 25.1, 28.0, 32.3, 42.5, 45.6,

50.0, 56.1, 114.9, 115.18, 142.2, 152.6,
213.56 ppm; HPLC (Daicel Chiralpak AD,
hexanes/iPrOH (96:4), flow rate=

0.5 mLmin�1, l = 254 nm): major isomer: tR=
44.31 min; minor isomer: tR= 58.79 min; [a]D=
+ 4.1 (c= 2.0, CHCl3); MALDI-TOF-MS: m/
z= 256.1008; C14H19NO2 (M+Na+: calcd
256.1313).
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Oxidations

Direct Amino Acid Catalyzed Asymmetric
a Oxidation of Ketones with Molecular Oxygen**

Henrik Sund
n, Magnus Engqvist, Jesffls Casas,
Ismail Ibrahem, and Armando C�rdova*

Molecular oxygen is fundamental for the existence of com-
plex multicellular life on earth. The initially very small
amounts of molecular oxygen is believed to have been formed
around 4 billion years ago by the decomposition of CO2 and
water promoted by UV irradiation from the sun.[1] Molecular
oxygen can be transferred between its more reactive singlet
state (1O2) and its non-excited triplet state (

3O2).
[2] Singlet

molecular oxygen (1O2) plays a significant role in several
biochemical processes. For example, it is involved in the
development of different diseases and biochemical oxida-
tions.[3, 4] Furthermore, chemists have utilized photo- or
chemically generated molecular 1O2 as an oxygen source for
several synthetic transformations.[1, 5] For example, it is used in
the formation of allylic hydroperoxides (analogous to the
“ene” reaction) and to generate cyclic peroxides (analogous
to a Diels–Alder-type reaction). There is a demand in today1s
society for the development of sustainable chemistry from
renewable resources.[6] The content of molecular oxygen in air
is 21%, which allows its use in oxidation reactions. Thus,
molecular oxygen is one of the ultimate oxidants for oxidation
of organic molecules and the development of sustainable
chemistry.

Asymmetric reactions that are catalyzed by small organic
molecules have received increased attention in recent years.[7]

Among several transformations, amine-catalyzed asymmetric
epoxidations with dioxirane have been reported.[8] The
employment of non-toxic, small organic molecules has the
potential for allowing environmentally benign reaction con-
ditions. Based on our previous investigations of organic
reactions that are mediated by metal-free organic mole-
cules,[9] we became interested in whether an amino acid would
allow the catalytic incorporation of molecular oxygen into
ketones [Eq. (1)].[10–11] Moreover, this potential amino acid
catalyzed transformation may warrant investigation as a
prebiotic pathway for the synthesis of a-hydroxyketones,
which are the building blocks of sugars.[12] Herein, we report
the unprecedented direct amino acid catalyzed asymmetric
incorporation of singlet molecular oxygen into ketones. This
a oxidation of ketones with molecular oxygen or air furnished
a-hydroxyketones and diols.

In an initial experiment, cyclohexanone 1a (1 mmol) was
added to a vial containing dimethyl sulfoxide (DMSO)
(1 mL), l-proline (20 mol%) and tetraphenylporphine
(TPP) (1 mol%). A continuous flow of O2 or air was bubbled
through the vial and the reaction was exposed to visible light
from a 250-W high-pressure sodium lamp (Scheme 1). To our

delight, complete conversion had occurred after one hour,
and the reaction was quenched by aqueous workup. The crude
ketone 2a existed as a mixture of dimeric and oligomeric
products. The crude product mixture was purified by silica-gel
column chromatography to yield a-hydroxyketone 2a with
18% ee.[13,14] We also performed the reaction with in situ
reduction of a-hydroxyketone 2a with NaBH4 to afford the
corresponding optically active trans- and cis-diols 3a (trans/
cis= 3:1) in 95% combined yield after silica-gel column
chromatography. The enantiomeric excess of the pure trans-
3a diol was determined by chiral-phase GC analyses to be
18% ee.

Next, we screened several natural amino acids and their
derivatives for their potential in catalyzing the introduction of
1O2 at the a position of 1a and to improve the stereo-
selectivity of the reaction (Table 1). We found that several of
the amino acids investigated catalyzed the a oxidations with
molecular 1O2 with high efficiency and chemoselectivity. The
simple amino acids alanine and valine mediated the reaction
with the highest stereoselectivity. In fact, this is the first case
in which an acyclic amino acid provides higher asymmetric
induction than proline and its derivatives in organic solvents.
In previously reported direct organocatalytic intermolecular
transformations, the catalyst required a cyclic five-membered
ring to allow high efficiency and enantioselectivity.[7] How-
ever, a higher enantioselectivity was obtained with l-a-
methylproline than with l-proline (increase from 18 to
48% ee for 2a). Thus, the presence of a methyl group at the
a position of proline significantly increased the stereoselec-
tivity. In contrast, this effect was not observed when compar-
ing valine with a-methylvaline. The asymmetric a oxygena-
tion reactions that were catalyzed by a d-amino acid afforded
the opposite enantiomer of 2a to that obtained in the
reactions catalyzed by the corresponding l-amino acid,
without affecting the asymmetric induction. Furthermore,
amino alcohols, dipeptides, amino acids with amide and amine
functionalities, and synthetic amino acid derivatives catalyzed
the direct asymmetric introduction of molecular oxygen into

Scheme 1. Amino acid catalyzed asymmetric a oxidation of cyclohexa-
none to give 2a and in situ reduction to diol 3a.
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ketones with a similar efficiency to that of the amino acids.
However, the amino acid catalysts were superior to the amino
alcohols with regards to stereoselectivity. It should be noted
that the direct introduction of 1O2 into ketones was also
readily catalyzed by glycine and ethanolamine, providing a
novel inexpensive entry to a-oxygenated compounds.

We also performed a solvent screen of the l-alanine-
catalyzed asymmetric incorporation of molecular oxygen into
1a in different solvents (Table 2). Direct l-alanine-catalyzed
asymmetric a oxidations with 1O2 proceeded smoothly in
DMSO, N-methylpyrrolidinone (NMP), and N,N-dimethyl-
formamide (DMF). In contrast, l-alanine only furnished
trace amount of product in MeOH, trifluoroethanol (TFE),
and CHCl3. Hence, the best selectivity and efficiency is
obtained in the more polar aprotic solvents. We did not
observe any significant temperature dependence of the
stereoselectivity in DMSO. Furthermore, the reactions were
also efficient in aqueous media with air as the molecular
oxygen source, which could allow the development of
environmentally benign reaction conditions.

Next, we investigated the amino acid catalyzed asymmet-
ric a oxidations with molecular oxygen of various ketones
(Table 3). The direct amino acid catalyzed asymmetric a-
oxygenation reactions progressed with excellent chemoselec-
tivity and furnished the corresponding a-oxygenated adducts
ent-2a and 2b–e with good enantioselectivity. For example,

Table 1: Direct amino acid-catalyzed introduction of 1O2 to 1a.[a]

Entry Amino acid Product Yield [%][b] ee [%][c]

1 l-alanine ent-2a 93 56
2 d-alanine 2a 88 57
3 l-valine ent-2a 78 49
4 d-valine 2a 77 48
5 l-proline 2a 95 18
6 d-proline ent-2a 93 16
7 l-hydroxyproline 2a 88 11
8 l-a-methylproline 2a 20 48
9 l-a-methylvaline ent-2a 15 6
10 l-a-phenylglycine ent-2a 70 20
11 l-phenylalanine ent-2a 89 38
12 d-a-phenylglycine 2a 71 21
13 l-threonine ent-2a 20 10
14 l-phenylalinol ent-2a 67 <2

15 2a 62 11

16 glycine 2a 85 –
17 ethanolamine 2a 81 –

18 2a 97 <5

[a] See experimental section. [b] Yields of isolated product after column
chromatography on silica gel of the pure 3a furnished after reduction of
2a. [c] Determined by chiral-phase GC analyses. The racemic product
derived by glycine catalysis was used as reference material. The absolute
configuration was determined by comparison with commercially avail-
able diols and literature data.

Table 2: Solvent screen of the l-alanine-catalyzed incorporation of 1O2 to
ketones.[a]

Entry Solvent T [8C] Yield [%][b] ee [%][c]

1 MeOH RT traces n.d.
2 DMSO 40 79 55
3 DMSO RT 93 56
4 DMSO 0!RT 80 48
5 DMSO[d] RT 82[d] 56[d]

6 NMP RT 86 48
7 DMF RT 82 49
8 TFE RT traces n.d.
9 phosphate buffer[e] RT 80[e] 18[e]

10 H2O
[e] RT 77[e] 19[e]

11 CHCl3 RT traces n.d.

[a] See experimental section. [b] Yields of isolated product after column
chromatography on silica gel of the pure ent-3a furnished after reduction
of ent-2a. [c] Determined by chiral-phase GC analyses. [d] Reaction
performed with air as the O2 source. [e] Protoporphine (1 mol%) was
used as the sensitizer and DMSO (40% v/v).

Table 3: Direct catalytic asymmetric incorporation of molecular oxygen
to ketones.[a]

Entry Product Amino acid Yield [%][b] ee [%][c]

1 l-alanine 93 56

2 l-valine 50 28

3 l-valine 75 69
4 l-alanine 67 72

5 l-alanine 61[d] 60

6 l-alanine 58[d] 52

[a] See experimental section. [b] Yields of isolated products after column
chromatography on silica gel of the diol 3. [c] Determined by chiral-phase
GC analyses. The racemic products were derived by glycine or d-, l-
proline catalysis and were used as reference materials. [d] Reaction
performed in NMP.
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l-alanine catalyzed the formation of 2c in 67% yield with
72% ee. Furthermore, the amino acid catalyzed reactions with
linear acyclic ketones progressed with excellent regioselec-
tivity, and molecular oxygen was asymmetrically incorporated
at the most substituted side of the ketone. Moreover, the
reactions were readily scaled up and performed on the gram
scale. The amino acids were also able to catalyze the
asymmetric incorporation of molecular oxygen into unmodi-
fied aldehydes.[15] For example, l-a-methylproline furnished
(R)-2-hydroxy-3-phenylpropanal with 65% ee. The direct
amino acid catalyzed a oxygenation with molecular 1O2 may
be considered as a new, simple, metal-free entry into the
synthesis of a-hydroxyketones and diols.

We also tested the amino acid-catalyzed a-oxidations of
unmodified ketones with molecular 3O2 as the electrophile in
the presence of triethylphosphite.[16] The reactions with
molecular 3O2 did not provide the a-hydroxyketone adducts
2 or the diol 3. Thus, molecular 1O2 is the more reactive
electrophile and not 3O2. Moreover, no products were formed
in the absence of the amino acid catalysts. We also inves-
tigated the possibility of background oxidation by a-hydro-
peroxide ketone intermediates or another peroxide inter-
mediate that potentially could influence the enantioselectivity
of the reaction.[13–14] However, the use of excess (5 equiv)
H2O2, NaClO, m-chloroperbenzoic acid (MCPBA), or oxone
as the oxidants for cyclohexanone (1 mmol) in the presence of
a catalytic amount of l-proline or l-alanine (20 mol%) in
DMSO only provided trace amounts of the diol 3a after
in situ reduction with NaBH4. Furthermore, the l-alanine-
catalyzed a oxygenation with 1O2 in the presence of triethyl-
phosphite furnished ent-2a in 87% yield with 56% ee, which
is the same ee value of ent-2a obtained without the addition of
phosphite (Scheme 2).

These results indicated that the potential background
oxidation by peroxide intermediates was not significant under
the set reaction conditions.We were also able to rule out a 1,2-
cycloaddition between 1O2 and the catalytic chiral enamine to
form a dioxetane intermediate, as no cleavage products from
such an intermediate was detected. The stereochemical
outcome of the reaction was determined by optical rotation
and chiral-phase GC analyses of 2a and trans-3a, which
revealed that acyclic l-amino acids provided (2S)-a-hydroxy-
cyclohexanone ent-2a and (1S, 2S)-trans-cyclohexane-1,2-diol
(ent-3a). In contrast, l-proline and its derivatives furnished
(2R)-a-hydroxycyclohexanone (2a). The reaction plausibly
proceeds through a catalytic enamine mechanism [Eq. (2) and
(3)]. Hence, the tentative (2S)-a-hydroperoxide intermediate

is formed through proton abstraction by molecular 1O2 from
the carboxy group of the acyclic l-amino acids,[14] which
provides the sterochemical information, together with addi-
tion to the Re face of the amino acid derived enamine to
furnish (2S)-a-hydroxyketone [Eq. (2)]. In the case of a ox-
ygenation mediated by a cyclic l-amino acid, the addition of
1O2 occurs at the Si face of the enamine to provide the (2R)-a-
hydroxyketone [Eq. (3)].

We also established that natural amino acids catalyze the
asymmetric incorporation of molecular oxygen into ketones
in aqueous buffer. For example, l-alanine catalyzed the direct
asymmetric synthesis of ent-2a in phosphate buffer at 37 8C.
Moreover, the amino acids mediated the direct catalytic
asymmetric a oxidations in air with the sun as the light source.
Hence, terrestrial and extraterrestrial amino acids were able
to catalyze the introduction of molecular oxygen under
prebiotic conditions to form a-hydroxyketones. In fact, the
amino acids were able to catalyze the a oxidation of acetone
with 1O2 to furnish hydroxyacetone and dihydroxyacetone,
which are the building blocks and donors in amino acid
catalyzed asymmetric synthesis of sugars under prebiotic
conditions.[12a, 17] Thus, the amino acid catalyzed introduction
of molecular oxygen may plausibly have served as the first
step in their homochirality transfer of their asymmetry to
polyhydroxylated compounds, even in the presence of small
amounts of oxygen.[12]

In conclusion, we have disclosed the unprecedented
ability of amino acids to catalyze the direct asymmetric
incorporation of singlet molecular oxygen into ketones. The
smallest amino acids alanine and valine catalyzed the trans-
formation with the highest stereoselectivity. The direct
catalytic a oxygenations are a novel, inexpensive, operation-
ally simple, and environmentally benign entry to the prepa-
ration of a-hydroxyketones and diols. All materials in this
process stem from renewable sources, thus allowing a highly
sustainable catalytic process. Readily available amino acids
allow catalytic asymmetric oxidations with molecular oxygen
or air, which has previously been considered to be in the
domains of enzymes and chiral transition-metal complexes.

Experimental Section
Typical experimental procedure (Table 1, entry 1): Cyclohexanone
(1 mmol) was added to a vial containing TPP (1 mol%) and a
catalytic amount of l-alanine (20 mol%) in DMSO (1 mL). A

Scheme 2. Direct l-alanine-catalyzed introduction of molecular 1O2 to
1a in the presence of triethylphosphite.
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continuous flow of O2 or air was bubbled through the vial, and the
reaction was exposed to visible light by a 250-W high-pressure sodium
lamp. After 1 hour, complete conversion had occurred, and the
reaction was quenched either by the addition of brine followed by
extraction with EtOAc to furnish a-hydroxyketone ent-2a or by
in situ reduction with NaBH4 to afford the corresponding optically
active crude diol ent-3a (trans/cis 3:1). The crude ent-2a existed as an
oligomeric mixture that, upon standing, formed the dimer, which was
isolated by silica-gel column chromatography (EtOAc/pentane 1:20)
with 56% ee (determined by chiral-phase GC-analysis). GC: (CP-
Chirasil-Dex CB); Tinj= 250 8C, Tdet= 275 8C, flow= 1.8 mLmin�1,
ti= 60 8C (9 min), rate= 85 8Cmin�1, tf= 200 8C (5 min); retention
times of 2a : tmaj= 10.64 min, tmin= 10.66 min. The trans-3a and cis-3a
diols were isolated by silica-gel column chromatography (EtOAc/
pentane 1:1) in a combined yield of 92% with 56% ee of the pure
trans-3a diol (determined by GC analyses). (1S, 2S)-trans-cyclohex-
ane-1,2-diol: [a]D= ++ 21 (c= 0.2, CHCl3); GC: (CP-Chirasil-Dex
CB); Tinj= 250 8C, Tdet= 275 8C, flow= 1.8 mLmin�1, ti= 90 8C
(2 min), tf= 110 8C, rate= 0.3 8Cmin�1; retention times of acetylated
compound: tmaj= 9.75 min, tmin=9.61 min.
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Dynamic Kinetic Resolution
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for Efficient Dynamic Kinetic Resolution of
Alcohols at Ambient Temperature**
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The demand for chiral compounds as single enantiomers has
increased dramatically in recent years, driven by the pharma-
ceutical industry and also by other applications, such as
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agrochemicals, flavors, fragrances, and materials. Dynamic
kinetic resolution (DKR) is a powerful tool to transform a
racemic mixture into one enantiomer.[1] This strategy over-
comes the limitation of the maximum 50% yield in a kinetic
resolution (KR) by combining it with an in situ racemization
of the substrate. Recently the coupling of enzymes and
transition metals for the DKR of alcohols has attracted
considerable attention.[2, 3] In these reactions, in situ racemi-
zation by a metal occurs during the enzymatic resolution. The
first example was reported by Williams and co-workers who
used a rhodium catalyst and a lipase to obtain a DKR of
secondary alcohols with moderate efficiency.[4] In 1997 our
group reported[5] an efficient DKR process for the synthesis of
enantiopure secondary alcohols by the use of ruthenium
catalyst 1[6] in combination with an immobilized lipase. This

method has also been applied to the DKR of different
functionalized alcohols, such as hydroxyacid derivatives,[7]

hydroxynitriles,[8] azidoalcohols,[9] haloalcohols,[10] hydroxy-
phosphonates,[11] and diols.[12] Kim, Park, and co-workers have
also employed catalyst 1 in the DKR of protected hydroxy-
acids, diols, and hydroxyaldehydes,[13] and in the asymmetric
transformation of ketones and enol acetates to chiral
acetates.[14] In general, good yields and enantioselectivities
were attained. However, complex 1 suffers from some
drawbacks: it is activated at high temperature and therefore
a thermally stable enzyme is required. Also, the addition of an
appropriate hydrogen source is needed in some cases to
prevent ketone formation.

Various ruthenium, rhodium, and iridium complexes are
known to catalyze fast racemization of alcohols.[2c,4, 5,15, 16]

Unfortunately, almost all of these catalysts do not work in
the DKR of alcohols when combined with the enzyme.
Recently, Kim, Park, and co-workers reported that ruthenium
catalyst 2 racemizes alcohols within 30 min at room temper-
ature.[17] However, when combined with an enzyme (lipase) in
DKR at room temperature, very long reaction times (1.3–
7 days) were required, in spite of the fact that the enzymatic
reaction (in KR) takes only a few hours.

Very recently we found that complexes 3a–c catalyze the
racemization of chiral alcohols highly efficiently at room
temperature after being activated by KOtBu.[18] For example,
3a (0.5 mol%) racemized (S)-1-phenylethanol within 10 min
and resulted in 50% racemization after less than 2 min.

Initial attempts to combine catalyst 3a (or 3b) with an
enzymatic resolution were unsuccessful and gave either no
DKR or led to very long reaction times for the DKR (several
days). This was frustrating, as the isolated reactions (race-
mization and enzymatic resolution) are very fast. Finally, after

some fine-tuning and optimization, we were able to find
reaction conditions under which the DKR process has almost
the same rate as the kinetic resolution. Herein we report a
DKR process (Scheme 1) that is more than two orders of

magnitude faster than our previous procedures[2,5] and one
order of magnitude faster than the hitherto fastest procedure
reported.[17] We also provide evidence for the intermediacy of
a ruthenium alkoxide complex.

In one experiment a solution of 1-phenylethanol (4a) in
toluene (0.3m) was added to a mixture of KOtBu and
ruthenium complex 3b, under an argon atmosphere. After
stirring for 5 min, Na2CO3, Candida antarctica lipase B
(CALB[19]), and isopropenyl acetate were added. After 4 h,
only 55% yield of enantiopure (R)-1-phenylethanol acetate
(5a) was obtained (Table 1, entry 1).[20] Surprisingly, when the

mixture of KOtBu and complex 3b was stirred for 6 min in
toluene before adding the alcohol 4a, acetate 5awas obtained
in 99% yield with > 99% ee in 4 h (Table 1, entry 2). When
the concentration of 4a was increased to 0.5m, 5a was
obtained after only 3 h in 98% yield (> 99% ee) (Table 1,
entry 3). Similar results were obtained with catalyst 3a under
the same reaction conditions (Table 1, entry 4). It was
observed that the system is very sensitive to molecular
oxygen; thus when the reaction was run under an air
atmosphere, only 60% yield was attained after 15 h
(Table 1, entry 5).

To study the scope of the reaction, a variety of substrates
were tested with the reaction conditions used in Table 1,
entry 4.[21] For most substrates we obtained the best results
when employing 5 mol% of 3a. The amount of KOtBu
needed depends on the substrate and on the amount of CALB
employed;[22] therefore it was optimized for each entry. The

Scheme 1. DKR of 1-phenylethanol.

Table 1: Dynamic kinetic resolution of 1-phenylethanol.[a]

Entry Ru catalyst t [h] Yield [%][b] ee [%][b]

1[c] 3b 4 55 >99
2[d] 3b 4 99 (97)[e] >99
3 3b 3 98 >99
4 3a 3 95 (92)[e] >99
5[f ] 3b 15 60 >99

[a] Unless otherwise noted, Ru catalyst (4 mol%) and KOtBu (5 mol%)
were stirred in toluene (2 mL) for 6 min before adding 4a (1 mmol). After
4 min CALB (6 mg), Na2CO3 (1 mmol), and isopropenyl acetate
(1.5 mmol) were added and the mixture was stirred under an argon
atmosphere. [b] Determined by chiral GC. [c] A solution of 4a in toluene
(3.3 mL) was added to a mixture of Ru catalyst and KOtBu. [d] Toluene:
3.3 mL. [e] Yield of isolated product. [f ] Under an air atmosphere.
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results are summarized in Table 2. Similarly to 5a (Table 2,
entries 1 and 2), the naphthyl derivative 5b was obtained in
93% yield after 3 h (Table 2, entry 3). The ethyl carbinol 4c
reacts slower with the enzyme and required the use of 40 mg

of CALB and 8 mol% of KOtBu. Although a longer reaction
time is needed (17 h), 5c was obtained in high yield and
enantioselectivity (92%, > 99% ee) (Table 2, entry 4). Elec-
tron-rich alcohol 4d did not significantly change the rate or
selectivity of the reaction and gave enantiomerically pure 5d
in 96% yield after 6 h (Table 2, entry 5). Similarly, electron-
withdrawing groups on the phenyl ring gave enantiopure
acetates in excellent yields. Thus, 5e was obtained in 93%
yield in 6 h (Table 2, entry 6). Despite the prolonged reaction
times needed for alcohols 4 f and 4g, this is the first time that
acetates 5 f and 5g are obtained through DKR (Table 2,
entries 7 and 8). A plausible explanation that accounts for the
need for longer reaction times is that the nitrogen-containing
substituents on the substrates slow down the reaction rate by

coordination to the ruthenium center. Excellent selectivity
and yield were also obtained with the aliphatic substrate 4h
(Table 2, entry 9). DKR of diol 6 is also possible when using
5 mol% of catalyst 3a at room temperature, although 72 h

were needed to attain 93% yield.
However, at 50 8C enantiopure
diacetate 7 was obtained after
10 h in 94% yield (Table 2,
entry 10).

The necessity for premixing
complex 3a (or 3b) with KOtBu
in toluene suggests that a new
ruthenium complex is formed and
this is supported by a color change
from yellow to dark red within a
few minutes. This intermediate is
most likely ruthenium alkoxide 8,
which is crucial for initiating the
racemization under DKR condi-
tions. The formation of intermedi-
ate 8 is inhibited or slowed down
when the substrate alcohol is pres-
ent in the reaction mixture. A
ligand-exchange reaction of 8 with
the substrate gives alkoxide 9,
which undergoes b-hydride elimi-
nation and forms ruthenium hy-
dride 10 and the oxidized product
11. Insertion of the ketone into the
Ru�H bond produces the racemic
alkoxide complex 12. Alkoxide
exchange with S alcohol releases
rac alcohol and regenerates inter-
mediate 9 (Scheme 2).

Alcohol complexes of tungsten,
rhenium, and molybdenum have
previously been prepared.[23]

Recently, Casey et al. observed a
Ru–alcohol complex by NMR
spectroscopy.[24] Unfortunately,
attempts to prepare the alkoxide
complex by deprotonation with a
base were unsuccessful.[24] The
postulated ruthenium alkoxide
complex 8 in Scheme 2, would be

easy to observe as it cannot undergo b-hydride elimination.
When complex 3a and KOtBu were mixed in [D8]toluene in
an NMR tube and shaken vigorously, a fine new precipitate of
KCl was formed that was allowed to settle. The quantitative
formation of a new ruthenium complex was observed by
13C NMR spectroscopy. The resonance of the five equivalent
quaternary carbons of the cyclopentadienyl ring of 8 is shifted
to higher frequency (d = 108.8 ppm) than that of 3a (d =

107.1 ppm) in [D8]toluene. Similar changes are observed for
the resonance of the CO ligands (d = 202.8 ppm in 8 and
198.0 ppm in 3a). The resonances of the tert-butoxide ligand
are also observed (d = 34.3 and 73.1 ppm), and differ from
those of tBuOH (d = 31.3 and 68.2 ppm) and of KOtBu (d =

37.6 and 66.5 ppm) in [D8]toluene. Furthermore, when an

Table 2: DKR of various alcohols.[a]

Entry Alcohol KOtBu
(mol%)

t [h] Product Yield [%][b,c] ee [%][b]

1[d] 4a 5 3 5a 98 >99
2 4a 5 3 5a 95 (92) >99

3 4b 6.25 3 5b 93 >99

4[e] 4c 8 17 5c 92 (90) >99

5 4d 7.5 6 5d 96 (94) >99

6 4e 5 6 5e 93 (91) >99

7 4 f 5 20 5 f 99 (97) >99

8 4g 5 20 5g 98 (95) >99

9 4h 7 17 5h 98[f ] >99

10[g] 6 6 10 7 94 (90)
>99
(99:1 d.r.)

[a] Unless otherwise noted, Ru catalyst 3a (5 mol%), CALB (6 mg), Na2CO3 (1 mmol), and KOtBu were
stirred in toluene (2 mL) at room temperature for 6 min before adding the alcohol (1 mmol). After
4 min, isopropenyl acetate (1.5 mmol) was added and the mixture was stirred at room temperature
under an argon atmosphere. [b] Determined by chiral GC. [c] Yield of isolated product in parenthesis.
[d] 3b : 4 mol%. [e] CALB: 40 mg. [f ] Yield determined by 1H NMR spectroscopy. [g] 50 8C.
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excess of 1-phenylethanol (4a) was added to the NMR tube,
the formation of acetophenone (11) was immediately
observed.

In summary, we have developed a highly efficient DKR of
secondary alcohols at room temperature that for the first time
provides enantiopure products in high yields in very short
reaction times. Furthermore, isopropenyl acetate can be
employed as the acyl donor, which makes the purification of
the products very easy. We have also proven the intermediacy
of Ru alkoxides in this process. This mild procedure makes it
possible to use sensitive and/or less-thermostable enzymes in
future applications.

Experimental Section
Complexes 3a and 3b were prepared as described in the litera-
ture.[18,25] Toluene was dried over CaH2 overnight, distilled under
argon, and stored over 4-D molecular sieves. Isopropenyl acetate was
washed with saturated K2CO3, dried with CaCl2, and distilled under
argon. 1H NMR and 13C NMR spectra of acetates were in good
agreement with the data previously reported in the literature.[26]

Dynamic kinetic resolution of 1-phenylethanol (4a): A solution
of KOtBu (0.5m in THF; 100 mL, 0.05 mmol) was added to a 10-mL
Schlenk flask. The THF was carefully removed under vacuum, and
the flask was filled with argon. CALB[19] (6 mg), Na2CO3 (106 mg,
1 mmol) and Ru catalyst 3a (25 mg, 0.04 mmol) were quickly added.
The Schlenk flask was evacuated and filled with argon. Toluene
(2 mL) was added, and the mixture was stirred for 6 min.[27] 1-
Phenylethanol (4a) (120 mL, 1 mmol) was then added, and after 4 min
isopropenyl acetate (165 mL, 1.5 mmol) was added. After being
stirred for 3 h at ambient temperature, the reaction mixture was

filtered and concentrated. Purification by column chromatography
(SiO2; pentane/Et2O 98:2) afforded (R)-1-phenylethanol acetate (5a)
as a colorless oil (151 mg, 92% yield, > 99% ee).
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Mass Spectrometry

Continuous Two-Channel Time-of-Flight Mass
Spectrometric Detection of Electrosprayed Ions**

Oliver Trapp, Joel R. Kimmel, Oh Kyu Yoon,
Ignacio A. Zuleta, Facundo M. Fernandez, and
Richard N. Zare*

Time-of-flight mass spectrometry (TOFMS) is a widely used
technique that is recognized for offering high analytical
performance at a reasonable cost. Development of this
technique is ongoing, and advances in areas such as ion
optics and ion-detection hardware have pushed the mass
resolution and mass accuracy of TOFMS to regimes that are
appropriate for the identification of components of complex
mixtures.[1] The technique's intrinsic high ion transmission
and capability to measure wide mass ranges without scanning,
yields high sensitivity and fast spectral acquisition rates.
Based on these characteristics, TOFMS seems to be an ideal
detector for fast separations of analytes with a broad range of
molecular weights.[2] Such applications, which include the in-
line separation of pharmaceuticals, peptides, or proteins
followed by electrospray ionization, are becoming increas-
ingly important.[3] Unfortunately, the pulsed nature of
TOFMS yields inherent losses when analyzing ions emerging
from continuous ion sources. Minimization of these losses can
be achieved only at the expense of a reduction in the sampled
mass range and potentially the mass resolution if the flight
path is shortened. In conventional TOFMS, packets of ions
are periodically pulsed into the entrance of a field-free drift
chamber. To avoid overlap of the recorded flight times, the
duration between start pulses is set to be longer than the flight
time of the heaviest analyte ion. Ions reaching the entrance of
the flight chamber between start pulses are lost. Thus, the ion
sampling efficiency (duty cycle) and spectral acquisition
speed are directly related to the ratio of the duration of the
start pulse to the time between pulses, and these figures of
merit decrease as the sampled mass range or flight path are
increased.

An ideal detector for capillary and chip-format separa-
tions should provide universal detection, sufficient spectral
selectivity, and high sensitivity without degrading separation
efficiency.[4] If TOFMS is to become the detector of choice for
these applications, optimization of its transmission, speed,
and efficiency is essential. One approach to improve the duty
cycle is to modulate the continuous ion beam of a conven-
tional TOF instrument to receive encoded single-ion packets,
for example, by Fourier transform techniques.[5] The mass
spectrum is then obtained by mathematical deconvolution
and the analyzer duty cycle can be increased to about 25%.
The most widely used strategy for improving the duty

cycle of TOFMS is orthogonal extraction (OE).[6] In this
TOFMS configuration the fraction of the ion beam that is
sampled is proportional to the length of the extraction region
in the dimension orthogonal to the field-free flight trajectory.
This region tends to be much larger than the sampling volume
defined by ion gates used in an on-axis configuration. Thus,
OE-TOFMS has a higher duty cycle than conventional on-
axis TOFMS. But, because the flight times of ions traversing
the extraction region depend on m/z, the duty cycle of OE-
TOFMS decreases with m/z. More importantly, the overall
performance of OE-TOFMS is still limited by trade-offs
between efficiency, mass resolution, and mass range.
In an effort to decouple these figures of merit, we

continue to explore a TOFMS strategy based on Hadamard-
type, pseudorandommodulation.[7] In this case a finely spaced
Bradbury–Nielson gate (BNG)[8] is used to rapidly modulate
(MHz frequency range) a continuous ion beam on and off the
axis of detection following a known pseudorandom binary
sequence. Encoding sequences are applied to the ion beam by
alternating the voltage of this gate between two set limits; a
sequence element “1” fixes the gate electrodes at relative
ground and allows ions to pass undeflected, while a sequence
element “0” shifts the gate electrodes to a deflecting state.
The acquired spectrum corresponds to the sum of time-shifted
spectra of multiple packets. Knowledge of the encoding
sequence allows mathematical deconvolution and recovery of
the TOF mass spectrum. The length of the applied encoding
sequence is chosen based on the range of flight times (i.e.
mass range) being monitored. All encoding sequences contain
approximately equal numbers of 1s and 0s (on and off
signals), so by detecting all ions of state “1”, a one-channel
Hadamard transform (HT) TOF mass spectrometer offers a
50% duty cycle, independent of other instrument parameters.
In an attempt to extend the duty cycle of HT-TOFMS to

100% and to increase the overall performance of the
technique, for example, the signal-to-noise ratio (SNR), a
next generation instrument has been developed as shown in
Figure 1a. Improvements include new modulation electron-
ics[9] which integrate the Bradbury–Nielson gate on the driver
board to minimize the length of the transmission lines for the
amplified modulation sequence for more precise and also
faster modulation, and software for simultaneous data
acquisition and real-time Hadamard transformation. New
focusing optics allow us to obtain a highly focused ion beam
with a narrow energy distribution that can be precisely
deflected at the BNG with a switching frequency between 5
and 50 MHz corresponding to an encoding element width of
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200 and 20 ns, respectively. The deflection angle a of the
modulated ion beam (see Figure 1c) can be controlled by
varying the voltage (DU) applied to the BNG. With sufficient
modulation voltage applied to the BNG two spatially resolved
modes of the ion beam can be experimentally observed at the
detector plane: a centered, focused beam, and the two
deflected ion beam branches that arrive above and below
the detector center. To monitor both spatial modes, we have
designed and installed a dual-anode multichannel plate
(MCP) detector with isolated active charge-collection areas
and a mask that is dimensioned to reflect the spatial profile of
the modulated ion beam (Figure 1c).
The maximum duty cycle of a one-channel HT-TOF mass

spectrometer is 50%. The experimentally achieved value
depends on the percentage of ions entering the mass analyzer
that strike the detector and, further, on the fraction of these
ions that are modulated on and off of the detector [Eq. (1)]
where ntot is the total number of ions entering the mass
analyzer, nt is the number of ions striking the detector in the
transmitted mode, and nnt is the number of ions striking the
detector (ideally zero) in the non-transmitted mode.

duty cycle ¼ 50%

�
nt
ntot

��
nt�nnt
nt

�
ð1Þ

The first ratio in Equation (1) represents ion-beam
clipping, which can result if the ion beam and the detector
are not properly aligned. The second ratio describes the
deflection efficiency during modulation of the ion beam. The
“0”-state ions that are insufficiently deflected and strike the

detector yield no TOF information and contribute to back-
ground noise.
Two-channel HT-TOF mass spectrometry involves the

simultaneous optimization of paired one-channel HT-
TOFMS experiments. Detecting high-quality spectra on the
outer channel requires that deflection not only moves ions off
the central axis of detection, but also that the deflection is
repeatable and well-defined. While the inner channel records
the static, focused component of the modulated ion beam, the
outer channel detects ions that have undergone a time- and
energy-dependent deflection (impulse sweep mode).[10] Opti-
mized conditions for both channels require reducing the
kinetic-energy spread of the ions and matching the images of
the deflected and undeflected ion-beammodes at the plane of
the detector with the detector dimensions.
Images of the deflected and undeflected ion-beam modes

were collected for the “0” and “1” modulation states using
various optical configurations. The voltages applied to the set
of four steering plates (see Figure 1a) at the entrance of the
TOF chamber were scanned to move the ion beam about the
three active areas of the detector. Synchronized measure-
ments of total ion current (TIC) were used to generate two-
dimensional ion-current plots. These plots represent the
convolution of the detector shape and the beam shape. In
the situation where the beam cross section is small compared
to the detector area, the ion-current plot will have the shape
of the beam, and knowledge of the detector dimensions can
be used to estimate beam size. These data were used to
optimize beam focus and position and to choose appropriate
modulation conditions. Figure 2 displays the beam images at
optimized conditions. The focused ion beam has dimensions
comparable to the inner anode and can be moved vertically
between the three active areas. The deflected ion beam has
two well-defined centers that exist above and below the
focused mode (Figure 2c and d).

Figure 1. a) Schematic experimental setup of the new HT-TOF mass spectrome-
ter. A) Electrospray needle, B) counter electrode, C) heated glass capillary,
D) capillary exit electrode, E) skimmer, F) focusing lens, G) hexapole, H) conduc-
tance limiting exit lens, I) Einzel lens, J) Bradbury–Nielson gate, K) x,y steering
plates, and L) masked dual-anode detector. b) Oscilloscope traces of the positive
and negative phases of a Hadamard modulation sequence segment
(1111110000111110101010110000010000100000110011100) applied to the Brad-
bury–Nielson gate. c) Dual-detection scheme demonstrating the ion-beam states
“0” and “1”.

Figure 2. Two-dimensional images of the position, shape, and size of
the temporally and spatially modulated ion beam obtained by x,y-steer-
ing of the undeflected or deflected ion beam across the two detection
anodes. a) Undeflected ion beam detected at the inner anode, b) unde-
flected ion beam detected at the outer anode, c) deflected ion beam
(DU =13 V) detected at the inner anode, d) deflected ion beam at the
outer anode.
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Subtracting deflected data from the undeflected data
collected under identical scanning conditions provides a
measure of howmany ions are modulated about each detector
at a specific beam position and focus. High duty cycle requires
that ion current moves between the two channels of detection.
Poor alignment or non-ideal deflection yield asymmetry in the
data obtained for the two channels. Figure 3 shows an

example of such data extracted from vertical cross sections
with a modulation voltage DU= 13 V applied to the BNG.
The changes in the sign and magnitude of the deflection verify
that the deflection process is vertical and that the deflected
mode of the ion beam has two branches. At the ideal position,
the BNG moves the entire ion beam from the inner to the
outer anode.
Figure 4 shows deconvoluted spectra of polypropylene

glycol (PPG450) acquired at the inner and outer anodes. The
spectrum of the outer anode is inverted owing to the
mathematical formalism of the multiplication of the inverse
Hadamard matrix (in our experiment a simplex matrix)[11]

with the raw spectrum of the outer anode, where each on state
of the beam at the inner channel corresponds to the off state
of the beam at the outer and vice versa. Similar data were
collected for analytes across anm/z range of 200 to 2000 amu,
including: caffeine, tetrabutylammonium acetate, N-hydroxy-
ethyl-N,N-dimethylbenzylammonium chloride, bradykinin,
reserpine, PPG1000, and gramicidin. In each case, the flight
times measured on the two channels were identical, and data
subtraction did not require peak matching of the two spectra.
At faster modulation and acquisition rates the slight differ-
ence in the flight paths to the two channels could require a
different procedure to match and calibrate data.
Under ideal conditions the combination of the two

channels of data yields an improvement of 41% (
ffiffiffi
2
p
) in

SNR over the one-channel experiment (only the inner
detector). Experimentally we observe an average SNR
improvement of 29%. Small deviations in the beam-detector
proportions primarily cause this difference. Two-channel
experiments were also carried out with a two-stage reflectron
installed. Resolvable ion beamlets were observed in beam-

imaging experiments, but the extension of the flight path
(2.2 m) caused a majority of the deflected ions to miss the
outer detector at even our lowest deflection voltage (DU=

13 V). Thus, the duty cycle on this detector was limited by the
beam clipping term in Equation 1. Using current knowledge
of the ion-beam dimensions and deflection profiles, appro-
priately sized detection areas will be designed to detect all
ions.
With the implemented instrumental modifications, this

two-channel detection scheme extends the achievable duty
cycle of HT-TOFMS to 100% and effectively converts
TOFMS into a continuous detection technique. Beyond the
improved SNR, this advance gives an increase in the data
acquisition rate (several thousand full spectra per second).
More generally, this work suggests that temporal and spatial
encoding of ion beams combined with multichannel detection
schemes is a promising strategy for increasing the information
density of TOFMS experiments.
Efficient multiplexing enables novel approaches to

tandem MS detection. For example, the three spatially
defined regions in this experiment (Figure 2) could be used
for different MS experiments. It can be envisioned that one of
the beams might be used for high-speed HT-TOFMS while
the other two ion beams could be transferred into a high-mass
resolution ion-trapping instrument, such as a Fourier trans-
form ion cyclotron resonance mass spectrometer (FT-ICR-
MS)[12] for MSn experiments.

Experimental Section
Figure 1a illustrates the experimental setup of the ESI-HT-TOF mass
spectrometer at Stanford University. Ions are produced by an ESI
source consisting of three differentially pumped stages. A borosilicate

Figure 3. Net deflection plots of reserpine (C33H40N2O9) extracted by
substracting the vertical cross-sections of the deflected mode from the
vertical cross sections of the undeflected mode of the ion beam. The
black and gray curves represent the inner and outer detection anodes,
respectively.

Figure 4. Spectra of PPG450 simultaneously collected at the inner (a)
and outer (b) anodes of the detector. Spectrum (c) represents the dif-
ference of spectrum (a) and spectrum (b) with an experimental
improvement of the SNR of 29%. Conditions are 11-bit modulation
sequence (2047 elements), 20 MHz modulation frequency, and 30 s
acquisition time.
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glass capillary (0.4 mm i.d., length 124 mm), treated with chlorotri-
methylsilane (Fluka) to minimize analyte surface interactions, was
used as the transfer line between atmospheric pressure and the first
pumping stage. A fused silica capillary, mechanically sharpened and
coated with gold was used as spray needle. Analyte solutions were
infused into this fused silica capillary at flow rates between 0.1 and
10 mLmin�1 by application of back pressure. The typical electrospray
conditions were: spray-needle voltage of + 2.4 to + 3.6 kV, needle–
capillary separation of 5–8 mm, and a spray source temperature of
220 8C. The metal front and end cap of the heated transfer capillary
were set between + 30 and + 80 V. Ions were extracted from the
silent zone of the mach disk emerging from the metal spray nozzle
with a skimmer (1 mm orifice i.d., + 20 to + 50 V). The second
pumping stage of the ion source consists of a focusing lens (+ 14 to
+ 24 V), a hexapole ion guide (length 21.9 cm, frequency 2.9 MHz,
amplitude between 200 and 2500 V; ABB Inc, Pittsburgh), and a
focusing exit lens (�2 to�25 V). The ions were accelerated to kinetic
energies of 1500 eV by the first segment of a modified Einzel-type
lens. Angular spread caused by the acceleration is focused by varying
the voltage of the middle lens of the Einzel lens (�420 to �500 V).
After the Einzel lens, a Bradbury–Nielson gate modulates the ion
beam. The modulator grid consists of interspersed wire sets posi-
tioned normal to the ion beam. The wire sets were made from 20-mm
diameter gold-plated tungsten wire and spaced 100 mm apart.[8b] The
pseudorandom sequence generator (Predicant Biosciences) is based
on a feedback shift register circuit producing variable length
sequences between 255 (8-bit) and 16383 (14-bit) elements. The
modulation frequency can be set between 2 and 50 MHz and was kept
at 20 MHz for all the experiments reported herein. The low-voltage
signals of the binary sequence are transmitted to a driver board which
is mounted on a heat sink cooled by a water/Peltier element. The
cooling system is rated to dissipate up to 80 W of heat generated
during operation. At the driver board the low voltage modulation
signal is split into two phases that are 1808 out of phase, amplified to
voltages betweenDU= 13 and 24 V, and applied to the wire sets of the
Bradbury–Nielson gate, which floats at the flight tube potential
(�1500 V). The ion beam passes undeflected when both wire sets are
at the same potential, corresponding to the beam “on” state (1).
When opposing potentials (betweenDU= 13 and 24 V) are applied to
the wire sets, the beam is split into two deflected beams, correspond-
ing to the beam “off” state (0). The effective flight path in the non-
reflectron configuration corresponds to approximately 1.1 m. The
ions, passing through the slits of mask in front of the detector, are
post-accelerated to an energy of 2300 eV before they are detected by
a set of multichannel plates (MCPs; Quantar Technology). The MCP
signals from the two anodes are amplified and fed into two multi-
channel scalers (Turbo MCS, EG&G Ortec, Oak Ridge, TN) for
counting purposes. Synchronization of the data acquisition with the
modulation electronics is achieved by triggering the start pulse of the
data acquisition from the sequence generator at the beginning of the
first sequence element. The digitized waveform acquired by the
multichannel scaler is transferred to a computer (700 MHz Pentium
III-based PC, with 384 MBRAM). Real-time deconvolution and data
processing is performed with a program written in Delphi.

Mass calibration was achieved by quadratic regression analysis
between the flight times and the knownmolecular weights of caffeine,
polypropylene glycol (PPG450), bradykinin, and reserpine.

Solvents used for preparing the solutions were reagent grade.
Bradykinin, caffeine, reserpine (Sigma), and polypropylene glycol
standard (PPG450, narrow molecular-weight distribution; Scientific
Polymer Products) were used as received without further purification.
The analytes were dissolved in a water:methanol mixture (70:30 v/v).
To improve the electrospray ionization efficiency 10 mL of 50 mm

sodium acetate solution were added per mL of sample solutions of
bradykinin, reserpine, and polypropylene glycol.
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Homogeneous Catalysis

Gold Catalysis: The Benefits of N and N,O
Ligands**

A. Stephen K. Hashmi,* Jan P. Weyrauch,
Matthias Rudolph, and Elzen Kurpejović

Dedicated to Professor Johann Mulzer
on the occasion of his 60th birthday

The catalysis of organic reactions by gold compounds has
been recently shown to be a powerful tool in synthesis.[1,2]

When gold(i) compounds are used as precatalysts, ligands
such as phosphanes[3–8] or phosphites[9] can be applied. The
gold(iii) precatalysts are mainly simple halides;[2] other
examples include one thioether-containing,[10] one phos-
phite-containing,[9] and organogold(iii)[11] compounds.

For the gold-catalyzed phenol synthesis,[12] AuCl3 usually
delivers good results with simple substrates, but with more
complicated ones a significant loss of activity is observed. At
lower temperature, kinetic studies with our most simple test-
substrate 1 (see Scheme 1) showed that the problem with

regard to the loss of activity occurs even with as much as
5 mol% of catalyst (Figure 1). With small amounts of catalyst,
the conversion remains incomplete.

We have now tested several gold(i) and gold(iii) complexes
with different ligands as catalysts for this reaction. Gold(i)
complexes showed low selectivity and led to several side
products. Satisfactory results in terms of activity, long-term
stability and product-selectivity were obtained only with
gold(iii) complexes with pyridine derivatives, some of which
contained chelating oxygen functionalities. The most inter-
esting complexes were precatalysts 3–6.[13] The complexes did
not suffer deactivation, as shown in Figure 2 for 3—the
activity even holds in a second catalytic run. Unlike with
AuCl3, a mechanistically interesting induction period was

observed for 3–6, clearly proving that here the complexes are
precatalysts. This is also the reason for the higher activity in
the second run, since the catalytically active species is already
present and does not have to be formed in a slow reaction.

With as little as 0.07 mol% of 3 a complete conversion
could be achieved; this corresponds to 1180 instead of the
usual 20–50 turnovers. The complexes 4–6 are also highly
stable catalysts; a comparison of their activity is depicted in
Figure 3: the acceptor-substituted pyridine carboxylate 5 is
the most reactive one, followed by the unsubstituted 4 and the
donor-substituted 6. Nevertheless, the initial activity of 3, 4,
and 6 is lower than that of AuCl3. In part, this problem can be
solved by switching to dichloromethane/acetonitrile mixtures
or even pure dichloromethane (as shown for 3 in Figure 4). In

Scheme 1. Conversion of the test-substrate 1 with AuCl3 as the precata-
lyst; Ts= tosyl (reaction conditions see Figure 1).

Figure 1. Reaction of 1 with AuCl3. Reaction conditions: CD3CN, 10 8C,
a) 3.3 mol% AuCl3; b) 5.0 mol% AuCl3.

Figure 2. Reaction of 1 with the precatalyst 3. Reaction conditions:
CD3CN, 45 8C, 5 mol% 3. After 25 h the same amount of 1 was added.

[*] Prof. Dr. A. S. K. Hashmi, Dipl.-Chem. J. P. Weyrauch,
Dipl.-Chem. M. Rudolph, Dipl.-Chem. E. Kurpejović
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spite of the slower conversion, these complexes are superior
to other transition-metal complexes known to catalyze this
reaction (Figure 5).[12c,14]

The major benefit in preparative terms of using these
precatalysts in this reaction is that they enable the preparation
of benzoannelated heterocycles with a phenolic hydroxy
group in a position which is difficult to achieve by employing
classic synthetic methodology.[12d] The most significant targets
are antitumor antibiotics from the tetrahydroisoquinoline
family,[15] which—with this substitution pattern—are not
readily accessible by the Pictet–Spengler or related reac-
tions.[16] As reported previously, with 5 mol% or less AuCl3 no
complete conversion could be achieved,[12a] but 6 gave a
quantitative conversion of 7a at room temperature
(Scheme 2). And even the Z-protected substrate 7b (Z=

CO2CH2Ph) gave a clean reaction with 6. With cationic
gold(i) complexes we could not achieve the product selectivity
reported here.

In conclusion, the development of the gold(iii) precata-
lysts 3–6 represents a first step in catalyst-tuning by ligand
design, a major focus of research for most other transition
metals. These results provide good evidence for the establish-
ment of significantly more effective gold catalysts.

Experimental Section
Complex 7a (300 mg, 861 mmol) and complex 6 (15.7 mg, 38.7 mmol;
4.5 mol%) in CH2Cl2 (1.50 mL) were stirred at room temperature for
4 h. The solvent was removed in vacuo, and column chromatography
yielded 8a (284 mg; 95%) .

8a : M.p. 166–1678C. Rf (petroleum ether/dichloromethane/ethyl
acetate, 10:3:1)= 0.10; IR (neat): ñ = 3514, 1587, 1530, 1467, 1346,
1311, 1260, 1235, 1216, 1161, 992, 958, 873, 854, 805, 763, 737, 691, 619,
600, 580 cm�1; 1H NMR (CDCl3, 250 MHz): d = 2.20 (s, 3H), 2.88 (t,
J= 5.9 Hz, 2H), 3.43 (t, J= 5.9 Hz, 2H), 4.31 (s, 2H), 4.82 (s, 1H), 6.60
(d, J= 7.7 Hz, 1H), 6.93 (d, J= 7.7 Hz, 1H), 8.04 (d, J= 9.0 Hz, 2H),
8.36 ppm (d, J= 9.0 Hz, 2H); 13C NMR (CDCl3, 126 MHz): d = 15.57
(q), 28.93 (t), 43.82 (t), 43.85 (t), 118.63 (s), 120.12 (s), 121.06 (d),
124.74 (d, 2C), 129.12 (d, 2C), 129.29 (d), 132.53 (s), 143.38 (s), 150.51
(s), 150.53 ppm (s); MS (70 eV): m/z (%): 348 (31)[M+], 161 (100),
134 (41), 91 (10). C, H, N analysis calcd (%) for C16H16N2O5S (348.38):
C 55.16, H 4.63, N 8.04; found: C 55.16, H 4.66, N 8.07.

Received: April 6, 2004

.Keywords: alkynes · gold · heterocycles · homogeneous
catalysis · N,O ligands

[1] G. Dyker, Angew. Chem. 2000, 112, 4407 – 4409; Angew. Chem.
Int. Ed. 2000, 39, 4237 – 4239.

Figure 3. Comparison of the activities of 4–6 (with test-substrate 1).
Reaction conditions: room temperature, 5 mol% of catalyst, MeCN.
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Scheme 2. Conversion of the substrates 7a and 7b with the
precatalyst 6.
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C�C Coupling

Formation of 1,4-Diketones by Aerobic Oxidative
C�C Coupling of Styrene with 1,3-Dicarbonyl
Compounds**

Michael R	ssle, Thomas Werner, Angelika Baro,
Wolfgang Frey, and Jens Christoffers*

1,4-Dicarbonyl compounds[1] are versatile precursors for the
synthesis of various heterocyclic structural motifs, for exam-
ple, furan,[2] thiophene, and pyrrole derivatives.[3] The con-
version of a-halo ketones with enolates represents a classic
route to 1,4-dicarbonyl compounds (Feist–B&nary synthesis of
furan derivatives).[4] A modern concept utilizes the umpolung
of aldehydes, for example, by application of the Stetter
reagent[5] or 1,3-dithiane derivatives.[6]

Recently, we reported the cerium-catalyzed a hydroxyl-
ation of 1,3-dicarbonyl compounds 1 (Scheme 1).[7] With

respect to economical and ecological considerations, the use
of molecular oxygen is superior to other reagents applied in
this type of conversion. Based on the assumption of radical
intermediates along the hydroxylation pathway, the conver-
sion has been performed in the presence of olefins such as
styrene (3), and indeed, hydroperoxides 4 were obtained as
the major products. Compounds 4 were isolated as hemi-
acetals such as 4b with an endoperoxide 1,2-dioxane ring.[8]

Surprisingly, these crystalline endoperoxides have a
remarkable stability indicated by defined melting points
between 50 and 150 8C, but, unfortunately, they were obtained
as hardly separable mixtures of diastereoisomers. Thus,
purification and characterization are difficult, resulting in a

Scheme 1. Cerium-catalyzed a hydroxylation of b-oxoester 1a with O2

and oxidative C�C coupling with styrene 3.
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restricted application for further synthetic purposes. We were
therefore interested in the conversion of 1,2-dioxanes into
diastereomerically unique products, either by oxidation,
reduction or by disproportionation of the peroxide unit.[9]

After considerable experimentation with a number of tran-
sition-metal-assisted transformations,[10] we focused our inter-
est on the Kornblum–DeLaMare fragmentation mediated by
a pyridine/acetyl chloride system.[11] Owing to the difficult
purification of the diastereomeric endoperoxide mixtures, we
investigated a sequential one-pot procedure for oxidative C�
C bond formation and Kornblum–DeLaMare fragmentation.
Herein we report an optimized protocol as the result of these
studies.

1,3-Dicarbonyl compounds 1a–h were converted with
styrene (3) under CeCl3·7H2O catalysis (10 mol%) in 2-
propanol at ambient temperature under an atmosphere of air
as the oxidant (Table 1). Under higher partial pressures of O2

the formation of undesired a-hydroxylated products 2 is
favored.

As 3 is partly consumed by polymerization, the reaction
was started with the addition of 2 equivalents followed by a
further 1 equivalent of 3 after 4 h. The reaction mixture was
stirred for a further 20 h, and then all volatile materials were
removed under vacuum, leaving a mixture of crude endoper-
oxides 4, polystyrene, and cerium-containing materials. This
residue was directly treated with a mixture of pyridine
(5 equiv) and AcCl (6 equiv) in CH2Cl2 and stirred for 16 h
at ambient temperature. Filtration through SiO2 and chro-
matography gave unique 1,4-diketones 5 in the range of 50–
90% overall yield over two steps (Table 1).

Apart from carbocyclic and open-chain b-oxoesters and
1,3-diketones, heterocyclic compounds were also investi-
gated. As can be seen from Table 1, the best result was
realized for lactone 5c (87% overall yield), whereas of
cyclohexanone derivative 5e was obtained in 50% yield. All
other substrates, which include lactam 5d and carbocyclic and
open-chain derivatives, were isolated in 62–72% yield. The
reaction sequence could also be extended to the seven-
membered ring product 5 f (71%). In contrast to a hydrox-
ylations, even the a-unsubstituted substrate 1h (R’=H)
cleanly reacted in this manner with 3 to give 5h in 72%
yield (Table 1).

To prove the utility of the 1,4-diketones 5 (which bear a
quaternary C atom) as building blocks in the synthesis of
heterocycles, compound 5a was treated with liquid NH3.
After chromatographic workup, the novel bicyclic 3,4-dihy-
dro-2H-pyrrole derivative 6 was isolated as a single diaster-
eomer in 63% yield (Scheme 2). The molecular structure of 6

was confirmed by X-ray single-crystal analysis (Figure 1)[12]

and can be seen as a product of an interrupted Paal–Knorr
pyrrole synthesis. The final elimination of water is inhibited
by the quaternary center, and the position of the formed
double bond is unexpected for this type of reaction.[4a,b]

In summary, 1,4-diketones 5 are readily accessible in a
two-step one-pot reaction in 50–87% overall yields. Our
synthetic concept, which may be a valuable alternative to
other umpolung strategies, combines an oxidative cerium-
catalyzed C�C coupling of 1,3-dicarbonyl compounds 1 with
styrene (3) and a pyridine/AcCl-mediated Kornblum–
DeLaMare fragmentation. A follow-up reaction of 5a with

Table 1: Formation of 1,4-dicarbonyl compounds 5 by a two-step one-pot
reaction consisting of cerium-catalyzed C�C coupling with 3 and
subsequent Kornblum–DeLaMare fragmentation.[a]

Product Yield [%][b] Product Yield [%][b]

5a 71 5e 50[c]

5b 62 5 f 71

5c 87[c] 5g 68

5d 72 5h 72

[a] See Experimental Section for reaction conditions. [b] Overall yield
over two steps. [c] 5 mol% of CeCl3·7H2O.

Scheme 2. Interrupted Paal-Knorr reaction of the 1,4-dicarbonyl com-
pound 5a to pyrrole derivative 6.

Figure 1. ORTEP view of 3,4-dihydro-2H-pyrrole derivative 6 drawn at
the 50% probability level.
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NH3 to afford the new dihydro-2H-pyrrole derivative 6
demonstrates that 1,4-diketones 5 are suitable precursors
for heterocyclic compounds.

Experimental Section
Typical procedure: Styrene (3 ; 2.0 equiv) and the respective 1,3-
dicarbonyl compound 1 (1 mmol, 1.0 equiv) were added to a stirred
suspension of CeCl3·7H2O (0.1 equiv) in iPrOH (0.65 mL/mmol 1).
After 4 h, more 3 (1.0 equiv) was added, and the reaction mixture was
stirred for a further 20 h at room temperature. All volatile materials
were removed under vacuum, and the residue was suspended in
CH2Cl2 (2 mL/mmol 1). Pyridine (5.0 equiv) and acetyl chloride
(6.0 equiv) were added at 0 8C, and the resulting mixture was stirred
for 16 h at room temperature. The reaction mixture was filtered
through SiO2 (petroleum ether/EtOAc 2:1) and subsequently purified
by silica-gel column chromatography (petroleum ether/EtOAc 5:1) to
give 1,4-diketones 5 as the major products.
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Element Modifications

[Ga22(PtBu2)12]: Diversity in the Arrangement of
22 GalliumAtoms—AUnique Case in the Field of
Metalloid Clusters?**

Jochen Steiner, Gregor St�ßer, and
Hansgeorg Schn�ckel*

Dedicated to Professor Nils Wiberg
on the occasion of his 70th birthday

With the formation of three different Ga22 frameworks in
metalloid clusters, the element gallium assumes a unique
position in the field of metal clusters,[1] since to our knowl-
edge, structural isomers of large metalloid clusters are not
known to date for any other metal. Here we report an
additional structural variation in the arrangement of 22
gallium atoms, in which for the first time an icosahedral Ga12
core is retained despite extensive reduction of the Ga22
framework (average oxidation number 0.55). We have
previously achieved low oxidation numbers for Ga22 clusters
only when gallium-centered arrangements were present in the
cluster core (oxidation number 0.36, Figure 1): [Ga22R8] (1)
with R= SitBu3 (1a),[2] Si(SiMe3)3 (1b),[3] and Ge(SiMe3)3
(1c)[4] as well as [Ga22R10]

2� (2) with R=N(SiMe3)2;
[5] the

coordination numbers of the central Ga atoms are 13 for 1
and 11 for 2. In contrast, in the case of the only previously
obtained Ga22 cluster with an icosahedral Ga22 core (without a
central Ga atom), [Ga22{N(SiMe3)2}10Br10]

2� (3),[6] the average
oxidation number of 0.82 is not very different from that of the
GaX starting material. This is also true for the first polyhedral
gallium subhalide [Ga24X22] (4)

[7] (average oxidation number
0.92), which can be viewed as a common precursor (possibly
in a slightly modified form, such as [Ga22X20], which is
analogous to the well-known [Al22X20]

[8]) for the numerous
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Ga22 clusters (Figure 1). With the PtBu2 ligand used here, as in
previous cases such as the metalloid clusters [Ga16(PtBu2)10]
(5)[9] and [Ga51(PtBu2)14Br6]

3� (6),[10] we find that the cluster
core is linked to the outer shell by additional bonds to
bridging P atoms, which facilitates the isolation of unusual
Gan frameworks. Such clusters have fewer ligands for a given
number of metal atoms than clusters with purely terminally
coordinated ligands. Therefore, it is possible to achieve a
lower oxidation state for the gallium framework.

After slowly heating a metastable solution of GaCl,
synthesized by the co-condensation of GaCl with a toluene/
diethyl ether (4:1) mixture, from�78 8C to�65 8C and then to
�50 8C to induce disproportionation to Gan clusters, the
metathesis reaction is spontaneous, if at these temperatures,
initially only 1=3 and then 2=3 of the amount of LiPtBu2 required
for full substitution is added as a toluene suspension.
Removal of the volatile components under vacuum and
washing with pentane yields a dark extract from which large
black crystals of [Ga22(PtBu2)12] (7) can be obtained reprodu-
cibly within a few days at + 60 8C. The crystal structure

analysis[11] of 7 reveals the neutral [Ga22(PtBu2)12] cluster
depicted in Figure 2. The arrangement of the cluster mole-
cules within the crystal corresponds to that of a distorted
primitive hexagonal structure with the coordination numbers

[4+ 4+ 8]. The distances between the centers of the clusters
are 15.41, 17.62, and 23.62 @, respectively, for the above-
mentioned coordination numbers. The central icosahedral
Ga12 framework is bound through bridging P atoms to three
Ga atoms in each of two neighboring Ga5 units (see below).
These six bridging P atoms enclose the Ga12 icosahedron in an
octahedron (Figure 2). The six remaining Ga atoms of the
icosahedron, which are arranged in a chair conformation, are
bound directly to other Ga atoms, which surround the
icosahedron in the form of two chainlike fragments. Each of
the Ga5 chains contains two naked Ga atoms and three Ga
atoms that are each bound to two PtBu2 groups—one bridging
(to the light-colored Ga atoms of the central icosahedron in
Figure 2) and one terminal. The ten naked Ga atoms are
depicted in black in Figure 2.

The distinctive feature of the [Ga22(PtBu2)12] cluster (7) is
that the GaR units surrounding the icosahedral core are
bound very tightly to it by the additional bridges. Therefore,
they cannot be removed as GaR units like other nonbridging
ligands (such as C(SiMe3)3, Si(SiMe3)3, and N(SiMe3)2) under
comparable reaction conditions;[12] this prevents further
cluster growth (in contrast to the formation of the Ga84
cluster, for example). The strong bonds between the PtBu2

ligands and the cluster core on the one hand, and their high
reactivity as phosphanide anions on the other, make it
possible to take snapshots of the clusterCs growth.[13]

Through the stabilization provided by the bridging
phosphanide ligands in 7, an icosahedral Ga12 unit has been
obtained for the first time whose average oxidation number is
strongly shifted toward that of metallic gallium. Figure 3 (left)
shows that the arrangement of the 22 Ga atoms of 7 is strongly

Figure 1. Ball-and-stick representations of the different arrangements
of the inner (black) 12, 13, or 14 gallium atoms in the metalloid clus-
ters 1 (1+13), 2 (1+11), 3 (12), 4 (12), and 6 (1+12). The informa-
tion given in parentheses indicates that, for example, the central Ga
atom in 6 is surrounded by 12 Ga atoms in the first coordination
sphere.

Figure 2. Ball-and-stick representation of the Ga22 cluster 7; for clarity,
only the bonds from the central phosphorus atom to the a-carbon
atom of the tBu groups are shown, the bare Ga atoms are shown in
black. The octahedrally arranged P atoms of the bridging phospha-
nides are drawn as polyhedra (with a view of the parallel triangular
faces of the icosahedron and octahedron).
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reminiscent of that of the atoms in d-gallium[15] (Figure 3,
right). The average Ga�Ga distances in the icosahedral
substructure of 7 (2.68 @) are shorter than those in d-gallium
(2.82 @); this is not unexpected, in respect of the higher
coordination number in d-gallium. In addition, the increase in
oxidation number from 0 in d-gallium to 0.55 in 7 leads to a
decrease in the Ga�Ga distances. This influence of the
oxidation number on the volume of the icosahedral Ga12
cluster could also be confirmed by single-point calculations[16]

for 7 and 3 : 3 (oxidation number + 0.82) 377 @3 and 7
(oxidation number + 0.59) 395 @3. As expected, analogous
calculations reveal the volume of the Ga12 icosahedron in d-
gallium to be considerably larger, 431 @3.

Unfortunately, each of the Ga22 clusters obtained to date
represents only one of many snapshots on the way from the
GaI species to gallium metal. However, these snapshots
demonstrate that this fundamental process of metal forma-
tion[17] through disproportionation of metastable solutions is
influenced in complex ways by many parameters (e.g.
temperature, the type of ligand, the type of donor, and the
donor concentration). Similar complexity is certainly
expected for the formation of other metals as well. However,
since elemental gallium has seven modifications, which are
possibly only attained by different reaction paths, the
clarification of the formation mechanisms may be exception-
ally difficult in this case. Of particular interest here is the
question under which conditions the formation of an icosa-
hedral structure as in 3, 4, and 7 versus a centered cubic
octahedral structure as in 1, 6, and [Ga19R6]

� (R=

C(SiMe3)3)
[19] (8) is favored. Many experimental and quan-

tum-chemical investigations will be necessary to find an
answer to this question. Here, we have initially investigated
the volume requirements of the gallium atoms in several Ga12
and Ga13 units. As a result of such single-point calculations of
volume requirements, we have found an approximately linear
relationship between atom volume and the corresponding
average oxidation state within both the icosahedral Ga12 units
and the central Ga13 units (Table 1).

These calculations, based on the experimentally deter-
mined structures of the Ga12 and Ga13 units, demonstrate that
the average atomic volumes of the core gallium atoms differ
significantly, depending on the coordination polyhedron.

Whereas an icosahedral arrangement of the Ga12 core led to
an atomic volume between 35.92 and 31.41 @3, for cubic
octahedral coordination patterns this rose to values ranging
from 38.54 to 34.57 @3. Within both groups, the atoms of the
formally zero-valent element modification (fcc- or d-gallium)
assume the maximum volume; as expected, this decreases as
the oxidation state of the molecule increases. It is thus the
goal of continuing investigations to synthesize molecules
whose average oxidation states lie in the range between 0.4
and 0.5. By using identical ligands, slight variations of the
reaction conditions could make it possible to obtain both
structures (icosohedron or cubic octohedron) with the same
ligand shell. This would allow us to determine the influence of
the average oxidation state on the arrangements of the cluster
cores during formation of the element.

These investigations, which bring the number of different
arrangements for 22 Ga atoms in metalloid clusters to four,
illustrate the complexity involved in the formation of a bulk
metallic phase from precursor salts. The isolation of individ-
ual metalloid clusters as intermediates of this process and the
determination of their structures is currently the only direct
approach to the solution of this fundamental problem. In
principle, in situ NMR investigations should be ideal for
answering these questions, but for a variety of reasons they
often do not achieve this goal: low solubility of the cluster
compounds, large half-widths of the gallium signals, and the
large number of different gallium atoms in the clusters, which
according to calculations result in different NMR chemical
shifts (these are mixed-valent compounds, for example, the
Ga84 cluster[20] contains 42 different Ga atoms; quantum-
chemical calculations indicate that these should also have
different chemical shifts[21]). Understanding the interactions
of the metalloid clusters within the crystal is even more
difficult to achieve than knowledge of their structures and
mechanisms of formation—as in the case of the unsuccessful
interpretation of the electrical conductivity and superconduc-
tivity of the Ga84 cluster compound.[22, 23]

Experimental Section
LiPtBu2 (1.38 g, 9 mmol) was suspended in toluene (30 mL) at room
temperature. In a flask cooled to �78 8C, a 0.32m GaICl solution
(20 mL; 6.4 mmol) in toluene/Et2O (4:1) was slowly warmed to

Figure 3. Comparison of the gallium substructure in the Ga22 cluster
(7, left) with the corresponding section of the d-modification of
gallium (right).

Table 1: Calculated atomic volumes in icosahedral and body-centered
centers of metalloid gallium clusters and element modifications.

Ox.[a] Vol. [B3]/�(Atoms) Vol. [B3]/Atom

d-gallium 0 431 (12) 35.92
7 0.55 395 (12) 32.92
3 0.82 377 (12) 31.41
4 0.92 379 (12) 31.58
fcc GaIV[b] 0 501 (13) 38.54
fcc GaIV[c] 0 397 (13) 30.54
8 0.26 462 (13) 35.54
6 0.33 455 (13) 35.00
1b 0.36 484 (13+1) 34.57

[a] Average oxidation state. [b] Volume of the Ga13 core extrapolated to
standard pressure. [c] Volume of the Ga13 core calculated from the lattice
constant at 68 GPa.
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�65 8C and the LiPtBu2/toluene suspension (10 mL) was added by
pipette. The reaction solution was maintained at�50 8C for 2 h before
the remaining ligand suspension (20 mL) was added. The mixture was
then warmed to room temperature over 12 h. This resulted in a deep
black solution with no residue. The solvent was removed under
vacuum and the resulting residue was extracted with pentane.

The deep black pentane extract was filtered to remove the LiCl
precipitate and then transferred to a Schlenk flask and heated to 60 8C
for 2 h. The mixture was allowed to slowly cool to room temperature,
and the Ga22 cluster crystallized within a few days as black rhombuses,
which could then not be redissolved (yield: 210 mg, 0.064 mmol). It
was thus impossible to carry out any NMR spectroscopic or ESI mass
spectrometric investigations. Mass spectrometric investigations with
the MALDI technique led to unspecific fragmentations.
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Spirocycles

AConvergent Route to Enantiomerically Pure
Higher [n�2]Triangulanedimethanol Derivatives
and [n]Triangulanes (n� 7)**

Armin de Meijere,* Alexander F. Khlebnikov,
Sergei I. Kozhushkov, Kazutoshi Miyazawa,
Daniel Frank, Peter R. Schreiner,
B. Christopher Rinderspacher, Dmitrii S. Yufit, and
Judith A. K. Howard

Dedicated to Professor Lawrence T. Scott
on the occasion of his 60th birthday

[n]Triangulanes 1,[1] that is, hydrocarbons that consist of spiro-
annelated (and thereby mutually orthogonal) cyclopropane
rings only, with n= 4 (2) and n= 5 (3) were recently prepared
in enantiomerically pure form.[2,3] The extraordinarily high
specific rotations of these hydrocarbons (P)-2, 3 and (M)-2, 3,
which do not bear any chromophore that absorbs above
200 nm, must be attributed to their unique helical s-bond
framework.[4] In the same way as it was proved for the higher
p-[n]helicenes with n� 8,[5] the higher (n� 6) s-[n]helicenes,
as these [n]triangulanes with n� 4 may be termed,[6] must be
expected to exhibit ever larger specific rotations, at least for a

significant series of derivatives with an increasing number of
spiroannelated three-membered carbocycles.

To test this prediction, we set out to prepare higher
analogues of 2 and 3 in enantiomerically pure form. In view of
the rapidly growing number of possible stereoisomers of these
[n]triangulanes with increasing n (e.g., the family of [9]trian-
gulanes consists of four meso diastereomers and 16 pairs of
enantiomers),[7] a linear strategy to approach any enantio-
merically pure continuously helical [n]triangulane with n� 4
would not be feasible (there is only one enantiomeric pair of
s-[6]helicenes and two additional pairs of enantiomeric
[6]triangulanes).[7] We therefore conceived a reasonably
general convergent strategy, and report herein our first results
on its successful application in the synthesis of enantiomeri-
cally pure s-[9]helicenes.

Enantiomerically pure [(1R,3S)-4-methylenespiropentyl]-
methanol [(1R,3S)-5] and the corresponding enantiomeric
acetate (1S,3R)-6, which are easily accessible in more than
100-g quantities by enantioselective enzymatic acylation of
the racemic alcohol rac-5 with lipase PS,[3,8] were chosen as
appropriate starting materials. The addition of dibromocar-
bene to the double bond in the THP-protected alcohol
(1R,3S)-7 or the acetate (1S,3R)-6,[8] adopting a well-estab-
lished protocol,[9] was followed by deprotection and chroma-
tographic separation to furnish 5,5-dibromodispiro[2.0.2.1]-
methanols (1R,3S,4S)-, (1R,3S,4R)-, (1S,3R,4S)-, and
(1S,3R,4R)-8 in 27, 25, 32 and 28% yield, respectively
(Scheme 1).

The absolute configuration of all four diastereomers was
assigned on the basis of the X-ray crystal-structure analysis[10]

of an arbitrarily selected dibromocyclopropane derivative of
type 8, prepared from (1R,3S)-7, the known absolute config-
uration of the starting materials,[8] and comparison of the
NMR spectra. THP ethers (1R,3S,4S)-9 and (1S,3R,4R)-9
were prepared from the corresponding alcohols with an anti-
arrangement of their hydroxymethyl and dibromomethylene
groups. An improved version of the protocol of Neuen-
schwander et al.[11] was used for the reductive dimerization of
(1R,3S,4S)-9 and (1S,3R,4R)-9 to yield mixtures of the
diastereomeric bicyclopropylidene derivatives[12] (E)-10 and
(Z)-10 after cleavage of the resulting THP ethers (Scheme 1).
The dimerization probably proceeds via a copper carbenoid
generated by treatment of the dibromocyclopropanes 9 with
n-butyllithium in the presence of copper(ii) chloride. After
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chromatographic separation from the corresponding
Z isomers, diols (E)-(3R,3’R,4R,4’R,5S,5’S)-10 and (E)-
(3S,3’S,4S,4’S,5R,5’R)-10 were obtained in 33 and 23% yield,
respectively. These products have the appropriate
configurations required for the targeted, continuously
helical [9]triangulanes. The assigned E configuration of
(3S,3’S,4S,4’S,5R,5’R)-10 was confirmed by X-ray crystal-
structure analysis.[10]

Among several attempted cyclopropanations of the diols
(E)-(3S,3’S,4S,4’S,5R,5’R)-10 and (E)-(3R,3’R,4R,4’R,5S,5’S)-
10 (e.g. with CH2N2/Pd(OAc)2

[13] or with CH2I2/AlMe3
[14]),

only the modified Simmons–Smith-type cyclopropanation[15]

according to Shi et al. (with CH2I2,/ZnEt2/TFA)[16] applied to
(E)-(3R,3’R,4R,4’R,5S,5’S)-10 gave a [7]triangulanedimetha-
nol in moderate yield (28%), which, disappointingly, turned
out to have the incorrect configuration (1S,3R,4R,5S,6S,7R,8-
R,9S)-11 [d-(+)-11] with a horseshoe shape (Scheme 2).
Apparently, the cyclopropanation of (E)-10 under these
conditions occurs on the sterically less-congested face of the
bicyclopropylidene moiety.

Fortunately, though, the old and nowadays rarely applied
Gaspar–Roth cyclopropanation protocol (with CH2N2/

CuCl)[17] gave the target (1S,3R,4R,5R,6R,7R,8R,9S)-11 [(P)-
(+)-11] and (1R,3S,4S,5S,6S,7S,8S,9R)-11 [(M)-(�)-11] in 26
and 30% yield, respectively, on a 4-mmol scale.[18] However, a
large excess of diazomethane and cuprous chloride was
required. The absolute configurations of (P)-(+)-11 and (M)-
(�)-11 were assigned on the basis of their relative config-
urations as disclosed by X-ray crystal-structure analyses.[10]

The enantiomerically pure diols d-(+)-11, (P)-(+)-11, and
(M)-(�)-11 were transformed into the enantiomerically pure
[9]triangulanes d-(+)-14, (P)-(+)-14, and (M)-(�)-14, respec-
tively, in three routine steps for the preparation of triangu-
lanes (Scheme 3).[3] First, the diols were converted into the
bis(bromomethyl)[7]triangulanes 12 by treatment with
PPh3·Br2. Subsequent dehydrobromination of 12 with potas-
sium tert-butoxide gave 1,9-dimethylene[7]triangulanes 13,
and cyclopropanation of the latter with diazomethane under
Pd(OAc)2 catalysis[13] furnished the corresponding enantio-
merically pure d- [d-(+)-14], (M)- [(M)-(�)-14], and (P)-
[9]triangulanes [(P)-(+)-14] in 19, 15, and 30% overall yield,
respectively, (� 99% ee) after chromatographic separation in
the last step.[19]

As expected, both (P)- and (M)-14 exhibit remarkably
high specific rotations even at 589 nm: [a]20D = ++ 909.9 (c=

0.96 in CHCl3) and �890.5 (c= 1.01 in CHCl3), respectively.
The specific rotations increase drastically on going to shorter
wavelengths: [a]20436 = ++ 1907.0, [a]20365 = ++ 3119.4 ((P)-(+)-14)
and [a]20436 =�1866.2, [a]20365 =�3051.1 ((M)-(�)-14), indicat-
ing that these compounds must exhibit Cotton effects with
large amplitudes in the optical rotatory dispersion (ORD)

Scheme 1. Preparation of enantiomerically pure 5,5’-bis(dispiro[2.0.2.1]-
heptylidenemethanol) derivatives (E)-(3S,3’S,4S,4’S,5R,5’R)-,
(E)-(3R,3’R,4R,4’R,5S,5’S)-, and (Z)-(3R,3’R,4R,4’R, 5S,5’S)-10. a) DHP,
PPTS, CH2Cl2, 20 8C, 1.5–5 h; b) CHBr3, KOH (pellets), TEBACl,
CH2Cl2, 20–258C, 1–3 h; c) MeOH, H2SO4, 65 8C, 4 h; d) MeOH, PPTS,
50–658C, 2–18 h; e) nBuLi, CuCl2, �105 to �95 8C, 2 h. DHP=3,4-
dihydro-2H-pyran, PPTS=pyridinium toluene-p-sulfonate, TEBACl=
benzyltriethylammonium chloride, THP= tetrahydropyran-2-yl.

Scheme 2. Cyclopropanation of enantiomerically pure 1,1’-
bis(dispiro[2.0.2.1]heptylidenemethanol) derivatives (E)-
(3R,3’R,4R,4’R,5S,5’S)- and (E)-(3S,3’S,4S,4’S,5R,5’R)-10 under different
conditions. a) ZnEt2, CH2I2, TFA, 0!20 8C, 5.5 h; b) CH2N2 (120–
150 equiv), CuCl (30 equiv), 20 8C, 3 h. TFA= trifluoroacetic acid.
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curve below 200 nm. DFT calculations at the B3LYP/6-
31+G(d,p) level[20–24] for the geometry optimization and time-
dependent DFT calculations for determining optical rotations
with a triple-z basis set (B3LYP/TZVP)[25] for (P)-(+)-14 in
the gas phase gave specific rotations of [a]20D = 1006.5, [a]20436 =

2010.7, and [a]20365 = 3145.5. These are in excellent agreement
with the experimental values over the whole range of
wavelengths and thus confirm the strong positive Cotton
effect in the ORD curve, which is consistent with a large
ellipticity in the CD below 200 nm. In contrast, the enantio-
merically pure, but not continuously helical, horseshoe-
shaped d-(+)-14 has specific rotations of [a]20D = ++ 244.9 (c=

1.13 in CHCl3), [a]
20
436 = ++ 511.2, and [a]20365 = ++ 832.0 only. A

comparison of the values of [a]20D for the now known
enantiomerically pure s-[n]helicenes (P)-(+)-14 (+ 909.9),
(P)-(+)-3
(+ 373.0), and (M)(�)-2 (�192.7)[2,3] indicates a drastic
increase in the specific rotation with an increasing number
of three-membered rings (see reference [4]). This increase is
neither proportional to the relative molecular masses nor to
the number of cyclopropane rings.

Another extraordinary feature was observed for the
crystal packing of (M)-(�)-11. In the crystals obtained from
a solution in n-hexane containing some diethyl ether, the
molecules are assembled as supramolecular helices through
hydrogen bonds between the terminal hydroxy groups. Two
such helices form a supramolecular double helix (Figure 1). A
closer look disclosed that Et2O molecules are incorporated in
the grooves between two double helices. In spite of being
severely disordered in the structure, these solvent molecules

apparently play an important role in gluing the
double helices together; upon exposing the crystals
to air, they rapidly disintegrate into powder, most
probably because the Et2O evaporates from the
channels. The hydroxymethyl end groups in (P)- and
(M)-11 apparently are also essential for the supra-
molecular double-helix formation, as the hydro-
carbons (M)-13 and (M)-14 do not form such a
packing in their crystals.

Single, double, and even triple helical structures do play
very important roles in biology and in polymer chemistry.
However for relatively small nonbiological objects, this is not
a common phenomenon[26] in that they rarely form single
helices,[27] even less frequently double and triple helices.[28]
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(hexane/CH2Cl2/Et2O); [a]20D = ++ 673.9 (c= 1.92 in CHCl3). (P)-
(+)-12 : Colorless crystals, m.p. 88–89 8C (MeOH); [a]20D =

+527.7 (c= 1.25 in CHCl3);
1H NMR (250 MHz, CDCl3): d =

3.50 (s, 2H; CH2Br), 3.47 (s, 2H; CH2Br), 1.51–1.60 (m, 2H; Cpr-
H), 1.31 (d, J= 3.9 Hz, 2H; Cpr-H), 1.25 (d, J= 4.0 Hz, 2H; Cpr-
H), 1.18 (dd, J= 7.7, 4.7 Hz, 2H; Cpr-H), 1.12 (d, J= 3.8 Hz, 2H;
Cpr-H), 1.03 (s, 2H; Cpr-H), 1.01 (d, J= 4.1 Hz, 2H; Cpr-H),
0.75 ppm (t, J= 4.5 Hz, 2H, Cpr-H); 13C NMR (62.9 MHz,
CDCl3): d = 38.3 (2CH2), 22.5 (2C), 19.1 (2CH), 18.2, 18.1
(2C), 13.3, 10.4 (2CH2), 9.0 (CH2), 8.1 ppm (2CH2). (P)-(+)-13 :
Colorless crystals, m. p. 62 8C (MeOH); [a]20D = ++1302.1 (c= 1.17
in CHCl3);

1H NMR (600 MHz, CDCl3): d = 5.31 (s, 2H;=CH2),
5.23 (t, J= 1.9 Hz, 2H; =CH2), 1.56 (d, J= 3.7 Hz, 2H), 1.43 (d,
J= 3.7 Hz, 2H), 1.39 (d, J= 7.7 Hz, 2H), 1.37 (dt, J= 1.9, 7.7 Hz,
2H), 1.25 (d, J= 4.0 Hz, 2H), 1.15 (s, 2H), 1.08 ppm (d, J=

4.0 Hz, 2H); 13C NMR (150.8 MHz, CDCl3): d = 135.7 (2C), 99.3
(2CH2), 21.9, 18.1, 15.9 (2C), 15.0, 10.7 (2CH2), 8.6 ppm (3CH2).
(M)-(�)-13 : Colorless crystals, m.p. 59–618C (MeOH); [a]20D =

�1285.4 (c= 0.60 in CHCl3); (M)-(�)-14 : Colorless crystals, m.p.
85–878C (EtOH); 1H NMR (600 MHz, CDCl3): d = 1.20 (d, J=

3.8 Hz, 2H), 1.17 (d, J= 3.8 Hz, 2H), 1.13 (d, J= 3.8 Hz, 2H),
1.11 (s, 2H), 1.08 (d, J= 3.7 Hz, 2H), 1.06 (d, J= 3.7 Hz, 2H),
0.97 (d, J= 3.8, 2H), 0.86–0.83 (m, 2H), 0.79–0.74 (m, 4H), 0.70–
0.67 ppm (m, 2H); 13C NMR (150.8 MHz, CDCl3): d = 18.1, 18.0,
17.4, 13.6 (2C), 11.2, 10.3 (2CH2), 9.2 (CH2), 9.1, 4.8, 4.6 ppm
(2CH2). (P)-(+)-14 : Colorless crystals, m. p. 85–86 8C (EtOH).
NMR spectra of compounds (P)-(+)-11, (M)-(�)-13, and (P)-
(+)-14 were identical to those of their enantiomers.

[20] Gaussian98 (RevisionA.9), M. J. Frisch, G. W. Trucks, H. B.
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A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J.
V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
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Cover Picture

Dorothea Fiedler, Robert G. Bergman,* and Kenneth N. Raymond*

A supramolecular metal–ligand assembly catalyzes the [3,3]-sigmatropic
rearrangement of enammonium guests in aqueous solution. The cover picture shows
the proposed catalytic cycle. The space-restrictive host cavity forces the substrates to
bind in a reactive chairlike conformation and thus accelerates the rate of
rearrangement. Release and hydrolysis of the rearranged product enable catalytic
turnover. For more information, see the Communication by R. G. Bergman, K. N.
Raymond, and D. Fiedler on p. 6748 ff.

Noncovalent Interactions
The affinity of a ligand for its receptor depends both on the coordination itself and
modification of the noncovalent interactions within the receptor. This phenomenon is
described by D. H. Williams et al. in their Review on page 6596 ff.

Polymerization Catalysts
Epoxides and CO2 undergo copolymerization in the presence of well-defined
homogeneous catalysts to produce polycarbonates. The latest developments in this
field are summarized by G. W. Coates and D. R. Moore in their Review on
page 6618 ff.

Water structure
The previous assumption that water adsorbs in a uniform monolayer on the surface of
zinc oxide is disproved by B. Meyer, C. W6ll, and co-workers in their Communication
on page 6641 ff. According to the findings a superstructure is formed that consists of
partially dissociated water molecules.



The Woodward–Hoffmann Rules …

… were recognized as ground-
breaking immediately upon their for-
mulation, and “many chemists� eyes
were opened when they read the origi-
nal publication by Woodward and Hoff-
mann in 1965 and the legendary Review
in Angewandte Chemie in 1969”. These
are the opinions of contemporary wit-
nesses whom we asked for advice as to
whether Angewandte Chemie should
publish an article by Roald Hoffmann
in which he responds to E. J. Corey�s
claim to have given R. B. Woodward the
incentive to develop what quickly be-
came known as the Woodward–Hoff-
mann rules. In his acceptance speech
during the award ceremony for the
Priestley Medal, the highest accolade
awarded by the American Chemical
Society, in Spring 2004, E. J. Corey
stated that:

“On May 4, 1964, I suggested to my
colleague R. B. Woodward a simple
explanation involving the symmetry of
the perturbed (HOMO) molecular orbi-
tals for the stereoselective cyclobutene /
1,3-butadiene and 1,3,5-hexatriene/cy-
clohexadiene conversions that provided
the basis for the further development of
these ideas into what became known as
the Woodward-Hoffmann rules.” (pub-
lished in Chem. Eng. News 2004, 82(13),
42–44).

The audience/readership was astound-
ed: Were the Woodward–Hoffmann
rules not formulated by Woodward and
Hoffmann after all? Should they rather
be called the Corey–Woodward–Hoff-
mann rules? It was well known that
Havinga, Schlatmann, and especially
Oosterhoff had set some very important
precedents (see: J. Berson, Chemical
Creativity, Wiley-VCH,Weinheim, 1999,
pp. 26–31). However, Corey�s name had
never before been mentioned in this

context. As R. B. Woodward (Figure 1)
died in 1979 at the age of 62, he can no
longer say whether the conversation
with Corey on May 4, 1964, enlightened
him, gave him a decisive impetus, or
merely confirmed his already well-
thought-out ideas.

It is most fortunate for the history of
science in general and for chemistry in
particular that—triggered by E. J. Cor-
ey�s statement—Roald Hoffmann has
penned his memories of that time.
Entitled “A Claim on the Development
of the Frontier Orbital Explanation of
Electrocyclic Reactions”, his recollec-
tions of the early days of the develop-
ment of the Woodward–Hoffmann rules
and the time leading up to their pub-
lication can be read on page 6586 ff. It is
unfortunate, but to be respected, that
E. J. Corey, whom we of course asked to
respond, chose not to say any more on

the subject other than reiterating: “I am
sure that the statement I made in my
Priestley presentation is absolutely true,
and at a later time I will present the full
story.”

For readers who practiced and shaped
chemistry in the 1960s and 1970s, Roald
Hoffmann�s contribution makes com-
pelling reading. For all readers, the
article is an opportunity to ponder how
new theories develop and how impor-
tant communication is: both personal, in
the form of conversations and corre-
spondence, and formal, from presenta-
tions to publications. And how easily the
sender and receiver can interpret the
same information in a completely differ-
ent manner. Angewandte Chemie is a
suitable forum for this contribution: The
above-mentioned Review (Angew.
Chem. 1969, 81, 797–869; Angew. Chem.
Int. Ed. Engl. 1969, 8, 781–853), in which

Figure 1. R. B. Woodward with a Dreiding model of cobyric acid. Copyright: Harvard University
Archives.
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the detailed Woodward–Hoffmann
rules were lucidly presented, was pub-
lished in this journal (see Figure 2).
This Review is certainly one of the
most-cited publications of Angewandte
Chemie and, since the launch of the
electronic Backfiles, has been one of
the most-often downloaded files. Fur-
thermore, the publication of a Corre-
spondence article in a scientific journal
has a more lasting character than in a
magazine. May it now and in future
find many readers and spur them on to
reflect carefully on their own behavior.

Dr. Peter GElitz
Editor

P.S. Another recommended read in this
issue is the Essay by Amir Hoveyda,
who delves into Primo Levi�s literary
masterpiece, The Periodic Table
(page 6592 ff.). Figure 2. First page of the legendary Review by R. B. Woodward and R. Hoffmann in Angewandte

Chemie.
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The well-known Woodward–Hoffmann
rules explain how the feasibility and
stereochemical outcome of pericyclic
reactions are governed by the symmetry
properties of the molecular orbitals of the
reactants and products. Triggered by a
recent claim by E. J. Corey, Roald Hoff-
mann recalls the first steps in the
development of this theory.

In his book The Periodic Table, Primo Levi,
with touching thoughtfulness, sketched
the magic of the elements that make up
this world. As with all enduring works of

art, The Periodic Table is open to numer-
ous interpretations. Another visit, a
quarter of a century after its publication,
proves to be most rewarding.
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Reviews

Noncovalent Interactions

D. H. Williams,* E. Stephens,
D. P. O’Brien, M. Zhou 6596 – 6616

Understanding Noncovalent Interactions:
Ligand Binding Energy and Catalytic Effi-
ciency from Ligand-Induced Reductions in
Motion within Receptors and Enzymes

Polymerization Catalysts

G. W. Coates,* D. R. Moore 6618 – 6639

Discrete Metal-Based Catalysts for the
Copolymerization of CO2 and Epoxides:
Discovery, Reactivity, Optimization, and
Mechanism

Communications

Water Structure

B. Meyer,* D. Marx, O. Dulub, U. Diebold,
M. Kunat, D. Langenberg,
C. W&ll* 6641 – 6645

Partial Dissociation of Water Leads to
Stable Superstructures on the Surface of
Zinc Oxide

Single-Molecule Studies

L. Kastrup, S. W. Hell* 6646 – 6649

Absolute Optical Cross Section of
Individual Fluorescent Molecules
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The strength lies within: This review
proposes that receptors and enzymes
(shown in blue in the scheme) derive an
important contribution to binding their
ligands and transition states (respec-

tively) by decreasing their dynamic beha-
vior. Conversely, ligand binding energy is
reduced where the binding process
increases the dynamic behavior of the
receptor protein.

Given the non-renewable nature of syn-
thetic polymers from petroleum feed-
stocks, there is increasing interest in
developing routes to biodegradable poly-
meric materials from renewable resour-
ces. Polycarbonates made from CO2 and

epoxides (see scheme) have the potential
to meet these important goals. Reviewed
here are well-defined catalysts for epox-
ide–CO2 copolymerization and related
reactions.

Half-dissociated : Experimental and com-
putational findings conclude that water
forms a highly ordered superstructure on
defect-free surfaces of zinc oxide, in which
every second water molecule is dissoci-
ated (see picture). The results are of
general relevance for heterogeneous
catalysis.

Light switches : The photon capture area
of single fluorescent molecules has been
directly measured by switching them “on
and off” with light. Stimulated emission of
single molecules (see picture) enables the
precise control of the excited state popu-
lation probability of an individual mole-
cule at room temperature.

http://www.angewandte.org




Biomaterials

C. Dahmen, J. Auernheimer, A. Meyer,
A. Enderle, S. L. Goodman,
H. Kessler* 6649 – 6652

Improving Implant Materials by Coating
with Nonpeptidic, Highly Specific Integrin
Ligands

Lewis Acids

T. Krahl, E. Kemnitz* 6653 – 6656

Amorphous Aluminum Bromide Fluoride
(ABF)

DNA Adducts

W. Schrader,* S. D&ring,
W. Joppek 6657 – 6660

Mass Spectrometric Studies of DNA
Adducts from a Reaction with Terpenoids

Organocatalysis

J. W. Yang, M. T. Hechavarria Fonseca,
B. List* 6660 – 6662

A Metal-Free Transfer Hydrogenation:
Organocatalytic Conjugate Reduction of
a,b-Unsaturated Aldehydes
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Giving cells some stick : Osteoblast
adhesion to titanium, a common material
for implants, is stimulated by coating with
an optimized and highly specific nonpep-
tidic ligand for the avb3 integrin (see
picture). This new technology is advanta-
geous to conventional coating by peptides
or proteins in many practical aspects
(selectivity and activity, stability against
enzymatic degradation, sterilization,
costs).

Different octahedral units form the basis
of the structures of the very strong Lewis
acids aluminum bromide fluoride (ABF)
and aluminum chloride fluoride (ACF)
(see picture). A structure model for these
phases is established in which the octa-
hedra are linked through m-bridging
fluorine atoms and m3-bridging X atoms
(X=Cl, Br). The bridging of three octa-
hedra by a heavy halogen atom explains
the results of NMR and EXAFS analysis.

Markers by mass : The effect of terpenoids
on organisms can be investigated by
using DNA adducts as markers. High-
resolution MS was used to characterize
DNA/a-pinene oxide adducts after enzy-
matic digestion. The reaction of a-pinene
oxide with the N7 position of guanosine
leads to cleavage of the N-glycosidic bond
and formation of the N7 guanine adducts
(see picture).

Impressive tolerance is displayed in the
efficient and chemoselective organocata-
lytic transfer hydrogenation of a,b-unsa-
turated aldehydes in the presence of a
Hantzsch dihydropyridine and a catalytic

amount of dibenzylammonium trifluoro-
acetate (see scheme). Various sensitive
functional groups such as the nitro,
cyano, alkenyl, and benzyloxy groups
survive these reaction conditions.
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R. Kalkofen, S. Brandau, B. Wibbeling,
D. Hoppe* 6667 – 6669

Synthesis of Stereohomogeneous Cyclo-
propanecarbaldehydes and Cyclopropyl
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C. A. Risatti, R. E. Taylor* 6671 – 6672

Enantioselective Synthesis of Cyclopro-
panes by Aldehyde Homologation
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B. Wu, Q. Liu,
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Total Synthesis of Apoptolidinone
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A choice selection : A dynamic combina-
torial library of oligonuclear coordination
compounds is formed from a flexible
tris(catechol) ligand with titanium(iv)
ions in the presence of lithium carbonate
or potassium carbonate. A trinuclear
complex (1) can be isolated by crystal-
lization from DMF. In contrast, well-
defined mononuclear (2) compounds are
obtained by addition of Na+ as a template,
and tetranuclear compounds (3) are iso-
lated by changing the solvent to DMSO.

Small rings : Only a few methods are
known for the synthesis of cyclopropane
carbaldehydes and cyclopropyl ketones 2.
In a new, simple route to highly enan-
tioenriched trisubstituted three-mem-
bered rings, 4-hydroxy-1-alkenyl N,N-di-
isopropyl carbamates 1 are treated with
NaH, resulting in migration of the carba-
moyl group and intramolecular enolate
alkylation.

An efficient method for the enantioselec-
tive preparation of structurally diverse
cyclopropanes has been developed.
Sequential homoaldol coupling and acti-

vation steps result in a three-carbon
homologation of an aldehyde to give a
nonracemic, stereochemically rich cyclo-
propylcarboxaldehyde (see scheme).

The complex macrolide apoptolidinone
(1) was synthesized in 19 steps (longest
linear sequence) from (S)-malic acid. Key
reactions include A) two stereoselective
aldol reactions, B) a late-stage Grubbs
cross-metathesis reaction to install a
trisubstituted vinyl boronate, and C) an
intramolecular Suzuki–Miyaura reaction.
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After all, neat As(N3)5 can be isolated : By
analogy with AsCl5, neat As(N3)5 was
predicted to be a highly unstable com-
pound, and previous attempts at its
synthesis had resulted in intense explo-
sions. The successful syntheses and
characterization of neat As(N3)5 and
Sb(N3)5 and the crystal structure of the
[Sb(N3)6]� ion (see picture) are now
described.

A rearrangement strategy was used for the
synthesis of a- and b-gem-difluorocarba-
d-glucose, which are close congeners of
a- and b-d-glucose, in which the endo-
cyclic oxygen atom has been replaced by a

gem-difluoromethylene group (see
scheme). The two anomers a or b were
obtained stereoselectively by the use of
steric or electronic control, respectively.
TIBAL= triisobutylaluminum.

Hypervalency and secondary bonding are
the driving forces behind the rapid
absorption of gaseous carbon dioxide by
two organotellurium and organotin oxides
and the unexpected formation of a unique
tellurastannoxane cluster (see structure;
dark red Te, black Sn, gray C, light red O).
The absorption is reversible with the
liberation of carbon dioxide being
observed at temperatures between 90 and
145 8C.

Three terminal Sn=E bonds are present in
the imidotin clusters [(thf)LiSn3E3(m3-
NtBu)4]� (E=Se, Te; see picture: N blue;
Sn gray; Te orange; Li purple; O red) that
are readily obtained under mild condi-
tions, as solvent-separated ion pairs with
[Li(thf)4]+ (E=Se, Te) or [(thf)Li([12]-
crown-4)]+ counterions (E=Se), by
the reactions of the anionic cluster
[(thf)LiSn3(m3-NtBu)4]� with the
appropriate chalcogen.
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Hold the metal : Upon exposure of acet-
ates 1 to substoichiometric quantities of
triphenylphosphane in the presence of 2,
regioselective metal-free allylic substitu-

tion occurs through a formal tandem
SN2’–SN2’ substitution mechanism to
provide g-butenolides 3 with high levels of
regio- and diastereocontrol (see scheme).

Template-directed processes involving
polysaccharide, dextran, and preformed
zeolite crystals/nanoparticles are used to
prepare elaborate porous frameworks of
interconnected filaments of NaY zeolite/
silica nanoparticles, as well as macro-
scopic fibers of crystallographically
aligned silicalite nanocrystals (see pic-
ture; bar is 5 mm).

Catch a falling star : Peptides from chiral,
Ca-methylated a-amino acids (see
scheme) found in l enantiomeric excess
in meteorites show diastereoselectivity
when reacting with racemic proteinogenic
amino acids. Accordingly, the prebiotic
soup of proteinogenic amino acids may
have evolved into a chirally unbalanced
system, eventually seeding the
homochirality of life.

Removal service : A deletion mutant lack-
ing the Gly600 residue of a prokaryotic
squalene–hopene cyclase was prepared.
Surprisingly, the mutant cyclase has no
enzyme activity for 1 and 3, but shows a

high conversion ratio for 2 (see scheme).
Deleting Gly600 alters the specificity from
prokaryotic into that of eukaryotic-type
cyclases.
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Carbon copies : Alkaline-earth metal (Mg,
Ca, and Sr) derivatives 2 of a silagerma-
bicyclo[1.1.0]butane-2,4-diide are obtained
by the treatment of 1 with magnesium or
calcium in THF or by the reaction of the

dianion 3 with MgBr2, CaI2, or SrI2 in
THF. Such stable derivatives of charged
bicyclo[1.1.0]butanes have been elusive
species until now.

Sifting through the surface : Permselective
core/shell microgels have been prepared
by using a labile cross-linker, which can be
cleaved stoichiometrically to control the
porosity of the shell. Proteins that are
smaller than the pore size are allowed to
permeate through the shell to bind with
the core-bound ligand (arrows; see pic-
ture).

Multiple C�C bonds are formed in an
unprecedented reaction of an ylide with
2 equivalents of a rhodium-stabilized
carbene. The cascade cyclization of the

intermediate formed from the three com-
ponents gives bicyclic pyrrolidine pro-
ducts with excellent diastereoselectivity
(see scheme).

O2 for you : The trans-m-1,2-peroxo Ni2
dimer 3, a structural motif unknown
previously in nickel coordination chemis-
try, was produced by reaction of the
(tmc)nickel(i) precursor 1 with O2. Ther-
mal decomposition of 3 in CH3CN leads
to 2, in which the atoms of the hydroxide
ligand derive from O2 and the hydrocar-
bon solvent.

During the biosynthesis of glycopeptide
antibiotics of the vancomycin family, sev-
eral oxidative phenol coupling reactions
take place. An oxygenase (OxyB) from the
vancomycin producer catalyzes the first of
these coupling reactions to a significant
extent only when the putative hexapeptide
substrate is linked as a thioester to a
peptide carrier domain (PCD) derived
from the non-ribosomal peptide synthe-
tase (see picture).
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Independent of the ring size in the
aliphatic side chains, peptides made up of
b2,3-cyclic aminoxy acids, novel chiral
building blocks of foldamers, adopt uni-
form secondary structures consisting of
rigid b N�O turns and 1.89-helix struc-
tures (see figure). This contrasts previous
results from other groups with cyclic ring-
constrained b-peptides.

Central to the design of a new organoca-
talyst system for aldehyde–aldehyde aldol
reactions is the necessity of iminium
geometry control during the enamine
addition step (see scheme). Significant

structural variation in both the aldol donor
and aldol acceptor are possible while
maintaining high reaction efficiency and
enantioselectivity. TFA= trifluoroacetic
acid.

Spring-loaded supramolecular chemistry:
Pyridine-2-carboxaldehyde reacts with the
m-phenylenediamine shown in aqueous
solution in the presence of CuI ions to give
a tetracopper(i) grid complex (see struc-
ture). This structure is stable in water, but
not in any of the organic solvents tried.
The strain incorporated into the structure
is compensated by a diffuse pressure
applied by the hydrophobic effect.
R=2-hydroxyethylcarbamoyl.

The long and the short of it : N···O
distances less than 2.8 T (see picture)
have been implicated in determining the
220 nm circular dichroism band intensity
in helical peptides. An analysis of helical
peptide crystal structures, however,
reveals the average experimentally deter-
mined hydrogen-bond lengths are 2.978–
3.113 T (a helix) and 2.907–3.211 T
(310 helix).
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Water-soluble chiral Ru complexes with a
b-cyclodextrin unit have been shown to
catalyze the reduction of aliphatic ketones
(see scheme) with up to 97% ee and in
good to excellent yields in the presence of
sodium formate. The b-cyclodextrin unit is
an essential component of the catalyst. It
contributes to the unprecedented levels of
enantioselectivity observed through the
preorganization of the substrates in the
hydrophobic cavity.

A new twist of RNA fate : Site-selective
chemical functionalization at the C2’’�OH
group of paromomycin (1) afforded a
novel analogue with potent inhibitory
activity against several bacterial strains,
including a multidrug-resistant S. aureus
(MRSA) strain. X-ray cocrystal-structure
determination of the complex with the
A site of E. coli RNA revealed a new mode
of binding in which significant conforma-
tional and positional changes had taken
place in rings III and IV.

Protecting group chemistry was used to
functionalize the channel entrances of
zeolite L crystals. This approach is broadly
applicable and can be used to obtain a
wide range of new zeolite-based materials.
The picture shows two microcrystals
modified with amino groups at the chan-
nel entrances, which reacted further with a
red-luminescent head molecule.
FG= functionalizing group, prot.=pro-
tector.

Get into shape under redox : Rearrange-
ment of [Ru4S3(arene)4] accompanies
redox processes and occurs in its
reduction of H+ to H2 (see scheme;

Ru=Ru(cymene)). The [Ru4S3(arene)4]2+

ion is so crowded that arene rotation is
hindered, which allows the detection of
atropisomers.
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Visualizing 3D structures (especially of
supported catalysts) by the nondestruc-
tive method of electron tomography is
best accomplished by high-angle annular
dark-field (HAADF) rather than by bright-
field (BF) imaging; bimetallic clusters of
[Ru10Pt2] (diameter ca. 0.4 nm), supported
on nanoporous silica, are invisible in BF
but readily visible in HAADF images (see
pictures).

Catalytic containers : A supramolecular
metal–ligand assembly [M4L6] is utilized
as a catalytic host for the unimolecular
carbon–carbon bond-forming rearrange-
ment of enammonium cations (see
scheme). The restricted reaction space of
the supramolecular structure forces the
substrate to adopt a reactive conforma-
tion upon binding to the interior. The
assembly achieves up to 850-fold rate
acceleration of the rearrangement.
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*Corrigendum
Hydroamination/Cyclization of
Aminoalkenes Using Cationic
Zirconocene and Titanocene Catalysts**

K. C. Hultzsch,*
D. V. Gribkov 5542-–5546

Angew. Chem. Int. Ed. 2004, 43

DOI 10.1002/anie.200460880

We have become aware of a report by Bergman and co-workers that the abstraction of a
methyl group from [Cp2ZrMe2] with B(C6F5)3 leads to an acceleration of the intra-
molecular hydroamination reaction of an aminoallene substrate relative to the reaction
in which only [Cp2ZrMe2] is used (L. Ackermann, R. G. Bergman, R. N. Loy, J. Am.
Chem. Soc. 2003, 125, 11956). We therefore correct our statement on p. 5543 that “alkyl
metallocene cations have been used in organic synthesis, but to the best of our
knowledge not in hydroamination reactions”, with reference to the above-mentioned
publication.

Building Molecular Minerals: All Ferric
Pieces of Molecular Magnetite

G. W. Powell, H. N. Lancashire,
E. K. Brechin,* D. Collison,* S. L. Heath,*
T. Mallah, W. Wernsdorfer 5772–5775

Angew. Chem. Int. Ed. 2004, 43

DOI 10.1002/anie.200460636

In the legends to the Figures 3 and 4 the sweep rates and temperatures have been
transposed. The correct values are as follows:

Figure 3: sweep rate 0.001 Ts�1 and T=0.04–0.5 K; Figure 4: sweep rate 0.007 Ts�1 and
T=0.01–0.5 K.

The authors apologize for the error.
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Woodward–Hoffmann Rules

AClaim on the Development of the Frontier Orbital
Explanation of Electrocyclic Reactions
Roald Hoffmann*
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theoretical chemistry

An important discovery took place in
the period 1964–1969—it was the elab-
oration of the complex of ideas known
variously as “the conservation of orbital
symmetry” or “orbital symmetry con-
trol.” The stereochemistry and ease (or
difficulty) of the elementary steps of
many organic reactions found an ex-
planation in the phase relationships of
their molecular orbitals.

It was my fortune to collaborate with
R. B. Woodward in this story. Our
published work consisted of a series of
five communications to the Editor of J.
Am. Chem. Soc. in 1965,[1] a paper in
Accounts of Chemical Research,[2] and,
importantly, a final exposition of the
ideas in an article of some length in
Angewandte Chemie.[3]

Woodward and I used a variety of
theoretical approaches in our work—
from simple frontier orbital (HOMO/
LUMO) arguments, through orbital cor-
relation diagrams, interaction diagrams,
and perturbation theory arguments, to
detailed molecular orbital calculations.
There were good reasons not to use a
single approach—symmetry was a way
in to the solution, but its unthinking use
would have imprisoned us. Still, there
was a leitmotif in our work: orbitals and
their symmetries mattered, and so did
the number of electrons.

Woodward and I were lucky—we
not only rationalized a large, piecewise

puzzling, body of chemistry, but also
were able to make predictions that were
verifiable by a community eminently
capable and interested in probing ex-
perimentally the consequences of the
theory. Orbital symmetry considerations
were expeditiously tested; they were
found to be portable and productive.
The 1981 Nobel Prize in chemistry was
awarded to Kenichi Fukui and me for
this work; had R. B. Woodward lived,
there isn@t the least doubt that he would
have shared in this recognition.

E. J. Corey’s Public Claim

In his 2004 Priestley Medal address,
published in Chemical and Engineering
News,[4] E. J. Corey writes,

“On May 4, 1964, I suggested to my
colleague R.B. Woodward a simple ex-
planation involving the symmetry of the
perturbed (HOMO) molecular orbitals
for the stereoselective cyclobutene/1,3-
butadiene and 1,3,5-hexatriene/cyclohex-
adiene conversions that provided the
basis for the further development of these
ideas into what became known as the
Woodward–Hoffmann rules.”

The same sentence appears in a 2004
Journal of Organic Chemistry perspec-
tive by E. J. Corey, “Impossible
Dreams”.[5] This terse reminiscence of
a conversation, and a claim of its sig-
nificance has given rise to considerable
discussion and speculation in the com-
munity.

Let me recount what I know, re-
member (and don@t remember), and
what I infer about the events 40 years
ago surrounding this claim. I cannot

speak about the contents of the con-
versation because I was unaware of it at
the time; given that Woodward is no
longer alive, we only have Corey@s
report on it. But in my opinion, the part
of E. J. Corey@s published statement that
reads “…that provided the basis for the
further development of these ideas” is
not right in its characterization of an
episode in an important discovery.

Corey’s Claim, Made in Prior
Conversations or Exchanges with
Me on the Subject

In a visit to Cornell in the 1970s,
Corey told me that he made my career
by telling R. B. Woodward the HOMO
explanation in 1964. To my knowledge,
this was the first time he made this direct
claim to me. I was puzzled, and I think I
ignored the comment.

On November 2, 1981, after the
Nobel Prize in Chemistry to Kenichi
Fukui and me was announced, Corey
wrote me a letter stating his claim in
substantial detail. The original of this
letter is deposited in my papers in the
Cornell University Library (available to
the public).[6] In the letter Corey re-
counts a conversation he had with
Woodward on the evening of May 4,
1964, in which he told Woodward, who
posed the problem of the electrocyclic
reactions to him (and who seemed,
according to Corey, more interested in
geometrical explanations), that the ex-
planation might be found in the symme-
try properties of the orbitals involved.
Corey continues his account by relating
how the next day Woodward appeared
in Corey@s office and told the same
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explanation briefly to Douglas Apple-
quist (a visitor to Harvard that semes-
ter) in Corey@s presence, as his (Wood-
ward@s) “new idea.” Corey goes on in his
letter to say:

“…the fact is I conceived of the idea,
not Bob. In a manner of which few would
be capable he pirated the idea, evidently
preferring that over my good will. Even
more incredible than what Bob did was
how he did it.”

In his November 2, 1981 letter Corey
expressed concern that I would tell the
orbital symmetry story in my Nobel
Lecture (I had already chosen to talk
about something new, the isolobal anal-
ogy). And he wanted me to tell people of
his, Corey@s, contribution.

This letter, coming at the time that it
did, and with such claims, disturbed me
greatly. I answered it on November 8,
1981.[6] I said that I would not tell people
of Corey@s claim—he chose not to do so
himself in public (or to Woodward); it
would be unfair to Woodward for me to
do so then, in 1981, after his death in
1979.

Corey then wrote another letter to
me (November 16, 1981)[6] in which he
reiterated and escalated his claims, in a
manner that I felt as intimidating to
threatening. Here are two excerpts from
that letter, which convey its tone:

“You cannot deny that despite the
possibility of appalling dishonesty at the
roots of your collaboration with Bob,
you elected to close your mind. The two
of you in effect ”stonewalled“ my con-
tribution so completely that you chose
not even to make a perfunctory acknowl-
edgement in your papers.”

and

“Roald, please consider that history
may not deal leniently in this matter,
taking seriously the possibility not only
of Bob8s dishonesty, but of your own not
unwitting participation in the extension
of fraud.”

In the spring of 1984, I visited
Harvard for a semester. During that
time Corey and I spoke for a couple of
hours on the issue. He then sent me
another letter on April 29, 1984[6] in
which he gives as the reason that he did
not publish his claim in Woodward@s
lifetime as follows:

“I am amazed that you would think it
possible that I would consider doing
anything against Harvard, to which I
was and am so devoted.”

In his first letter to me on Novem-
ber 2, 1981, Corey gave another reason
for not writing himself of the way he
perceived things had happened:

“I had hoped that Bob himself would
do it as he grew older, more considerate,
and more sensitive to his own con-
science.”

To the best of my knowledge, Corey
never made an attempt to set the record
straight (according to his own percep-
tions) by speaking of it to Woodward in
the 15 years between 1964 and 1979,
when Woodward died. Or by publishing
his claim. Corey made no public claims,
as far as I know, until the statement in
his Priestley Medal address in 2004.

Corey did talk to others at Harvard
and elsewhere of the matter. In his
November 2, 1981 letter to me, Corey
writes that he told his story to E. B.
Wilson in 1964. And I know he discussed
the matter subsequently with Jeremy
Knowles. Frank Westheimer and Elkan
Blout knew about Corey@s claim and
agonized over the question for years
while composing a memorial notice on
Woodward. In the end, despite my
objections, Elkan Blout included in his
2001 biographical memoir for Wood-
ward the following sentence: “In 1964,
after a brief discussion with E. J. Corey
and others of his thoughts and his
chemical results, Woodward was able to
formulate his important ideas in this
area.”[7]

Scientific and Personal
Background to 1964 Events

To set the stage for my recollections
of the period, let me recount the story of
my relationship with E. J. Corey and
R. B. Woodward.

I received my Ph.D. in 1962 with
W. N. Lipscomb, Jr. and M. P. Gouter-
man, and began a Junior Fellowship in
the summer of 1962. I was given an
office in the basement of Conant Hall, a
few doors down from Corey@s office in
Converse Hall. And I began to learn
organic chemistry, applying the extend-

ed HIckel method that a group of us
developed in the Lipscomb group to
organic molecules. When I finished the
first extended HIckel paper on hydro-
carbons I sent a preprint (this was early
1963) to the organic chemists at Har-
vard—Woodward, Corey, Bartlett, and
Westheimer—and then set up appoint-
ments to see all of them. This was the
first time (after five years at Harvard)
that I spoke to Woodward about science.

Of the people I saw, Corey respond-
ed most positively to my growing inter-
est in organic chemistry. I was down the
hall from him, and as busy as he was, he
always welcomed me to talk. By telling
me of hot subjects—nonclassical carbo-
nium ions and organic photochemis-
try—he helped draw me into organic
chemistry.

I began to go to organic seminars
and went to one of the legendary
evening Woodward meetings. In the
spring of 1964, one of Corey@s colleagues
from Illinois, Douglas Applequist, visited
Harvard for the semester. He gave a
course on strained molecules which I
listened to with great interest. Apple-
quist and I talked to each other a lot. I
was in the midst of discovering for myself
the full beauty of organic chemistry.

My Recollections of the Specific
Period in 1964

The simple frontier orbital explan-
ation of the stereochemistry of electro-
cyclic reactions did not originate with
me. It was brought to me by Woodward.
Let me outline what I have a record of,
what I remember, and what I don@t
recall, concerning my introduction to
that frontier orbital explanation. And
how my collaboration with Woodward
began.

Woodward describes in two lectures
the chemical and historical background
of the advent of the orbital symmetry
rules. In the first, his 1966 Sheffield
lecture,[8a] he uses the generic “we”; in
his second account, the 1973 Cope
Award Lecture (published long after,
from a copy of a handwritten text by
R. B. Woodward),[8b] there is a direct
first person account, as follows:

“I REMEMBER [capitals in the
original] very clearly—and it still sur-

Angewandte
Chemie

6587Angew. Chem. Int. Ed. 2004, 43, 6586 –6590 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


prises me somewhat—that the crucial
flash of enlightenment came to me in
algebraic, rather than in pictorial or
geometric [all underlining is in original
text] form. Out of the blue, it occurred to
me that the coefficients of the terminal
terms in the mathematical expression
representing the highest occupied molec-
ular orbital of butadiene were of opposite
sign, while those of the corresponding
expression for hexatriene possessed the
same sign. From here it was but a short
step to the geometric, and more obvious-
ly chemically relevant, view that in the
internal cyclisation of a diene, the top
face of one terminal atom should attack
the bottom face of the other, while in the
triene case, the formation of a new bond
should involve the top (or pari passu, the
bottom) faces of both terminal atoms.”

In this period I kept a hard-bound
notebook. But I did not keep it carefully,
with only occasional dates written in.
There is in the notebook an April 17
date for a seminar by George Olah, and
the next date in the notebook is May 5,

1964 (Figure 1) the day after the Corey
and Woodward conversation (as report-
ed by Corey).

The May 5 entry (p. 80; the entire
notebook, covering roughly the period
March to June 1964, is in the Cornell
University Library, collection cited[6])
says “Talk with Woodward and Apple-
quist,” and below it contains the stereo-
chemical essence of the four- and six-
electron electrocyclic reaction, without
orbitals. But clearly orbitals and their
phases are in the discussion, because
below these reactions I sketch the cyclo-
propyl to allyl opening and draw the
lowest allyl orbital as presumably con-
trolling the disrotatory motion in the
cation.

This is the first mention of electro-
cyclic reactions in my notebook. But I
believe I heard of the HOMO symmetry
argument earlier (and prior to May 4,
the date of the Corey–Woodward meet-
ing) in—I think—a conversation I had
with D. E. Applequist, who recounted it
as an explanation that Woodward sug-
gested and asked me for my reaction to

it. I have no written record of that early
conversation. It must be said, however,
that Applequist does not think he had
such a conversation with me prior to
May 5, 1964.[9]

Returning to my notebook, after
some thoughts on cyclopropyl cation,
two pages later I sketch out a plan for
studying what would later be called con-
and disrotatory motion. These preoccu-
py me for quite a few pages/days (no
further dates appear in the notebook
until June 9, 1964); the discussion does
not focus on orbitals but is “computa-
tional”. It is pretty well summarized in
our first paper. At this point I was still a
computational chemist, and even
though I used orbitals and perturbation
theory, explanations constructed in fron-
tier orbital language were not yet a
common part of my work and thought.
They quickly became so. In fact, this—a
recognition of the force of simple bond-
ing arguments, and their utility in a
theory–experiment dialogue—was on a
personal level the main consequence for
me of the orbital symmetry story.

Here@s how Woodward described
the beginning of our interaction, in his
Cope Award Lecture:

“AFTER a brief false start in ex-
tending these ideas, attributable clearly
to my gaucherie in the details of quan-
tum chemistry, I very soon realized that I
needed more help than was available in
my immediate circle, and I sought out
Roald Hoffmann… I told him my story,
and then, essentially, put to him the
question =Can you make this respectable
in more sophisticated theoretical
terms?8”[8b]

Woodward and I began to talk in
that period. An important conversation
I recall took place after a seminar by
W. von. E. Doering. By that time I had
done the calculations and could con-
firm the ground- and excited-state ster-
eochemical preferences. The electrocy-
clic reaction paper was submitted on
November 30, 1964, and published in
the January 20, 1965 issue of the J. Am.
Chem. Soc.[6a] Then R.B.Woodward and
I went on to the rest of our orbital
symmetry work. There was a lot to do…

Figure 1. May 5, 1964, entry in Roald Hoffmann’s notebook. The year in the date was written in
some time later.
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Corey’s Role in the Orbital
Symmetry Story and Woodward’s
Denial of It

In the letter to me of November 16,
1981, E. J. Corey says that he told me in
May 1964 that he had suggested to R. B.
Woodward the HOMO explanation for
the stereochemistry of electrocyclic re-
actions, and that Bob had taken over the
idea from him. I spoke to Corey often in
that period, but I have no recollection of
such a conversation; I think Corey@s
statement would have been so striking
(especially the part about Woodward
taking the idea from Corey) that I would
have remembered it.

Nevertheless, there was an idea in
my mind then that Corey had a stake in
the electrocyclic reaction story; my
reconstruction today is that in the late
spring and summer of 1964 Corey kept
talking to me as if he did have such a
role, as if the electrocyclic reaction
research were joint work between Cor-
ey, Woodward, and me. Eventually, I
was sufficiently puzzled by this that I did
speak to Woodward. I do not remember
when that was; I suspect it was later, in
the fall of 1964, when we wrote our first
paper.

When Woodward and I spoke of the
matter—again, I cannot remember
when it was—I asked him directly if
Corey had a role in this work. He said
“no”—this was our (R.B.W. and R.H.)
work.

I did not question Woodward fur-
ther. In retrospect, I regret not doing so,
and I regret not asking Corey more
directly to tell me his role in the work.
R. B. Woodward was 47, the top syn-
thetic organic chemist in the world. E. J.
Corey was 36, a full Professor at Har-
vard. In May 1964 I was 26, a new Ph.D.,
a Junior Fellow to be sure, but just
starting out in my career.

In the more than a year that I
remained at Harvard (I left in June
1965), I kept on talking to Corey and
learned a lot from him. I do not remem-
ber any cooling of our relationship,
though I certainly spent more and more
time with Woodward. Corey, in his
correspondence with me, disagrees, say-
ing that our previously frequent conver-
sations stopped after I began working
with Woodward.

My Perception of What
Happened

I have no reason to doubt Corey@s
statement that there was a conversation
between Corey and Woodward on
May 4, 1964, even though we have only
Corey@s account of it.

But, I also do not think that the
conversation “provided the basis for the
further development of these ideas into
what became known as the Woodward–
Hoffmann rules,” as Corey writes. Here
are some factors that go into my reason-
ing:
a) Woodward had a habit of posing to

people problems of great interest.
And also of posing such problems as
puzzles, even if he had the solution.
Specifically, we know that he talked
about the electrocyclic conun-
drum—to H.C. Longuet-Higgins,
and Lionel Salem, for instance—as
it was taking shape experimentally in
the work of others and in the vita-
min B12 synthesis he was pursuing in
collaboration with A. Eschenmos-
er@s group.

b) I think Woodward was perfectly
capable of coming up with the fron-
tier orbital explanation by himself.
Though he began his career with VB
arguments, I found Woodward in
1964 pretty well-versed in MO ideas.
Woodward had learned a lot from
William Moffitt, around the ferro-
cene and octant rule stories. Orbital
ideas were in the air, the classic
Streitwieser and Roberts books
widely read, the success of the
HIckel rule amply demonstrated.
There was also the L. J. Oosterhoff
“forerunner” (see below), which
Woodward knew about.

One interesting piece of evidence for
Woodward@s knowledge of molecular
orbitals is in a published comment he
made after a lecture by Rolf Huisgen in
a Welch Foundation Conference in
1961.[10] Woodward draws quite explic-
itly the orbitals of a vinyl carbene (albeit
without phases), and asks “Do we have
specific orbital geometric requirements
[for Huisgen@s reaction] and would they
in this case preclude the operation of the
mechanism which is so general in many
of the cases?”

My strong feeling is that Woodward
had the frontier orbital idea before he
spoke to Corey. I think that Corey@s
coming up with a similar way of thinking
about the reaction in that May 4 con-
versation perhaps might have prompted
Woodward to push on, and to ask for my
assistance with calculations supporting
the frontier orbital approach. For some
reason, he was unsure of himself (not a
characteristic one normally associated
with Woodward…) and needed the sup-
port of a theoretical chemist.

Going back to the Corey–Woodward
meeting of May 4, 1964, it would not be
the first time that two people came away
from a conversation with diametrically
opposed ideas of what was said.

Crediting Suggestions: Then and
Now

Assuming that the contents of the
May 4, 1964 conversation were as E. J.
Corey reports them, then I think that at
best Corey has a claim to a rediscovery
of the Oosterhoff orbital argument of
1961. In a paper by E. Havinga and
J. L. M. A. Schlatmann, the authors
write:

As Prof. Oosterhoff pointed out,
another factor that possibly contributes
to this stereochemical difference between
the thermal and photoinduced ring clo-
sure may be found in the symmetry
characteristics of the highest occupied
p orbital of the conjugated hexatriene
system.[11]

The Oosterhoff “forerunner” to the
orbital symmetry control ideas is men-
tioned in a footnote in our first 1965
paper; its role has been discussed by
J. A. Berson in his book “Chemical
Creativity.”[12]

In 1963–1964, E. J. Corey and A. G.
Hortmann accomplished the total syn-
thesis of dihydrocostunolide. A crucial
step involved a stereospecific electro-
cyclic reaction. The two papers on the
work[13] do not have any reference to an
electronic factor in the stereoselectivity.
Neither is the Havinga and Schlatmann
paper mentioned. The full Corey and
Hortmann paper was submitted on Au-
gust 5, 1965, some months after publi-
cation of the first paper by Woodward
and me.
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The full paper on the dihydrocostu-
nolide synthesis provided a place for
Corey to state his electronic explana-
tion. It was an opportunity not taken.

Should Corey@s suggestion of the
frontier orbital explanation for the ster-
eochemistry of electrocyclic reactions
have been credited in our first paper and
subsequent ones? I can only speak for
myself, and from today@s perspective.
We all make decisions, some easy, some
hard, of what to reference/credit in our
papers. If the substance of what E. J.
Corey reports was said in that conversa-
tion with Woodward is true, then I
believe it should have been credited.
As Oosterhoff@s suggestion was. I would
be ready today to regret the omission
and apologize to Corey for it. But, I am
torn… between the conviction with
which Corey tells his story in 1981 and
today, torn between that and the impos-
sibility of Woodward commenting on
the decision today, as well as Wood-
ward@s 1964 denial to me of a role for
Corey. With Woodward not alive, and no
record except Corey@s memory for the
essence of that conversation, I just
cannot say today that the conversation
should have been credited.

A Claim Unfairly Made

The matter should have been argued
out in 1964, by Corey persisting in
telling Woodward of his (Corey@s) per-
ception of his contributions. Seventeen
years later, Woodward gone, Corey,

without publishing his account, wanted
me to tell others that his claim was valid.

People will form their own opinions
of Corey@s explanation of why he didn@t
press a public claim (that it would have
hurt Harvard, that Woodward would
eventually give him credit). Too bad he
didn@t speak out; had Corey done so in
1964, or in the period 1964–1979, we
could have had Woodward@s viewpoint.

I believe that E. J. Corey@s percep-
tion of the consequences of what he told
R. B. Woodward is just that—what he,
Corey, believes. Based on the arguments
I made above, and on what I remember,
I don@t think that the conversation in
question influenced in any significant
way the beginning of the orbital sym-
metry control story. And given that
Corey@s claim was (and is being) made
after Woodward@s death—when the
claim could have been made for 15 years
in Woodward@s lifetime—that claim is
also deeply and fundamentally unfair.
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Chemistry in Literature

Primo Levi	s The Periodic Table. A Search for Patterns
in Times Past
Amir H. Hoveyda*
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“But all at once it dawned on me that this
Was the real point, the contrapuntal theme;
Just this: not text, but texture; not the dream
But topsy-turvical coincidence,
Not flimsy nonsense, but a web of sense.
Yes! It sufficed that I in life could find
Some kind of link-and-bobolink, some kind
Of correlated pattern in the game,
Plexed artistry, and something of the same
Pleasure in it as they who played it found.”
Vladimir Nabokov, Pale Fire (Canto Three)

He is not recognized for any contri-
butions to science. He did not receive
any scientific accolades, nor was he a
university professor. Yet it is likely that
Primo Levi will be remembered as a
singularly influential chemist of the
twentieth century.

A survivor of the world of concen-
tration camps, Levi was trained as a
chemist but is admired as a writer and an
artist. Levi did not write because he felt
that his life would be the stuff of drama
that satisfies common curiosities. It was
not a wooly relative, a wild whim, or a
wily editor, tongue stained with tribal
praise that urged him to author books.
Writing for Levi was not a distraction
from the everyday life—it was life
itself.[+]

“I had returned from captivity … was
living badly. The things I had seen and
suffered were burning inside me; I felt
closer to the dead than the living, and felt
guilty at being a man, because men had
built Auschwitz, and Auschwitz had
gulped down millions of human beings,
and many of my friends, and a woman
who was dear to my heart. It seemed that
I would be purified if I told its story. …
[By] writing I found peace for a while
and felt myself become a man again, a
person like everyone else, neither a
martyr nor debased nor a saint …”

In his creation The Periodic Table,
Levi, with touching thoughtfulness,
sketched the magic of the elements that
make up this world. As with all enduring
works of art, The Periodic Table is open
to numerous interpretations—it rewards
us with new vistas upon every re-read-
ing. Levi portrayed the periodic table as
a mirror for reflection, through which
we might steal a glimpse at the meaning
of our existence. Elements in The Peri-
odic Table conjure memories, offering
fresh notions meant to guide us, at a
conscious as well as a subconscious
level, in our search to understand Time
and the scars that its tyranny leaves on
our psyche. Through such meditative
explorations we escape the prison of the
hours and extend our consciousness
beyond the oppressive cage of the
immediate present.

The attributes of an element are
used by Levi as a metaphor for his
discussion in a particular essay; an
element can be a nugget hiding a
thought or an event that we are made
privy to. For Levi, each element is the
objects and sensations that cast their
mysterious shadows in the writings of
Proust: the celebrated Madeleine dip-
ped in a tisane offered by Aunt Leonie

or the musty smell in uncle Adolphe.s
study. In The Periodic Table earthly
elements hold ghosts of the past await-
ing release initiated by an unexpected
meeting, at an unforeseen date, at an
unknown location. Reading The Period-
ic Table makes us wonder what do
different elements mean to us. What
mental reactions do they initiate in our
subconscious? What fresh slices of the
past have been faithfully sealed for us?
We may have been taught as young
students, and may now be convinced
that Lithium, Europium, Vanadium and
Iodine do not belong to the same family
in the periodic table. The Periodic Table
leads us to reconsider. We are encour-
aged to look again; Ar, Mo and Ir might
well be connected in the land of dreams.

On the visible plane, the letter “K”
represents potassium. But for Levi, this
eleventh letter of our alphabet, unleash-
ed anxieties, fears, sounds and smells of
that frightful day when he nearly set his
laboratory on fire. Unable to find pieces
of sodium, as advised by the procedure
that he was to follow for purification of
benzene, Levi decided to substitute
potassium. He was taught that potassi-
um is

“sodium(s twin, but it reacts with air
and water even with greater energy. … So
I handled my *half-pea( [of potassium]
like a holy relic: I placed it on a piece of
dry filter paper, wrapped it up in it, went
down into the institute(s courtyard, dug
out a tiny grave, and buried the little
bedeviled corpse …

I took now the empty flask, put it
under a faucet, and turned on the water. I
heard a rapid thump and from the neck
of the flask came a flash of flame directed
at the window that was next to the
washbasin and the curtain around it
caught fire. While I was stumbling
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around looking for some even primitive
means to extinguish it, the panels of the
shutter began to blister and the room was
now full of smoke. I managed to push
over a chair and tear down the curtains; I
threw them on the floor and stomped
furiously on them, while the smoke half
blinded me and my blood was throbbing
violently in my temples.

… In a way it served me right: these
are the things that happen to the profane,
to those who dawdle and play before the
portals of the temple instead of going
inside. … [The flask] must have con-
tained, if nothing else the vapor of the
benzene, beside of course the air that
came in through its neck. But one has
never seen the vapor of benzene, when
cold, catch fire by itself: only the potas-
sium could have set fire to the mixture,
and I had taken out the potassium. All of
it?

… I thought of another moral, … and
I believe that every militant chemist can
confirm it: that one must mistrust almost-
the-same (sodium is almost the same as
potassium, but with sodium nothing
would have happened), the practically
identical, the approximate, the or-even,
all surrogates, and all patchwork.“

Potassium, the over-eager alkali
metal represented to Levi the precari-
ousness of life in a world of approxima-
tions. After all, one crucial thread that
connects arts and sciences is the signifi-
cance of subtleties. The importance of
details is again brought forth in the
chapter entitled Vanadium. Here, in a
letter that Levi receives in response to
his queries regarding the quality of a
recent shipment of resin that his com-
pany had purchased from a German
firm, he notices a misspelling. The
correspondent, a Dr. L. M;ller, writes
“beta-naptylamin” in his letter instead
of “beta-naphthylamine.” Two h.s miss-
ing; shaped like walking sticks, they lead
Levi to a past that he did not necessarily
wish to revisit.

“There was a M3ller in my previous
incarnation, but M3ller is a very com-
mon name in Germany. …Why continue
to think about it? And yet, … I could not
quiet a doubt, a kind that refuses to be
pushed aside and rasps slightly within
you, like termites. Oh, come now, there
must be two hundred thousand M3llers
in Germany, forget it and think about the
varnish …”

Like all dedicated chemists, Levi
followed his instinct. He was not about
to trust his theory. “… [T]here is trouble
in store for anyone who surrenders to the
temptation of mistaking an elegant hy-
pothesis for a certainty: the readers of
detective stories know this quite well.”
After some deliberation, Levi managed
to write to M;ller, asking whether he
was the man who was his “supervisor” at
Auschwitz. M;ller was the same man.
His written response to Levi set free
memories awaiting the right time, the
right place to release and render lucid
emotions that go far and deep in defin-
ing us as individuals. But it was not just
memories that emerged from their shell.

“The M3ller character was *ent-
puppt(, he had come out of his chrysalis,
he was sharply defined, in perfect focus.
Neither infamous nor a hero: after filter-
ing off the rhetoric and the lies in good or
bad faith there remained a typically gray
human specimen, one of the not so few
one-eyed men in the kingdom of the
blind.”

Much of what we label as the “real
world” is the fruit of our imagination;
reality frequently coincides with the
imaginary world. Our senses become
excited about the events that we can
only imagine will take place in the
future. When we recall the past, what
we voluntarily remember, rarely re-
mains unmodified by imagination. It is
perhaps natural that once a set of events
has occurred, imagination begins to alter
memories, and gradually they grow to
reflect who we are more than actually
what happened. Memories, with time,
are molded and remolded like pieces of
clay in the hands of a sculptor. Unpleas-
ant visits to relatives are remembered as
touching experiences. We renew such
visits, and by experiencing the original
reality in its refreshed form, we realize
the alteration that the persistent force of
imagination has imposed on our past. It
is for such reasons that an autobiogra-
phy might be more the fruit of a writer.s
imagination than an impartial chronicle
of events. In reading about Levi.s past
and his memories as he recalls and
relates them, we gain insight about the
unique contours of his imaginary world.
The Periodic Table shows that remem-
bering and searching for meaningful
patterns in our past can prove to be a

promising gateway that can lead to a
better understanding of who we are.

In a few segments such as Lead and
Mercury, Levi speaks to us purely
through the magic lantern of his imag-
inary world. In these stories Levi shows
us that truth can be discovered any-
where, in any land, guided by imagina-
tion and invention. Through the story in
Lead Levi deals with the symbiotic
relationship between fiction and reality,
observation and theory. While reading
Levi.s stories one wonders: What is the
relationship between us the reader and
Levi the storyteller? “The crew chief
came from Kriti and was a big liar: he
told stories about a country where there
lived men called Big Ears …” If one who
tells tales is a liar, then who is the Levi
who tells us the story of the crew chief?
May we not also find some truth in
Levi.s other tales? If so, is only what we
call “reality” the source of truth? Or can
truth be found in our imagination and in
our theories, in our stories? Is creativity
how we see and interpret the world? Is
there only one reality, one truth, one
theory?

Levi, like many great artists, viewed
everything through myriad dimensions.
He cherished the unique power of
imagination, but also recognized the
freshness that rests within unspoiled
facts. Facts were a source of inspiration
to Levi. To be able to relate actual
events in their original state, however,
requires that we keep imagination at
bay. Levi wanted his readers to see how
“the boredom of repetitious work was
being transformed into nervous gaiety, as
when as children you play hide and seek
and discover your opponent clumsily
squatting behind a bush.” A frank ac-
count of struggles to decipher the mys-
teries of nature had its own unique
poetry for Levi; it allowed him to see
himself and nature in its own reality,
clear from the fog and shifting images of
an imaginary world. In the chapter
Silver Levi confesses:

“… [T]he inadequacy of our prepa-
ration, and the need to make up for it
with luck, intuition, stratagems and a
river of patience. … I wanted to put on
display … the strong and bitter flavor of
our trade, which is only … a more
strenuous version of the business of
living.… [T]he stories of solitary chemis-
try, unarmed and on foot, at the measure
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of man … the chemistry of the founders,
who did not work in teams but alone,
surrounded by indifference of their time,
generally without profit …”

The Periodic Table may make one
appreciate that to a large extent scien-
tific papers represent the investigator.s
account of how a discovery is made. The
manner in which we toil as scientists
seldom coincides with our ideal world, a
world where a total synthesis transpires
exactly as we had originally planned it,
or where we design that perfect catalyst
on a first attempt. Renditions of reality
reported by an investigator emanate
from processed memory, which in turn
is colored by the chronicler.s ideals (his
dream world). In scientific papers it is
the data, it is only the uncompromising
hard facts that bear no allegiance to, and
remain unaltered by, a researcher.s
imagination.

One of the more prophetic chapters
in The Periodic Table is Zinc ; here, Levi
reflected on a subject that is a perennial
topic of interest to chemists: impurities.
In thinking about this late transition
metal, one that “… they make tubs out of
… for laundry, not a veteran covered
with glory like copper…” Levi recalls an
early attempt, when as a student he
attempted to purify zinc sulfate. The
procedure called for sulfuric acid; the
acid was first to be diluted. But, as
always, certain details needed to be
tended to first.

“[A] detail which at first reading had
escaped me, namely, that the so tender
and delicate zinc … behaves … in a
different fashion when it is very pure;
then it obstinately resists attack. One
could draw from the two conflicting
philosophical conclusions: the praise of
purity, which protects from evil like a
coat of mail; the praise of impurity,
which gives rise to changes, in other
words to life. I discarded the first,
disgustingly moralistic, and I lingered to
consider the second, which I found more
congenial.”

Levi.s interpretation is poignant on
two levels. It is ironic how as chemists
we have become increasingly aware of
the positive role that impurities can
have on reluctant reactions. Curiously,
once their (often unexpected) positive
attributes are discovered, such impuri-
ties are referred to as additives. Combi-
natorial chemistry has turned our atten-

tion to the wonders of the chemistry of
mixtures. Inorganic and organometallic
chemists, in spite of an undying zeal for
inert conditions, have provided us with
reactive and colorfully impure alloys.
Water and air, primordial necessities of
life for all creatures on earth, and yet the
angel of death to many of our fragile
molecular creations, can prove at times
to be the indispensable ingredients that
push reluctant molecules forward over
otherwise indomitable energy barriers.

On a more sublime but sobering
level, Levi expanded his journey of self-
discovery to include the role of impu-
rities in the larger world, the one outside
science:

“In order for the wheel to turn, for
life to be lived, impurities are needed,
and impurities of impurities in the soil,
too, as is known, if it is to be fertile.
Dissention, diversity, the grain of salt and
mustard are needed: Fascism does not
want them, forbids them, … it wants
everybody to be the same …”

It was in the same laboratory that
young Levi saw a “small zinc bridge”
that he would negotiate to reach Rita
while dispensing with his “masculine
solitude.” Rita was a quiet, thin, pale
and sad but confident fellow student
who happened to be “cooking [his] same
dish.” But Levi was to discover that all
objects of desire, upon familiarity, lay
bare their blemishes at which time the
pleasures of imagination are reduced to
their unimpressive, but still lovable,
earthly dimensions.

Rita “got through exams with good
marks, but without the genuine appetite
that I felt,” Levi explains. She read
Mann.s Magic Mountain only to discov-
er “how far Hans would go with Ma-
dame Chauchat, and mercilessly skipped
the fascinating (for me) … metaphysical
discussions between the humanist Set-
tembrini and the Jewish Jesuit Naphtha.”
Levi was disappointed; “[I]t could even
become an essential and fundamental
discussion, because I too am Jewish, and
she is not …” Mundane zinc took Levi
on a journey of self-discovery. “I am the
impurity that makes zinc react, I am the
grain of salt or mustard.”

But impurities do not rejuvenate by
being exclusionary. Impurities are not
impurities if they only cling to other
impurities.

“… I soon realized that Rita was
different from me: she was not a grain of
mustard. … For her university was not at
all the temple of knowledge: it was a
thorny and difficult path which led to a
degree, to a job. … All this did not put a
distance between us; on the contrary, I
found it admirable …

[T]rembling with emotion, I slipped
my arm under hers. … I fell into step with
her, and felt exhilarated and victorious. It
seemed to me that I had won a small but
decisive battle against the darkness, the
emptiness, and the hostile years that lay
ahead.“

Through conceiving and writing The
Periodic Table, Levi explored his per-
sonal reality. Levi aimed to unravel
mysteries of human behavior and of
nature, mysteries that test the limits of
our reasoning and imagination. Levi.s
masterpiece bears tales of his struggles
to understand the meaning of his exis-
tence and the world surrounding it. In a
chapter entitled Lead Levi writes:

“This is a difficult thing to explain,
but it has already happened more than
once that someone, who knows when,
coming from who knows where, at some
remote time, perhaps before the Flood,
finds a vein, does not say anything to
anyone, tries by himself to dig out the
rock, leaves his bones there, and the
centuries pass. My father told me that in
whatever tunnel or cave you may dig you
find the bones of the dead.”

Levi.s writing encourages us to
search the world in our own way and
in our own time. It inspires us to see
nature through our eyes, to try and take
pleasure in solving her puzzles, ana-
grams and acrostics. Levi examined—
voraciously—ideas, symbols, peoples,
eras and kingdoms, songs, anecdotes,
mirrored images, revelations, wonders,
ruses, incredible tales, endless sufferings.

The Periodic Table invites us to
travel the road that, however long and
arduous, may be the only means through
which we might catch a glimpse of the
flicker of light that shines from the
depth of a dark abyss. It is an infinite
number of small steps, each taken by an
instance of recognition that leads us
towards the bottom of this unfathom-
able darkness. Perhaps, it is there that
rests the answer to the meaning of it all.
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1. Introduction

With the completion of a large part of the sequence of
numerous genomes, a frontier research interest has now
developed in the field of proteomics. This field is concerned
with the more complete identification of proteins (for
example, the identification of 1484 proteins from the yeast
strain S. cerevisiae),[1] with the interactions between these
proteins, and with the way that they bind to ligands. The
binding constants for these interactions depend on the
differences in noncovalent bonding between free and bound
states. Insofar as binding constants cannot be predicted, they
are poorly understood, and in this sense the molecular basis of
biological function is also poorly understood.

In this Review, an approach that treats systems of multiple
interactions as the sum of their parts (the additive approach)
is first described. It is a very useful approximation. However,
in reality, the interactions are often (but not always) greater
than the sum of their parts (positively cooperative) or less
than the sum of their parts (negatively cooperative). Such
cooperative interactions are covered in the second part of the
Review. Some consequences for biology are described in
Sections 9 and 11–14, with the implications for the under-
standing of ligand binding energy and enzyme catalysis being
particularly important.

1.1. What Is It that Drives a Change?

The Second Law of Thermodynamics states that “in a
spontaneous process, the entropy of the universe increases”.
The simplest description of entropy S is that it is a measure of
disorder; thus entropy increases with increasing disorder
(more accessible arrangements). The Second Law therefore
tells us that in a spontaneous process there will be an overall
increase in disorder (increase in S). If the entropy of the

universe is S0 before the change and S1 after the change, then
the overall entropy change is DSoverall = S1�S0. The more

[*] Prof. Dr. D. H. Williams, Dr. E. Stephens, Dr. D. P. O’Brien, M. Zhou
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University of Cambridge
Lensfield Road, Cambridge, CB2 1EW (UK)
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Noncovalent interactions are sometimes treated as additive and
this enables useful average binding energies for common inter-
actions in aqueous solution to be derived. However, the additive
approach is often not applicable, since noncovalent interactions
are often either mutually reinforcing (positively cooperative) or
mutually weakening (negatively cooperative). Ligand binding
energy is derived (positively cooperative binding) when a ligand
reduces motion within a receptor. Similarly, transition-state
binding energy is derived in enzyme-catalyzed reactions when
the substrate transition state reduces the motions within an
enzyme. Ligands and substrates can in this way improve their
affinities for these proteins. The further organization occurs with
a benefit in bonding (enthalpy) and a limitation in dynamics
(cost in entropy), but does not demand the making of new
noncovalent interactions, simply the strengthening of existing
ones. Negative cooperativity induces converse effects: less
efficient packing, a cost in enthalpy, and a benefit in entropy.
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positive is DSoverall, the greater is the extent to which the
process will occur. In considering the magnitude of DSoverall for
any process, it is fruitful to divide the entropy change into two
parts, namely, the entropy change in the system (what we are
studying) and the change in order in the surroundings (the
rest of the universe). Since the surroundings are in practice
essentially infinite, the change within them is effectively
diluted to zero in any finite element, but it is there.

The change in order in the surroundings of the system
undergoing change is determined by the change in the
enthalpy (exothermic: negative DH, endothermic: positive
DH) of the process, and by the temperature T at which the
change occurs. An exothermic process leads to more disorder
in the surroundings (by increasing the motion in the
surrounding universe). The extent of this increase in disorder
is inversely proportional to the temperature. The reason for
this latter relationship can be qualitatively understood:
surroundings possessing little kinetic energy (low T)
become proportionately more random by a given exother-
micity than are those possessing more kinetic energy (higher
T). Since an exothermic process (DH negative) gives a
positive contribution to the total entropy change, the increase
in entropy from this term is �DH/T.

The second part of the entropy change (the change in
order within the system undergoing change) is denoted as
DSsys, and positive values of DSsys promote the change.
Therefore, taking the two terms together, the propensity for
spontaneous change can be quantitated [Eq. (1); for simplic-
ity, the subscript “sys” is normally dropped].

Increase in disorder that occurs in a process ¼ �DH=T þ DSsys ð1Þ

It is a consequence of the crucial insights of Boltzmann
and Gibbs that we have this relationship. Perhaps confusingly

for generations of students, a new term (�DG/T) was coined
for this net increase in entropy in a spontaneous process. Thus,
�DG/T=�DH/T+ DS, and leads to the famous Gibbs
equation [Eq. (2)].

DG ¼ DH�TDS ð2Þ

The Gibbs equation states that DG (the free-energy
change) is negative for a spontaneous change. Defining DG as
the negative of the total entropy change for a process,
multiplied by T, is not so strange as it may at first seem.
Early in their careers, physical scientists tend to think in terms
of spontaneous change being driven by a release of heat
(exothermicity, which means that DH is negative). Although
this is only one of the determining factors (see above), we
therefore have early training to think of a driving force for a
spontaneous change in terms of a parameter which has the
units of energy and is negative in value. Continuity of thought
is encouraged by taking the determinant of spontaneous
change (a positive entropy change), changing its sign to make
it negative, multiplying it by T to give it the units of energy,
and calling it “free energy”.

Not uncommonly, students are mystified by the sponta-
neous development of highly ordered organisms, which seems
to them inconsistent with the Second Law. It is of course
possible because, simultaneous with the development of the
ordered organism, the surroundings of the organism are
disordered to a greater degree.

Binding affinity can be expressed either in terms of the
difference in free energy of free and bound states, or in terms
of the equilibrium constant (K), where DG=�RT lnK (where
R is the gas constant and T is the temperature). The more
negative DG is, the larger is the binding constant. For
example, at 300 K, DG values of �5.7 and �11.4 kJmol�1
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correspond to binding constants of 10 and 100m�1, repectively,
etc. By using the Gibbs equation to understand binding we
can monitor the effects of changes in bonding within the
system (DH) and changes in the entropy of the system (in
terms of TDS). Although DS, rather than TDS, is strictly the
change in entropy, experiments carried out at one temper-
ature show that the terms are proportional. TDS has the
advantage that its effect upon DG can be directly compared
with that of DH.

1.2. Enthalpy/Entropy Compensation

A key point in what follows is that a decrease in motion
implies a decrease in entropy, since it results in fewer
accessible arrangements. Consider the formation of a specific
noncovalent bond (for example, A···B for the transformation
A+B!A···B). An increase in its strength (which corre-
sponds to an increasing negative contribution to DH, and a
more favorable binding process) will be accompanied by an
increasing restriction in the relative motion of A and B in
A···B (which corresponds to a negative contribution to DS,
and so unfavorable to binding). This opposing interplay
between enthalpy and entropy is known as enthalpy/entropy
compensation, and is a fundamental property of noncovalent
interactions.[2–4] Importantly, it is not confined to binding in
aqueous solution,[5] nor should it be ascribed to errors of
measurement.[6] It arises because bonding opposes motion
and, also reciprocally, motion opposes bonding. The two
effects can be traded off against each other because the
strength of noncovalent bonds is, at room temperature,
comparable to the thermal energies that oppose them. The
idea of enthalpy/entropy compensation is therefore less
important in the study of covalent bonds, which are typically
too strong to be effectively opposed by thermal motions at
room temperature.

2. The Additive Approach

When cooperativity is ignored, contributions of DG val-
ues to the total free energies of binding may be added
together, and contributions of binding constants K are
therefore multiplied.

2.1. Costs in the Formation of a Bimolecular Complex
(L + R!L···R)

When a ligand L binds to a receptor R it loses some of its
translational (t) and rotational (r) motion relative to the
receptor. This cost of association is designated as DGt+r, and is
an adverse entropy term (DGt+r =�TDSt+r).

[7–9] If the ligand
lost all its motion relative to the receptor, then the cost of the
association at room temperature for a ligand with a mass of a
few hundred Daltons is approximately + 57 kJmol�1 (oppos-
ing binding by a factor of 10�10).[7–9] However, in typical
ligand/receptor complexes, the strengths of the noncovalent
A···X and B···Y bonds (Figure 1) are comparable to thermal

energies and hence the bonds are highly elastic. Thus, the
motional restriction occurring on ligand binding costs much
less than + 57 kJmol�1 (see Sections 3 and 4).

If a molecule has internal rotations that become more
restricted on passing from the free to the bound state, then
there is an entropic cost of �TDSr = DGr to be paid for each
restricted rotation. For example, the ligand shown in Figure 1
(top left) has four internal rotors (indicated by arrows) that
allow much internal motion of the ligand prior to binding, but
this motion is restricted upon formation of the complex.
Binding is opposed by a contribution 4DGr, and in the general
case by nDGr, where n is the number of restricted rotors.

Complete restriction of an internal rotation has a free-
energy cost (DGr) of about 5 kJmol�1 at room temper-
ature.[8,9] This value is also too large to be relevant to drug/
receptor complexes, again because the energies of the
interactions that are restraining the geometry of the complex
are comparable to the thermal energies that tend to disrupt it.
As a result, the internal rotors, although proscribed from
undergoing full rotation, are able to undergo wagging motions
in the bound state.

Molecules may bind to their receptors with the introduc-
tion of strain, or repulsive atom/atom interactions. Such
effects are difficult to explore experimentally. For pragma-
tism, they are ignored in a simple approach to estimating
binding affinities (Section 3), but are relevant in cases of
negatively cooperative binding (Sections 6, 9, and 10).

2.2. Energy Benefits in the Formation of the Bimolecular Complex

The formation of a complex is favored when the ligand
forms polar interactions to a receptor to give an overall
negative change in free energy. The formation of two polar
interactions (A···X and B···Y) in water is illustrated in
Figure 1. Water molecules which solvate the polar groups A,
B, X, and Y prior to association become part of the bulk water
after formation of the complex. These benefits can be
semiquantified by including a benefit in the free energy
(DGp) for each interaction (which includes the changes in
entropy associated with changes in solvent mobility).

Figure 1. Complex formation between a ligand (containing polar func-
tionalities A and B) and a receptor (containing polar functionalities X
and Y) with exchange of four water molecules to the bulk solvent.
(Broken lines indicate hydrogen bonds.)
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The first attempt at a semiquantitation of drug–receptor
interactions in terms of the costs and benefits outlined above
was by Andrews, Craig, and Martin.[10] We used a similar
approach, but applied an additional term to account for the
hydrophobic effect.[11]

The hydrophobic effect is classically defined as a benefit
to binding that is applicable when binding occurs in
water.[12,13] The benefit is a consequence of the removal of
hydrocarbon surfaces from exposure to water upon formation
of the complex. This effect can be measured by solvent-
transfer experiments. For example, if A and B as well as X and
Y are each separated by three methylene groups (Figure 1),
the coming together of the hydrocarbon surfaces (with their
concomitant removal from water exposure) will promote
binding. The magnitude of the hydrophobic effect is propor-
tional to the surface area of the hydrocarbon that is removed
from exposure to water upon formation of the complex and
can be estimated in terms of DGh per unit of area A of
hydrocarbon buried. The surface area of hydrocarbon that is
removed from water exposure in the binding event is readily
measured with the aid of computer graphics. Thus, the
contribution to binding from the hydrophobic effect is ADGh.

The benefit of the removal of exposed hydrocarbon to
water upon binding at room temperature derives from the fact
that water molecules at hydrocarbon surfaces are more
ordered than water molecules in bulk water.[14] Therefore,
the hydrophobic effect is normally largely entropy driven at
room temperature, although it has a favorable enthalpy
component in the special cases where water is expelled from
an internalized cavity upon ligand binding.[15]

3. An Equation for the Estimation of Binding
Constants

Binding constants in aqueous solution can be estimated
from Equation (3), which is derived from the above consid-
erations.

DG ¼ DGtþr þ nDGr þADGh þ
X

DGp ð3Þ

DG is the observed free energy of binding, �DGp is the
sum of the free energies of binding for all the polar
interactions made in the binding site,[11] and the other terms
are as defined in Section 2. BEhm[16a] “trained” a variant of
Equation (3) with a set of 45 interactions of experimentally
known binding constants from the association of ligands of
small molecular weight (66 to 1047 Daltons) with proteins
through sets of known interactions (from X-ray structures).
He divided the original DGp values into two groups: those
involving ionic interactions (DGionic) and those involving
hydrogen bonds formed between neutral entities (the term
DGp was retained). Since the modified form of the equation
has only five types of DG contributions and the 45 binding
sites involve different combinations of these five types of
DG contributions, average values for them can be obtained.
The values obtained (Table 1) have proved very useful in the
pharmaceutical industry.

The use of the values given in Table 1 resulted in the
equation reproducing the binding constants of the training set
(which range experimentally from 40m�1 to 2.5 G 1013

m
�1)

with a standard deviation of 7.9 kJmol�1, which corresponds
to a factor of 24 in binding affinity.[16a] The standard deviation
was a factor of 50 in binding affinity for a set of drugs outside
the training set. This result represents an impressive outcome
for a limited data set, although it should be noted that the
inclusion of a larger variety of drug structures (for example,
more heavily weighted with heterocyclic structures) some-
what decreased the success of the algorithm.[16b] Several other
relatively successful approaches for estimating binding con-
stants have been published since this work, although the
physical interpretation of the various terms (and coefficients)
in these approaches is less simple.[17,18]

The apparent binding energies obtained for the interac-
tions (Table 1) are in good agreement with those obtained by
other approaches, for example, from the mutation of proteins,
which are also based on the partitioning of binding-energy
contributions.[19–21] Polar interactions (most commonly ami-
de···amide hydrogen bonds and ionic interactions) are found
to promote binding (negative values of DG) moderately in
aqueous solution. The reason why the promotion of binding is
relatively small is evident from Figure 1: the four hydrogen
bonds of the dissociated state are replaced by four hydrogen
bonds in the bound state.[19]

The value for the hydrophobic effect is in reasonable
accord with the values most commonly found in other studies.
It is somewhat larger than those values estimated from the
(low) solubility of hydrocarbons in water (0.10–0.14 kJmol�1

per H�2 of the hydrophobic surface buried from exposure to
solvent).[22–28] Yet it is smaller than those obtained by the
deletion of methyl groups in binding sites, both within
proteins or drug/receptor interactions (most frequently in
the range 0.18–0.26 kJmol�1 H�2,[20, 29–32] although a range
extending from 0.06 to 0.64 kJmol�1 H�2 has been
reported.[33–38]) Presumably, the large range found in the
literature reflects, at least in part, variations in positive and
negative cooperative effects.

Table 1: Average values for the parameters of Equation 3.

Parameter Physical process Value (kJmol�1) Factor[a]

DGt+r energy cost of
bimolecular association

+ 5.4 (ca. 10)

DGr energy cost of
restriction of an internal rotor

+ 1.4 (ca. 2[b])

DGh benefit of the
hydrophobic effect
(per B2 of buried
hydrocarbon)

�0.17 (B�2) (ca. 1[c])

DGp benefit of making a neutral
hydrogen bond of
ideal geometry

�4.7 ca. 7

DGionic benefit of making an ionic
hydrogen bond of
ideal geometry

�8.3 ca. 28

[a] Factor by which binding is promoted (opposed) at RT. [b] Per rotor.
[c] Upon burial of 33 B2 of the hydrocarbon.
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The localization of the drug at the binding site and
restriction of internal rotations upon binding (see Section 2.1)
spontaneously emerge from Equation (3) as factors which
oppose binding (Table 1, positive values of DGt+r and DGr,
respectively). The average value DGt+r = ++ 5.4 kJmol�1 is
remarkably small, and represents only about one tenth of the
maximum theoretical entropy loss corresponding to complete
immobilization of the ligand (see Section 2). This small value
presumably reflects, at least in part, the large residual motion
that the drugs can exercise relative to the receptor to which
they are bound. The average cost of restricting the rotation of
an internal bond in the drugs (+ 1.4 kJmol�1) is slightly less
than that found for the formation of crystals from neat liquids
that contain internal rotors (2–3 kJmol�1).[39] This finding
probably reflects the fact that rotations are somewhat less
restricted in these binding sites than they are in crystals. Most
importantly, the application of the equation gives useful
approximate binding constants in many cases.

4. Why is the Adverse DGt+r Term Relatively Small?

Given the assumption that the average value of DGt+r of
+ 5.4 kJmol�1 is representative of drugs as a whole, why is it
so small? The stronger the noncovalent bonds that hold the
complex together, the larger should be the restriction of
overall motion (adverse entropy change, of which DGt+r is a
measure). To test this hypothesis, it is necessary to examine
associations where the entropy change can be put down solely,
or largely, to DGt+r. Entropy changes arising from changes in
solvation must be avoided, or minimized, which precludes the
use of data for associations in water or other polar solvents.
Additionally, the number of internal rotations that are
restricted upon association must be zero, or limited, because
interpretation of the entropy change must not be confused by
the presence of a significant nDGr term [Eq. (3)]. In the
absence of these effects, the adverse entropy of association
will be solely a consequence of, or dominated by, the
DGt+r term.[40]

The above considerations can be satisfied for simple
bimolecular associations of relatively rigid entities occurring
in the gas phase (A+B!A···B). Binding can only be
promoted by a favorable enthalpy of interaction (DH),
which measures the benefits of noncovalent bonding between
the two portions of the complex. Binding can only be opposed
by the unfavorable loss in translational and rotational entropy
(TDSt+r). The anticipated correlation between the heat given
out (DH) and the order imposed (TDSt+r, identical to�DGt+r)
is shown in Figure 2.[2] There is a limit to the cost in entropy
for bond formation in A···B, which is reached when the bond
strength is large compared to thermal energies, and at this
point d(DH)/Td(DS) is very large. However, when bond
strengths are comparable to the thermal energy, the restraint
is effectively opposed by the motion and d(DH)/Td(DS) is
smaller. Therefore, we can anticipate that the slope of the DH
versus TDS graph (Figure 2) will increase as the bond strength
increases through the “noncovalent region”.

Dunitz has indeed shown that a curve closely following
the form of Figure 2 can be derived from a semiquantitative

approach based upon shallow energy wells.[3] For such wells,
bond extension and increased dynamics should become
important as the depth of the well decreases. This point is
illustrated schematically in Figure 2 for decreasingly exother-
mic associations (green, red, and black points on the curve).
The decreasingly exothermic associations not only give rise to
“looser” associations, but also to ones that give a less-
favorable free energy of binding (DG= DH�TDS) for
population of the organized state. This last consequence
follows because the weakest noncovalent interaction (black
point) is, of the three, the one with the most efficient enthalpy/
entropy compensation.[3,4]

These conclusions are supported by experimental data.
The adverse DGt+r term (expressed in terms of TDSt+r)
decreases as the favorable enthalpy of association is
decreased (shallower well).[2, 40] The adverse DGt+r term is
less than 13 kJmol�1 in the cases of weakly exothermic
associations (less than 20 kJmol�1). Put simply, “weak
springs” give more residual motion at the binding interface.

A similar relationship should hold for corresponding
noncovalent associations in nonpolar solvents because, to a
useful approximation, these are like those in the gas phase.

Figure 2. Anticipated relationship between the exothermicity (DH) and
the cost in entropy (TDS) for the complex formation A+B! A···B in
the gas phase or in a nonpolar solvent at 298 K (black curve). Under
these conditions �TDS is a measure of DGt+r. When the relative
motion of A and B in A···B is highly restricted, the entropy costs
approach the limiting value of TDS��57 kJmol�1. At room tempera-
ture the limit is reached at enthalpies corresponding to the formation
of a covalent bond. As the A···B bond becomes weaker, there is
increasing residual motion of A relative to B. The increasing motion,
and the accompanying increase in bond length, is illustrated in the
three sets of “dumbbells”, which correspond to the green, red, and
black points on the curve. The adverse entropy of the association
therefore becomes increasingly small.
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This follows since the favorable entropy of desolvation of the
polar groups that interact when the complex is formed should
be relatively small. Experimental data for 233 such associa-
tions[41] were examined to test this hypothesis.[42] Although
215 of the data points produced a good correlation of the form
predicted, 18 appeared anomalous (Figure 3). These 18 data
points were subsequently shown to arise because of various
kinds of errors.[42] .

Many of the points lie in the north-west quadrant
(Figure 3) for associations in nonpolar solvents that are less
exothermic than 10 kJmol�1. This is because weakly exother-
mic associations lead to weakly ordered complexes A···B with
only a very small cost in entropy. Hence, although the
favorable entropy of desolvation will be small for associations
in nonpolar solvents, it is large enough in the case of weakly
exothermic associations to more than offset the small cost in
entropy of the association.

There do not appear to be exceptions among the 233 data
points to the general requirements of Figure 2, and the

generalization has been used to correct errors in the
literature. This last point is important, because unifying
concepts are unlikely to emerge when the literature accumu-
lates errors. The idea that forming a more exothermic
noncovalent interaction proceeds with a greater cost in
entropy (greater restriction in motion) is confirmed.

Collectively, the data for the noncovalent associations
occurring in the gas phase and in nonpolar solvents also
confirm the conclusion from the training set of drug–receptor
data used in conjunction with Equation (3)—noncovalent
associations can have relatively small adverse DGt+r terms.
On average, the drugs in the data set apparently have
considerable motions relative to their receptors, that is, they
are bound in a relatively dynamic manner.

5. Cooperative Binding Processes: Definitions

The aim in studying binding affinities is to understand the
origins of the overall DG value in terms of structure. It is
evident from the foregoing sections that the changes in the
bonding (DH) and order (TDS) terms for the binding of
flexible molecules in aqueous solution are so numerous that
the problem is a complex one. A useful approach is to
separate the variables so that a deeper understanding can
emerge. This has already been achieved at one level by
separating the effects of noncovalent bonding in complex
formation from those of desolvation (through the examina-
tion of complex formation in the gas phase and in nonpolar
solvents, see Section 4). Cooperativity between noncovalent
interactions has not so far been discussed. It will be seen that
its effects upon the bonding (DH) and order (TDS) terms can
be predicted with some confidence, and so another layer of
the complexity can be peeled away.

Noncovalent interactions are said to interact with each
other in a positively cooperative manner when the binding
energy that is derived from them acting together is greater
than would be derived from the sum of their acting separately.
Conversely, they are said to interact with each other in a
negatively cooperative manner when the binding energy that
is derived from them acting together is less than would be
derived from the sum of their acting separately. Equation (3)
was derived to remove part of the problem that arises from
cooperativity. Equation (3) is based on the idea that the cost
of an association (DGt+r) has to be paid only once. It was
therefore reasoned that if this adverse term could be factored
out from the other free-energy contributions then, to a useful
approximation, all the free-energy terms could then be
treated additively.

Figures 2 and 3 illustrate the inadequacy of this approach
in the general case, since the adverse DGt+r term increases as
association occurs with stronger bonding. The addition of an
extra polar interaction at a binding interface can decrease the
local dynamics and thereby increase the favorable free energy
of adjacent interactions (see Section 6).[40] It is this gradual
switching on of positively cooperative effects, as a result of the
interplay between motion and bonding, that precludes
rigorous analysis of binding affinities in terms of sums of
the parts.

Figure 3. Enthalpy (DH) versus entropy (TDS) diagram for the associa-
tion of macrocycles with neutral molecules in a variety of nonpolar sol-
vents.[41] There are six groups of data points that appear to be inconsis-
tent with the general form of the enthalpy/entropy compensation
curve, but all of these are associated with errors[42] (quite understand-
ably arising in a valuable review[41] of large breadth). Three examples of
which follow: a) Four data points were transcribed with an incorrect
sign for DS, thus requiring their transposition from the north-west
quadrant to the north-east quadrant). b) Six data points were transcri-
bed in the review with a conversion factor for DS that was too large
(by a factor of 4.18 Joules/calories), thus requiring their transposition
into the general region of the correlation). c) A point that is not an
error in transcription was indicated by our experimental value to be
errorneous. Given the correction of these errors, and others indicated
by the arrows and asterisk,[42] there is agreement between the general
forms of Figures 2 and 3.
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Nevertheless, in many systems (particularly synthetic
ones) there may be no significant cooperativity, and in these
cases the binding energy will correspond to the sum of the
parts. For example, the affinity of polyamines to DNA can be
described simply as a function of the number of possible
contributions of each ammonium center.[43]

6. Cooperative Binding at a Single Interface

6.1. The Case of Positive Cooperativity

To illustrate how positive cooperativity can arise in a
simple system of polar interactions, we consider a receptor
that binds ligands X, Y, and Z with affinities DGX, DGY, and
DGZ, respectively (Figure 4). Clearly, binding some combina-

tion of these ligands, each as separate entities, will result in an
overall free energy change that is represented by the sum of
the contributions from each individual ligand. Let us now
consider the case where Y and Z are connected by a linker
(Y�Z) (Figure 4b). There is now the benefit of the classic
entropic chelate effect to binding described by Jencks and
Page.[7–9] That is, if Y and Z each bound separately with an
adverse TDSt+r term of N, then Y�Z will bind with a cost of
less than 2N. We now add the cooperative effects addressed in
this review to this benefit to binding. First, the restrictions in
motion that Y and Z impose on each other when binding as

Y�Z will increase the exothermicity of the noncovalent bonds
that they make with the receptor; that is, there will be
structural tightening of the receptor–ligand complex
(Figure 4, d1< d0). Second, the increased exothermicity
associated with this first effect will in turn reduce the motions
of Y and Z (in Y�Z) relative to the receptor. Therefore, these
two effects will occur with a benefit in enthalpy and a cost in
entropy relative to the situation occurring if there were no
positive cooperativity of this nature. Analogous arguments
allow us to conclude that if X is connected to Y�Z by a rigid
strain-free linker to form X�Y�Z then further structural
tightening will occur (d2< d1) and lead to a further cooper-
ative enhancement of binding (Figure 4c).

Studies with glycopeptide antibiotics established the
reductions in distance modeled in Figure 4a–c.[44] Several
peptide ligands, all containing the carboxylate group depicted
lower right in Figure 5, were separately bound to the anti-

biotics. In all cases, a large downfield chemical shift (Dd = 1–
3 ppm) of the antibiotic amide NH proton H2 was observed
upon binding of the ligand. A larger limiting downfield shift
of this proton indicates a shorter and stronger carboxylate�
NH hydrogen bond.[44–46] This hydrogen bond was formed to a
higher degree as the number of hydrogen bonds and other
motional restrictions adjacent to the carboxylate�NH inter-
action was increased. The motional restriction of the carbox-
ylate group, afforded by these adjacent motional restrictions,
strengthens the hydrogen bonds directly made to the carbox-
ylate group.

Figure 4. Schematic representation of a receptor that binds ligands X,
Y, and Z with affinities DGX, DGY, and DGZ, respectively. a) Binding of
Z results in a structure with an intermolecular distance d0. b) When Y
and Z are connected by a rigid, strain-free linker (Y�Z) they bind to
the receptor with positive cooperativity (DGY-Z more negative than
DGY + DGZ) and there is structural tightening (d1<d0). c) If X is con-
nected to Y�Z by a rigid, strain-free linker to form X�Y�Z then further
structural tightening will occur (d2<d1) leading to a further coopera-
tive enhancement. d) The shorter linker between Y and Z does not
allow both these binding interactions to occur with optimal geometry.
Y�Z binds the receptor with negative cooperativity (DGY-Z more posi-
tive than DGY + DGZ) and there is structural loosening (d3>d0).

Figure 5. The binding interaction between the glycopeptide antibiotic
vancomycin and the peptide ligand N-a-acetyl-Lys-(N-e-acetyl)-d-Ala-d-
Ala. Hydrogen bonds are indicated by dotted lines. The binding is also
promoted by hydrophobic interactions, notably of the Ala methyl
groups to the aromatic rings of the antibiotic. The amide NH proton
H2 discussed in the text is indicated.
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The dimers of the glycopeptide antibiotics (Figure 6)
exhibit the same effect. The proton resonance H4 at the dimer
interface undergoes a downfield shift when the dimer is
formed from the monomer. The extent of this downfield shift

increases as additional bonding restraints, more distant from
H4 than the four central hydrogen bonds depicted in Figure 6,
are added at the dimer interface. In analogy with the
correlation observed between increased downfield changes
in the chemical shifts of the a protons of b-strand structures as
the interstrand distance decreases,[47, 48] these data indicate
that remote bonding restraints reduce the interfacial distances
in the dimer in the vicinity of H4.

Thus, structural tightening occurs in the bound state as a
consequence of positive cooperativity.[49] Furthermore, ther-
modynamic measurements indicate that the structural tight-
ening occurs with a benefit in enthalpy (DH) and a smaller
cost in entropy (in terms of TDS).[49]

6.2. The Case of Negative Cooperativity

The model of Figure 4 can also be used to illustrate how
negative cooperativity may arise. Consider the case where Y
and Z are rigidly held in a conformation that does not allow
both binding interactions to occur with the preferred geom-
etry shown in Figure 4b. This situation could be induced, for
example, by introducing a linker between Y and Z that is too
short (Figure 4d). The “pull” of Y towards its preferred
binding geometry will adversely affect the binding of Z by
forcing it away from its preferred binding geometry, and
vice versa, with the consequence that DGY�Z will be less
negative than the sum of DGY+ DGZ. Y binds with negative
cooperativity with respect to Z, and vice versa. Based on the

arguments presented above, a consequence of this negative
cooperativity should be loosening of the interaction of Z into
its receptor cup (Figure 4d, d3> d0), at a cost in enthalpy but
with a benefit in entropy.

Studies on the melting of DNA duplexes support the
models of negatively cooperative binding. For example, the
self-complementary duplex 1 is formed in aqueous solution
from its constituent single strands with an exothermicity of
�430 kJmol�1.[50] The magnitude of the exothermicity of
duplex formation drops by 220 kJmol�1 upon the introduction
of only two mismatches into the sequence (formation of 2
with X = m6G, namely, methylation at the purine O6 site). This
extremely large fall in the exothermicity of duplex formation
is associated with a correspondingly dramatic fall in the
adverse entropy for duplex formation (�1164 Jmol�1K�1 for
1 versus �577 Jmol�1K�1 for 2).

CGCGAATTCGCG CGCXAATTTGCG
GCGCTTAAGCGC GCGTTTAAXCGC

1 2

Since the negative cooperativity associated with the
introduction of the two mismatches reduces the melting
temperature of the duplex, a correction must be made for the
heat capacity change upon melting of the DNA.[51–53] After
allowing for heat capacity effects, it is found[54] that the
introduction of just two mismatches reduces the favorable
enthalpy of duplex formation by 123� 53 kJmol�1. Thus,
there is a large reduction in the bonding in the duplex
structure, even though formally it involves the removal of
only two C=O···HN hydrogen bonds and the introduction of
two repulsive C=O···OR2 interactions. Therefore, it appears
likely that the introduction of the mismatched T···X inter-
actions in 2 loosens adjacent interactions. A similar calcu-
lation for the entropy term indicates that the large reduction
in bonding is accompanied by a large increase in the motional
dynamics of 2 relative to 1. There is enthalpy/entropy
compensation, with the consequence that the introduction
of the two mismatches has a much smaller effect on the
relative stabilities (DDG= 46 kJmol�1) of the two duplexes
than would otherwise be the case.

7. Cooperative Binding over Multiple Interfaces

Although positively or negatively cooperative binding
between interactions expressed at the same interface (Sec-
tion 6) is important, such effects expressed over multiple
interfaces are of supreme importance in biology. We first
consider the free energy of positively and negatively cooper-
ative binding when expressed over two interfaces.

Figure 7 shows a thermodynamic cycle for the formation
of a dimer, which can occur either in the presence, or absence,
of a ligand. The dimer can bind two molecules of ligand.[55]

The transformation A!C represents the free energy of
dimerization and A!B represents the free energy of binding
two molecules of ligand to two of monomer. The trans-
formation C!D represents the free energy of binding two
ligands to dimer in the absence of cooperativity, which by

Figure 6. Backbone structure of the dimer of the glycopeptide shown
in Figure 5. Hydrogen bonds are indicated by dashed lines. The a-
proton H4 mentioned in the text is indicated. The central four hydro-
gen bonds at the dimer interface are common to all glycopeptide
dimers, whereas the two outer hydrogen bonds can only be made by
antibiotics that possess an amino sugar attached to R6.
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definition is therefore the same as the free-energy change for
A!B. The transformation B!D represents the free-energy
change for dimerization of ligand-bound monomer in the
absence of cooperativity, and is therefore by definition the
same as the free-energy change for A!C.

If the dimer and ligand interfaces are formed in a
positively cooperative manner, then a more stable species E
is formed instead of D. The difference between free energy
levels E and D (DGpos.coop) represents the free energy benefit
of the positive cooperativity. If the dimer and ligand
interfaces are formed in a negatively cooperative manner,
then a less-stable species F is formed instead of D. The

difference between free energy levels F and D (DGneg.coop)
represents the free energy cost of the negative cooperativity.

Suppose the dimerization constant for the formation of a
symmetrical dimer is increased by some factor x (for example,
100) by the occupation of both its ligand binding sites
(positively cooperative binding, Figure 7). Then the binding
constant for each ligand into the two identical binding sites of
the dimer must be greater by

p
x (for example, 10) over

binding to the monomer. More generally, if a receptor system
is stabilized upon ligand binding, the ligand affinity for the
receptor must thereby be increased. This important point is
discussed in the general context in Section 11.

8. Positive Cooperativity over Multiple Interfaces

8.1. Monomeric Protein Receptors

A structural model[56] to understand this phenomenon of
positively cooperative binding is given in Figure 8a, and
shows a portion of a protein receptor prior to (top) and after
(bottom) binding to a ligand. First consider the free receptor
(top): the formation of its two depicted hydrogen bonds is
opposed by the relative motions of its two peptide backbones.
The internal motions of the chain that is presented to the
ligand can be reduced by the formation of hydrogen bonds
from it to the ligand (Figure 8a, bottom). Since motion
opposes bonding, the restriction of the internal motions of this
chain upon ligand binding should result in the strengthening
of the hydrogen bonds within the receptor.

The “damping down” of the motions of the depicted
receptor residues upon ligand binding can, in turn, improve
noncovalent bonding more deeply within the receptor. Such
transmission will result in an improvement in noncovalent
bonding at all sites within the receptor that are coupled with

Figure 7. Formation of a fully coordinated dimer from the constituent
elements of two ligand molecules (blue) and two antibiotic monomers
(red). Vertically arranged species are bound, horizontally arranged spe-
cies are not bound. Starting from the free components (A) the associa-
tion can occur to give two ligand-bound monomers B or a ligand-free
dimer C. The coordinated dimers may be formed without cooperativity
(D), with positive cooperativity (E), or with negative cooperativity (F).

Figure 8. Structural models for positively cooperative binding (a) and for negatively cooperative binding (see text for details).
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positive cooperativity to ligand binding. Ligand binding to the
receptor is improved because the receptor is stabilized upon
ligand binding.

A consequence of improved bonding within a receptor
following positively cooperative ligand binding will be a
reduced degree of H/D exchange of selected amide NH
protons of the receptor (see Section 11).

8.2. Dimeric Receptors

The model of Figure 8a is equally useful in considering
the case where the portion in blue represents not a single
protein receptor, but rather two peptide chains that can come
together through a bimolecular association (the wavy lines
are ignored). Under these circumstances, the formation of the
blue hydrogen bonds (for example, when a receptor dimer is
formed) lead to the presentation of a more organized
template to the ligand. For this reason, the cost in entropy
in binding the ligand to the dimer will be less than in binding
the ligand to the monomer. Molecular dynamics simulations
illustrate that this contribution to positive cooperativity is a
benefit to entropy.[57]

It must now be considered how the above “templating”
advantage of a dimeric over a monomeric receptor structure
will cause “knock-on” effects on the structure. Since it is
motion that opposes bonding, the presentation of a more-
ordered surface (of a dimeric receptor) to a ligand will allow
an improvement in interfacial ligand/receptor bonding (Fig-
ure 8a). In fact, there will tend to be mutual strengthening of
all the hydrogen bonds between the chains in strain-free
binding. A consequence of this strengthening of the hydrogen
bonds must be to reduce the relative translational motions of
the chains, and to further restrict their internal wagging
motions, at a cost in entropy.

In summary, positively cooperative binding of a ligand to a
dimeric receptor should be beneficial in enthalpy, that is, with
a shortening of the noncovalent bonds involved. However, the
overall entropy changes cannot be predicted from the model.
Strain-free templating of binding gives an entropic benefit,
whereas entropy/enthalpy compensation should give an
entropic cost. Experiments are required to address this
problem.

The structural and thermodynamic features of positive
cooperativity expressed over multiple interfaces have been
demonstrated experimentally. Dimers of glycopeptide anti-
biotics of the vancomycin group are typically further stabi-
lized and, without reported exception, become less dynamic
when they bind two molecules of the bacterial cell-wall
analogues (Figure 9). This reduced dynamic behavior of the
dimer receptor system occurs with distance reductions at the
dimer interface, as indicated by NMR data.[46] The reduction
in the dynamic behavior of the dimeric receptor is greater for
strongly binding ligands than for weakly binding ligands.[58]

The positive cooperativity is typically associated with a
benefit in enthalpy and a cost in entropy.[59] In such cases,
the motional restriction that accompanies improved bonding
outweighs the benefit in entropy of binding to a more-ordered
template.

The structural changes occurring upon positively cooper-
ative binding bear analogy to the changes occurring upon
cooling a substance. On reducing the temperature of a pure
substance, whether liquid or solid, it is universally observed
that the change is favorable in enthalpy and adverse in
entropy.[60] It is also almost universally observed that reducing
the temperature leads to a volume reduction (the ice/water
transition is an example of a relatively rare exception). The
physical basis for this analogy is evident: both in the exercise
of positive cooperativity and in cooling a substance, a
reduction in dynamic behavior improves noncovalent bond-
ing and shortens the average noncovalent bond lengths.

9. Negative Cooperativity over Multiple
Interfaces—Hemoglobin

Since cooperative binding is a phenomenon of great
importance in chemical biology, it might be assumed that a
unified definition of the phenomenon would already be in use.
This is not the case. For multiple ligand binding sites,[61,62]

positively cooperative binding is said to occur when binding
ligands are successively bound with increasing affinities.
Conversely, negatively cooperative binding is said to occur
when binding ligands are successively bound with decreasing
affinities.

Importantly, ligand binding can be positively cooperative
if the above definition for multiple binding sites is used, while
being negatively cooperative if the definition employed here
is used (see Section 5). The advantage of the definition of
positive cooperativity used in this Review is that it requires
that the sets of noncovalent interactions are, when made
together, mutually reinforcing. Such a condition would seem

Figure 9. Peptide backbone of a glycopeptide antibiotic dimer (blue)
that is simultaneously bound to two molecules of a bacterial cell pep-
tide precursor analogue (red). The binding of the analogue occurs with
positive cooperativity, such that the dimer system is stabilized and
shortens the distances marked a. The effect affords a benefit in
enthalpy and a cost in entropy.
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to be a mandatory requirement for interactions that are
“positively cooperative”. We now illustrate the nontrivial
consequences of these considerations by reference to the
binding of O2 to hemoglobin.

A structural model to illustrate negatively cooperative
binding over two interfaces is given in Figure 8b. Here, the
surface chain of the protein receptor must incorporate a
structural feature (for example, steric inhibition by the blue
square) that inhibits ligand binding to the structure of the
isolated receptor. As required for a structurally meaningful
definition of “negatively cooperative”, the two sets of
interactions (the preferred noncovalent interactions at the
ligand/receptor interface and those preferred within the
receptor) are mutually incompatible. Therefore, when
ligand-binding occurs, the ground-state structure of the
receptor must be distorted from its preferred geometry
(Figure 8b, top) to a state (bottom) in which its internal
noncovalent bonding is weakened. Thus, ligand binding that is
negatively cooperative should cause receptors to loosen their
structures and become more dynamic. Consequently, the
extent of H/D exchange of the amide�NH protons of the
peptide backbone of the receptor (upon exposure to D2O)
should increase upon ligand binding. In addition, the reduc-
tion in bonding efficiency within the receptor upon negatively
cooperative ligand binding will make ligand binding less
favorable in enthalpy, and more favorable in entropy than
would otherwise be the case. Evidence to support these
conclusions is presented below.

Hemoglobin, the protein that carries oxygen in the blood
stream, exists as a tetramer. The classic work of Monod,
Wyman, and Changeux (MWC)[62] allows a deep insight into
the changes that occur when O2 binds to hemoglobin. The
initially available form of the tetramer is described as a
“tense” (T) form (Figure 10a). The geometry of this form

does not allow efficient binding of O2 to it. The initially
available T form is distorted to give a more “relaxed”
structure (the R form, Figure 10a) to enable O2 to bind
more efficiently. The binding of just one O2 molecule to the
tetramer is envisioned as distorting all four subunits towards
the R structure (Figure 10b), so that the subsequently binding
O2 molecules bind with higher affinity. The O2 binding is
therefore defined in the MWC model as positively coopera-
tive. The energy required for the T!R conversion is largely
carried out by the first O2 molecule that binds. Therefore,
subsequently binding O2 molecules have the advantage of
accessing a relatively high population of the R state, and bind
with greater affinity.[63]

However, in terms of the definition used here, the binding
of O2 to hemoglobin is negatively cooperative. The T state
does not allow efficient binding of O2, and therefore the
binding of O2 distorts it to the R state (Figure 10a). This
situation is analogous to the situation shown in Figure 8b.

The negatively cooperative binding does indeed force a
loosening of the T state of the tetramer, through the breaking
of ionic interactions between subunits.[64] However, and
importantly for the structural consequence of negatively
cooperative binding developed here, widespread structural
changes in the T to R transition seem possible: all non-
covalent interactions within a receptor system that are
coupled with negative cooperativity to ligand binding
should loosen.

To test the above conclusion we determined[65] the change
in the dynamic behavior of the (horse) hemoglobin tetramer
polypeptide backbone when it binds O2 by ESI-mass spec-
trometry. Through the binding of oxygen, a further 7–8
exchangeable amide hydrogen atoms per a chain (5.2–6% of
the total number) and a further 16 per b chain (11.4% of the
total number) underwent solvent exchange. Thus, complete
saturation of the hemoglobin tetramer by O2 binding results
in an increase of 46–48 backbone NH atoms undergoing
exchange. The dramatic increase in amide NH exchange is in
agreement with the predictions regarding the changes asso-
ciated with negatively cooperative binding. This increase in
dynamic behavior of the amide backbones of the hemoglobin
subunits had not been uncovered by previous X-ray studies.
Presumably, the changes in dynamic behavior, which are
important for an understanding of binding interactions, are
masked by crystal-packing forces.

The requirement that negative cooperativity, as exercised
on the T state, will be accompanied by enthalpy/entropy
compensation (in the sense of a benefit in entropy and a cost
in enthalpy) is also satisfied. Thus, as O2 binding promotes the
T to R transition, there should be an uptake of heat by, and
increase in disorder within, the hemoglobin tetramer. The
following thermodynamic parameters (per subunit) were
obtained for the case of O2 binding to trout hemoglobin:[66]

The first O2 molecule binds with DH= 0 kJmol�1 and a
favorable TDS term of + 21 kJmol�1. In contrast, the fourth
O2 molecule binds exothermically (DH=�32 kJmol�1) and
with a slightly unfavorable entropy term (TDS=

�3 kJmol�1). The binding of O2 to the iron atom of
hemoglobin in isolation can confidently be assumed to be
exothermic. However, since O2 binding drives the T!R

Figure 10. a) Negatively cooperative binding of O2 to hemoglobin. In
the T state (blue) the hemoglobin is unable to bind O2 efficiently
because the access of the O2 to the T state is hindered by the plane of
the porphyrin ring. The structure of the hemoglobin is therefore dis-
torted (loosened, with a decrease in efficiency of its internal noncova-
lent bonding) to give the R state (red), which is better able to bind O2.
b) MWC model for the binding of the first molecule of ligand (L) to a
tetrameric protein existing in tense (T) and relaxed (R) forms.
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conversion (Figure 10b), the associated loss in bonding within
the hemoglobin structure offsets this exothermic gain. Hence,
DH= 0 kJmol�1 for O2 binding starting from the T form is
understandable. The favorable TDS term of + 21 kJmol�1

reflects the loosening of the hemoglobin structure that
accompanies its loss of internal bonding. Thus, it may be a
useful approximation to isolate the binding event of O2 to the
R form of hemoglobin as being reflected by DH=

�32 kJmol�1 and TDS=�3 kJmol�1. Indeed, O2 binding in
isolation should involve only a small adverse entropy change
(reflecting the dynamic binding of a ligand of small mass to a
receptor). This approximation isolates the thermodynamics of
the T!R transition in terms of DH= ++ 32 kJmol�1 and
TDS= ++ 24 kJmol�1. These are plausible numbers for the
generation of a structure that is less well bonded and exhibits
more dynamic behavior (see the exchange data for horse
hemoglobin above for comparison). Additionally, since DG=

DH�TDS, the T!R transition is DG�+ 8 kJmol�1. Thus, at
room temperature the free T state of trout hemoglobin should
be more highly populated than the free R state by a factor of
about 25. Seen in this light, the thermodynamic parameters
make physical sense.

Analogous experiments on myoglobin are clearly of
interest, since it exists as a monomeric species. In the original
classic paper of Monod, Wyman, and Changeux it was
assumed that “the subunits of the R form are closer to the
conformation of the [hemoglobin] monomer” (cf. myoglobin)
and that “myoglobin may be thought of as a relaxed subunit of
hemoglobin”.[62] According to this assumption, oxygen binds
strongly to myoglobin, at least in part, because it does not
have to pay the price of the T to R conversion (Figure 10).

However, it is important to recall that the internal
structure of the R form has been shown above to be loosened
relative to the T state, and this internal loosening must be
driven by O2 binding. Thus, the myoglobin structure might
also be loosened internally by O2 binding. The extent of H/D
exchange of the amide protons on the peptide backbone of
myoglobin in the absence, and presence, of bound oxygen was
determined by ESI-MS. A further 13–15 exchangeable back-
bone amide hydrogen atoms were exposed to solvent
exchange through the binding of oxygen.[56] Myoglobin thus
possesses a tight (or “tense”) internal structure, and not a
relaxed one as originally seemed likely. This conclusion also
makes physical sense because, as Perutz commented,[67] it is
the binding of O2 that perturbs the protein structure. Both
myoglobin and the T form of hemoglobin bind O2 with
negative cooperativity as defined by the model used here (see
Figures 8b and 10a). Consistent with the model, the reduction
in binding energy of the O2 molecule to the T form of
hemoglobin is widely spread, not only at the tetramer
interfaces, but also among the internal network of non-
covalent interactions of each monomeric unit.

The advantages of the negatively cooperative model for
O2 binding to hemoglobin are threefold: 1) it is part of a
model for cooperativity (Figure 8) that is consistent with the
sense in which the term “cooperativity” is most frequently
used. Mutual enhancement of compatible sets of interactions
is described as positively cooperative binding (Figure 8a, for
example, as in protein folding[68,69] and crystallization).

Mutual weakening of initially incompatible sets of interac-
tions is described as negatively cooperative binding (Fig-
ure 8b, for example, as in the case of O2 binding to
hemoglobin (Figure 10a)). 2) The model postulates specific
structural consequences. For example, since all noncovalent
interactions within a receptor system that are coupled with
negative cooperativity to ligand binding should loosen, it
requires that the internal structure of each hemoglobin
subunit be extensively loosened upon O2 binding (this has
been established by H/D exchange experiments[65,70]). 3) The
use of the terms Tand R states[62] is naturally accommodated,
since negatively cooperative binding of O2 forces a reduction
in bonding in the T state (cost in enthalpy) to give the R state
which is more dynamic (benefit in entropy).

If the binding of O2 to hemoglobin were positively
cooperative in a structural sense (in terms of noncovalent
bonding), then the initial O2 binding event would represent
“normality”, and subsequent O2 binding events would be
accompanied by mutual enhancement of noncovalent inter-
actions within the O2/hemoglobin system. This is not the case.
Rather, nature has built the greatest adversity into the first
O2-binding step, where the restriction of access of O2 to the
iron atom is the result of the steric hindrance of the porphyrin
ring (Figure 10a). The successively stronger O2-binding steps
that are described as positively cooperative in the Monod,
Wyman, Changeux model are in fact successive steps of
decreasing negative cooperativity.

Other literature data are consistent with the general
properties proposed here for negatively cooperative binding.
The binding of the cofactor (6R)-l-erythro-5,6,7,8-tetrahy-
drobioptrin to the tetrameric recombinant human tyrosine
hydroxylase isoform 1 occurs with negative cooperativity.[71]

The cofactor-bound form of the enzyme shows, relative to the
free form of the enzyme, a decreased resistance to limited
tryptic proteolysis—as would be expected from a loosening of
the enzyme structure. Additionally, a decreasing incremental
affinity is observed for the binding of ligands with one, two, or
three carbohydrate units to lectins.[72, 73] That is, the binding is
negatively cooperative. The ligands with several carbohydrate
units coordinate with more positive entropy of binding
relative to the analogues with one unit,[74] presumably
reflecting the disorder produced in the lectins by the
negatively cooperative binding of the second and third
carbohydrate epitopes.

Lastly, a decrease in protein stability is induced by ligand
binding which increases the flexibility of the protein.[75]

10. Negative Cooperativity that Breaks Interfaces

If the free-energy change associated with negatively
cooperative binding were sufficiently large, the free energy
of F would lie above that of B (Figure 7). Under these
circumstances, a ligand binds with negative cooperativity to a
receptor that is in its dimeric state in the absence of ligand,
and thereby induces dissociation of the dimer. Such cases are
established,[76] and, indeed, Monod, Wyman, and Changeux[62]

considered dissociation of an oligomeric species as the limit of
structure loosening.
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11. Reduced Dynamics within Protein Receptors as a
Source of Ligand Binding Energy

In Sections 7 and 8 it was shown that in the positively
cooperative binding of a ligand to a receptor (there a small
dimer) the free-energy benefit of the positively cooperative
binding is correlated with a tightening (that is, a local volume
reduction) within the receptor system. A thermodynamic
cycle shows that where a receptor system becomes more
stable upon ligand binding it is axiomatic that ligand binding
is thereby improved.[55] This conclusion is represented sche-
matically in Figure 11.

Has evolution exploited reduced dynamics within protein
receptors as a source of ligand-binding energy? Clearly, the
search for such effects should be through the examination of
systems in which a localized view of noncovalent interactions
would seem inadequate in understanding the observed
affinities.

The binding of biotin to the streptavidin (STV) tetramer is
so remarkably strong (K= 1013.4

m
�1) that it finds widespread

use in biology. It is poorly understood and typically found to
be an “outlier” in comparison with other affinities.[16,77]

Specifically, it is about 1000 times stronger than expected on
the basis that the binding should correspond to the sum of the
parts.[16, 77] We used mass spectrometry to measure the extent
of H/D exchange of the amide NH protons in STV both in the
absence and presence of biotin. It was found that 22 backbone
amide NH protons per STV monomer unit are protected from
H/D exchange (RT, pH 8, 2 h) upon binding of biotin.[65] The
location of the backbone NH protons protected by biotin
binding was obtained from a pepsin digest. The data show that
the binding of biotin reduces the solvent accessibility of
streptavidin backbone NH protons in much of the structure
(Figure 12).

It is noteable that the effects are much more marked in
some parts of the structure than in others: thus, the improved
packing induced within the receptor upon binding of biotin is
not that which might be engendered upon simply carrying out

binding at a higher pressure. Rather, it is exercised only in the
parts of the receptor where positively cooperative binding is
expressed. It is clear that the binding energy of biotin to
streptavidin is widely delocalized. X-ray crystallographic
studies of the free and bound tetramer[78–81] do not illustrate
the widespread greater dynamic behavior of the free tet-
ramer, presumably because this is damped down by crystal-
packing forces. In this respect, we note that liquid to crystal
transitions universally occur with improvements in noncova-
lent bonding that restrict dynamic behavior.

The streptavidin/biotin system provides a clear example
where the binding affinity is the property of the whole system,
rather than something that can be understood by examination
of the ligand/receptor interface. This point is consistent with
other, less structure specific, measurements. The effect of
biotin binding on the thermal stability of STV has been
evaluated by using differential scanning calorimetry
(DSC).[79,81] Biotin binding increases the thermally induced
denaturation of STV in phosphate buffer from Tm = 75 to
112 8C. Thus, the biotin/STV system is much more resistant to
thermal unfolding than is STV in the absence of biotin, and
clearly more stable than is the isolated STV. Additionally, the
binding of biotin to STV is remarkably exothermic and
adverse in entropy (DH=�134 kJmol�1 and TDS=

�57 kJmol�1,[81] also reported in another study as DH=

�102 kJmol�1 and TDS=�26 kJmol�1).[79] All the data
satisfy the proposed effects of positively cooperative binding
in which ligand binding energy is provided in part because the
ligand reduces the dynamic behavior of the receptor. The
formation of new noncovalent interactions within the recep-
tor is not required, but simply the strengthening of existing

Figure 11. Schematic illustration showing that stabilization of a recep-
tor system (oblong) upon ligand binding (blue square) increases
ligand binding energy. In the absence of positively cooperative binding
(right), the ligand binds without modification (tightening) of the recep-
tor structure. In the presence of positively cooperative binding (left),
the ligand binds with overall tightening of the receptor structure. The
increase in ligand binding energy arising from positive cooperativity is
because of increased stability of the ligand/receptor system. It may in
principle be expressed at any of the noncovalent interfaces of the
ligand/receptor system.

Figure 12. a) Deuterium incorporation into streptavidin in the absence (&) and
presence (^) of biotin as a function of time tL. The level of deuterium incorpo-
ration in two peptides (43–56 and 59–72) obtained by pepsin digestion was
investigated. b) Position of the peptides in a ribbon model of a STV subunit
with bound biotin (the figure was prepared with the program MOLMOL[106]).
The degree of increased NH protection in the presence of biotin is indicated
by color: red >30 %, yellow 20–30%, light blue 10–20%, and dark blue
<10%.
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ones. In this sense, distinct conformational changes are not
required.

The above conclusions also receive support from inde-
pendent findings that an increase in protein stability is
induced by ligand binding which reduces the flexibility of
the protein.[75] They are also in accord with the long-standing
observation of Sturtevant that ligand binding to proteins
commonly occurs with a reduction in heat capacity, which is
consistent with the loss of many internal vibrational degrees
of freedom.[82] Notably, Cooper and Dryden have also
concluded[83] that positive cooperativity in ligand binding
will induce a “stiffening” in the protein (corresponding to the
“tightening” shown here). We note that although the H/D
exchange experiments indicate the strengthening of hydrogen
bonds, all the binding interactions that are positively coupled
to the strength of these bonds will be enhanced.

An additional comment is necessary here. It is widely
perceived that if there is a change in structure from the
observed state of a free protein to a more packed state upon
ligand binding, then there must be a cost in the free energy
associated with the structural change of the protein. This idea
is incorrect: once the ligand has bound to the protein, a new
system (ligand·protein) has been generated. Since the ligand
restricts the dynamic motion of the protein in positively
cooperative binding (see above data), a more compact state is
now the most favored in terms of free energy.

12. Ligand/Receptor Interactions that are Strongly
Enthalpy or Entropy Driven

Since positive cooperativity promotes enthalpy-driven
binding, and negative cooperativity promotes entropy-driven
binding, these relationships can be used plausibly to infer the
manner in which drugs are likely to order, or disorder, the
receptors to which they bind. The thermodynamic parameters
of the binding of 136 drugs to biological receptors has been
plotted in a graph of DH versus DS (Figure 13).[84] Some
associations are endothermic by quantities in the region of
30 kcalmol�1 (125 kJmol�1), while at the other extreme, some

are exothermic by about 20 kcalmol�1 (84 kJmol�1). The
differences in these extremes are massive (ca. 200 kJmol�1)
and can be ascribed to two scenarios:
1) The highly endothermic binding is associated with neg-

ative cooperativity and with associated decreased bonding
within the receptor (in its drug-bound, relative to drug-
free, state). The decreased bonding in the receptor upon
binding the drug increases its internal motion, thus
accounting for the very favorable positive entropy
change (TDS is in the region of 160 kJmol�1 at room
temperature).

2) The highly exothermic binding is associated with positive
cooperativity, and with associated improved bonding
within the receptor (in its drug-bound, relative to drug-
free, state). The increased bonding in the receptor upon
binding the drug decreases its internal motion, thus
accounting for the very unfavorable negative entropy
change (TDS is in the region of �47 kJmol�1 at room
temperature).

It is of course possible that both positively and negatively
cooperative interactions will occur within the same system,
and the thermodynamic parameters will then reflect the net
effect. Cases where enthalpy/entropy compensation occurs
upon ligand binding to proteins have been highlighted, and
examples where binding of ligand causes both increases and
decreases in flexibility within the same protein are
reported.[85] Additionally, we note that we are only able to
consider cases where cooperativity acts to loosen or tighten
receptor structures. The situation becomes more complex
than can be treated here when ligand binding induces the
formation of receptor structures that contain new sets of
noncovalent interactions within the receptor.

13. Changes in the Aggregation of Receptors in
Signal Transduction

The extremes of enthalpy-driven versus entropy-driven
binding were interpreted above as reflecting a tightening or
loosening of the receptor system. A common feature of cell-
signaling pathways is that membrane-bound receptors are
induced to change the extent of their aggregation upon
binding to the natural ligand (Figure 14).[86] In some cases,
agonists (which activate a receptor when they bind to it[87])
induce aggregation of receptors.[86] Such agonist binding
should therefore be particularly beneficial in bonding (neg-
ative contribution to DH) and adverse in entropy (negative
contribution to TDS). These consequences (although not
previously interpreted in this way) are seen in Figure 15 for
the binding of agonists (*) to the b-adrenergic receptor.[88]

In other cases agonists induce the dissociation of receptor
multimers.[86] Such agonist binding should therefore be
relatively adverse in overall bonding and favorable in entropy.
These consequences are seen in Figure 16 for the binding of
agonists (*) to adenosine A1 and A2 receptors.[89–91]

Antagonists are compounds that bind to such receptors
but do not activate them.[87] Therefore, antagonists must avoid
induction of the same order of the receptor system that is

Figure 13. Plot of the standard enthalpies (DH0) versus standard entro-
pies (DS0) for the binding equilibria of 136 different ligands to 10 bio-
logical receptors, one DNA, and two enzymes. The two dashed lines
correspond to the ligand–macromolecule association constants K of
104

m
�1 and 1011

m
�1. (Reproduced with permission from Ref. [84].)

D. H. Williams et al.Reviews

6610 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6596 – 6616

http://www.angewandte.org


induced by agonists. Thus, where the agonist induces receptor
oligomerization (for example, the b-adrenergic receptor), the
antagonist may avoid induction of oligomerization, or even
induce the formation of monomeric receptor. Such antagonist
binding should therefore be (in comparison to agonist binding)
relatively adverse in overall bonding and favorable in entropy.
This conclusion is consistent with the data points for antagonist
binding to the b-adrenergic receptor (* in Figure 15).

In contrast, if agonists induce the dissociation of receptor
multimers (for example, the adenosine A1 and A2 receptors),
antagonists may avoid the induction of this dissociation or
even induce the formation of receptor oligomers. Such
antagonist binding should therefore be (in comparison to
agonist binding) relatively favorable in overall bonding and
unfavorable in entropy. This conclusion is consistent with the
data points for antagonist binding to the adenosine A1 and A2

receptors (* in Figure 16).
Analogous effects are found in numerous systems.[89–91]

Thus, agonists and antagonists appear to frequently act
differently in their effects on enthalpy/entropy compensation,
and in such cases thermodynamic studies can be used to probe
the changes in the oligomeric states of receptors upon ligand
binding.

14. Volume Reductions within Enzymes can
Promote Catalysis

14.1. Benefits of Improved Bonding in Enzyme Catalysis

A reaction of substrate!product (S!P) catalyzed by an
enzyme (E) benefits, relative to the reaction in free solution,
because the adverse entropy of the reaction in free solution is
reduced by the preorganization of the catalytic groups in
relation to the substrate [Eq. (4)].[63] Catalysis will also be
promoted if the enzyme binds the substrate transition state
(S�) with positive cooperativity.

Eþ S! E 
 S! E 
 S� ! E 
 P! Eþ P ð4Þ

According to the model presented here, such positively
cooperative binding will occur with a cost in entropy (because
of reduced dynamics) and a benefit in enthalpy (because of
noncovalent bond contractions) within parts of the enzyme
structure in the transition state for reaction. The prediction is
therefore that this latter cost in entropy will offset the
advantage of the preorganization, but that a large benefit in
enthalpy should be apparent in enzyme catalysis.

Relevant data are available for the reaction catalyzed by
cytidine deaminase.[92] The effect of enzyme catalysis is to
increase the reaction rate by 1016, as a result of a benefit in
enthalpy (DDH�) of �84 kJmol�1 and a benefit in entropy

Figure 14. The binding of a ligand (red circle) to a receptor (ellipses)
in a membrane: a) ligand-free receptor, b), c) receptors with ligands.
b) The binding of a ligand induces greater oligomerization (n>m) and
possibly also closer packing of the oligomers, c) the binding of the
ligand induces dissociation of the receptor (p<m) and possibly also
looser packing of the oligomers. The receptors may be partially bound
(as shown in b and c) or fully saturated.

Figure 15. Plots of DH versus TDS for the binding of agonists (*),
antagonists (*), and partial agonists (~) to the b-adrenergic receptor.

Figure 16. Plots of DH versus TDS for the binding of agonists (*) and
antagonists (*) to the a) adenosine A1 receptor and b) adenosine A2

receptor.[91]
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(TDDS�) of only 7 kJmol�1. From the Boltzmann equation,
�5.7 kJmol�1 corresponds to the rate of reaction at room
temperature increasing by a factor of 101. Thus, the benefit of
improved bonding to the enzyme-catalyzed reaction is a
factor of about 1015, whereas the benefit from improved order
is only a factor of about 101 (Figure 17). The data are
consistent with catalysis being derived in part by improving
the bonds within the enzyme, as a consequence of the
transition-state structure of the substrate.

The relative reaction rates of six reactions (enzyme-
catalyzed versus noncatalyzed, kcat./kuncat.) have been mea-
sured by Wolfenden and co-workers.[93,94] Strikingly, all the
enzyme-catalyzed reactions are greatly accelerated as a result
of the large improvement in bonding in the transition state
(Table 2). One apparent source of this improved bonding is
between the substrate transition state and the enzyme. The
additional source proposed here is the strengthening of
existing noncovalent bonds within the enzyme.

14.2. Reduced Dynamic Behavior of Enzyme Transition State
Structures

If the above large benefits in bonding do indeed reflect
changes within the enzyme to an important extent, rather
than simply the formation of strong bonds between the
enzyme and the substrate transition state, then enzymes
should undergo markedly less H/D exchange when in the

form that binds this transition state. Two recent studies give
convincing support to this idea.

Hydrogen/deuterium (H/D) exchange into backbone
amide bonds in hypoxanthine-guanine phosphoribosyl trans-
ferase (HGPRT) was used to compare the dynamic properties
of human HGPRT alone, in forms with bound reactant/
product, and in a form with a bound transition-state
analogue.[95] It was found that out of a possible 207 amide
H/D exchange sites in the enzyme, after 1 h at RT in D2O,
HGPRT alone exchanged 160, an equilibrium reactant/
product complex exchanged 139, and the transition-state
analogue complex exchanged 126 of these amide protons.
Thus, the enzyme structure becomes better packed overall to
provide binding energy for the reactant/product, and then the
packing is improved further to provide even greater binding
energy for the transition-state analogue.

Equally striking results are found for the binding of a
transition-state analogue to a trimeric purine nucleoside
phosphorylase (PNP).[96] The transition-state analogue
(immucillin-H) binds to the enzyme extremely strongly
(Kd = 23 pm) when only one of the three catalytic sites is
occupied. Deuterium exchange occurred at 167 slow-
exchange sites in 2 h when no ligands were present at the
catalytic site. A substrate analogue and product prevented H/
D exchange at 10 of these sites. When only one of the three
sites of the homotrimer was filled with the transition-state
analogue immucillin-H, 27 of the slow-exchange protons were
protected from exchange in all of the three subunits. The
decisive function of the positively cooperative binding of the
transition-state analogue is to reduce the dynamic behavior of
the receptor (trimer) system to such a degree that a further 81
backbone NH protons are protected from exchange. The
reduction in dynamic behavior occurs almost throughout the
trimer,[96] and the binding energy of the transition-state
analogue can therefore be derived in a highly delocalized
manner.

As in the case of positively cooperative binding of ligands
to receptors (Section 11), the improved packing induced
within enzyme/substrate transition states is different from
that which can be induced by high pressures. Instead, it occurs
selectively at those noncovalent interfaces where positively
cooperative binding is induced by the substrate transition
state (Figure 18).

14.3. Stabilization of the Enzyme in an Enzyme-Bound
Intermediate

It can be expected that enzyme-bound intermediates
(EBIs) will often bear structural similarities to the transition
states for the reaction. Where this is the case, then catalysis
should be aided if an EBI has 1) a higher melting temperature
(Tm) and 2) a reduced susceptibility to trypsin digestion
(relative to the enzyme from which it is formed). These
properties have been demonstrated for a haloalkane dehalo-
genase (DhlA) that catalyzes the hydrolysis of haloalkanes
via an alkyl–enzyme intermediate, which is then cleaved by a
water molecule that is activated by His289.[97] When His289 is
replaced by Gln, the mutant enzyme (His289Gln-DhlA)

Table 2: Benefit in enthalpy (DDH¼6 ) between some uncatalyzed and
enzyme-catalyzed reactions.[88,89]

Entry Enzyme DDH¼6 [kJmol�1] kcat./kuncat.
[a]

1 chorismate dismutase �33 106

2 chymotrypsin �66 1012

3 staphylococcal nuclease �63 1011

4 bacterial a-glucosidase �80 1014

5 urease �93 1016

6 yeast OMP decarboxylase �143 1025

[a] Acceleration of the enzyme-catalyzed reaction relative to the uncata-
lyzed reaction as a consequence of DDH¼6 .

Figure 17. Free energy profiles for the uncatalyzed (upper profile,
E + S!E + S�!E + P) and catalyzed (lower profile, E + S!ES!
ES�!EP!E + P) deamination of cytidine (modified from [92] The
rate enhancement of the enzyme-catalyzed reaction (1016) is obtained
by deconvolution of the free energy benefit of catalysis and arises from
overall improvements in bonding (1015) and in order (101).

D. H. Williams et al.Reviews

6612 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6596 – 6616

http://www.angewandte.org


accumulates the alkyl–enzyme intermediate. Both the mutant
enzyme and the alkyl–enzyme intermediate generated from it
through reaction with 1,2-dibromoethane retain the overall
conformation of the wild-type protein. Unsurprisingly, the
His289Gln-DhlA mutant is thermally less stable (Tm = 41 8C)
than the native enzyme (Tm = 48 8C). However, the alkyl–
enzyme intermediate is considerably more thermally stable
(Tm = 51 8C) than the His289Gln-DhlA mutant from which it
was derived. In accord with the conclusion that higher
Tm values reflect less dynamic and more stable structures, a
number of trypsin cleavage sites became far less susceptible in
the enzyme intermediate than in the enzyme from which it
was derived. The stabilization of the enzyme-intermediate
structure is consistent with catalytic efficiency being derived
in part through reduction in the dynamic behavior of the
enzyme-intermediate structure.

15. The General Structural Consequences of
Positively Cooperative Binding

We have argued here that when two sets of noncovalent
bonds are made in a manner where each can restrict the
motion associated with the other, there is a benefit in free
energy to the ordered state. This conclusion is consistent with
analogous (positively cooperative) changes that occur when
the size of a homogeneous system is increased from n to n+m
molecules. The classical treatment of this effect was estab-
lished by Hill.[98] Consider a cluster of n molecules with a
repeating geometry in the solid state. As the cluster increases
in size, typically 1) the solid becomes thermodynamically
more stable and 2) the transition to convert the solid into a
liquid becomes sharper.[99,100]

Table 3 shows the case of increasing numbers of layers of
N2 molecules absorbed on a surface.[99] The physical basis for
this effect is that as the assemblies increase in size, any given
molecule within the solid has other molecules extending out
to greater distances that help to hold it in place. In larger

assemblies, any given molecule has reduced dynamic behavior
because the other n�1 molecules that hold it in place are
increased in number. This reduced dynamic behavior means it
is better bonded to its immediate neighbors.

The vanRt Hoff equation [Eq. (5)] requires that the greater
the change in the equilibrium constant for a melting process in
a given temperature range, the greater must be its enthalpy
change.

lnK ¼ �DH=RT þDS=R ð5Þ

Thus, the sharper melting transitions undergone by
systems as they increase in size (Table 3) reflect larger
enthalpy changes. These larger enthalpy changes derive
from two effects: 1) the increased size of the system (for
example, 2.2 versus 4.8 layers) and 2) the more effective
bonding of each molecule to its neighbors in the larger
system. The addition of an extra layer of nitrogen molecules
to the system is analogous to the binding of a ligand to a
receptor in a strain-free manner. The contractions within such
a system as it increases in size are illustrated schematically in
Figure 19.

A corollary of the above argument is that as systems of
homogeneous solids become smaller the supramolecular
assemblies that behave as an entity become smaller, and
their vanRt Hoff enthalpies of fusion become smaller. It is for
this reason that crystals usually exhibit lower (and broader)
melting transitions as they are contaminated with increasing
amounts of an impurity. In Table 3, the “impurities” are at the
boundaries of the N2 molecules below the surface and the gas
above. In biological systems, the water at the surface of a
receptor can behave as an “impurity” relative to more
positively cooperative binding in the ligand–receptor system.

Consistent with the above generalizations, the incorpo-
ration of increasing quantities of cholesterol (as an impurity)
progressively reduces the temperature, enthalpy, and cooper-
ativity of the gel-to-liquid-crystalline phase transition of lipid
bilayers constituted from phosphatidylserine.[101]

Figure 18. Improved packing of parts of an enzyme structure upon
binding the substrate (S), the substrate transition state (TS), and the
product (P). The magnitudes of the size and shape changes are
grossly exaggerated to illustrate the principle.

Table 3: Stabilities of N2 layers as a function of the number of layers.

Number of layers Melting temperature

2.2 ca. 52 K (very broad)
3.1 56 K (broad)
4.0 58 K (mod. broad)
4.8 61 K (mod. sharp)

infinite 63.14 K (very sharp)

Figure 19. Improved packing and bonding within an ordered system of
molecules upon addition of an extra layer.
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16. Conclusion

An approach in which the simplification is made that
noncovalent interactions have characteristic binding energies
is useful in the estimation of binding energies. However, in
reality each interaction is context-dependent. This context
ddependency is associated with enthalpy/entropy compensa-
tion.

Enthalpy/entropy compensation, sometimes proposed to
be an artifact of experimental error, is a fundamental
property of noncovalent interactions (Houk et al. have
written a recent summary where either the physical validity
or presumed lack of validity of enthalpy/entropy compensa-
tion is presented[102]). It occurs in any solid/liquid transition, or
when the temperature of any solid or liquid containing
noncovalent bonds is changed. It is not only predicted from
fundamental theoretical considerations,[2–4] but is also in many
experiments far too large to be an artifact arising from errors
(see, for example, Figures 13 and 16). In this connection, it
should be noted that the uncertainties in the determination of
DG and DH values by calorimetry are not very different.[59]

The correlations presented here between enthalpy/
entropy compensation and the changes in dynamic behavior
of proteins (as established by H/D exchange) establish the
physical nature of a source of enthalpy/entropy compensation
in biological systems. The enthalpy well for a local interaction

influenced in this way is indicated in Figure 20. Promoting an
interaction to lie more deeply in an enthalpy well provides a
benefit in enthalpy at a cost in entropy; such a change is
positively cooperative since ligands are able to bind better to
organized templates. Conversely, inducing an interaction to
lie more shallowly in the well gives a benefit in entropy at a
cost in enthalpy; such a change is negatively cooperative in
the general case since here ligands must distort their
receptors, which thereby become more dynamic. When the

enthalpy barrier to breaking an interaction is very small, the
available thermal energy will sometimes break the bond (that
is, the interaction will be broken by “hopping” out of the
well). Thus, when the bonding is extremely weak, the
increases in bond length (that are associated with negative
cooperativity or the removal of a positively cooperative
effect) will also be associated with fraying.[103]

Where ligand binding directly increases the electrostatic
polarization of an interaction within the receptor (for
example, of a receptor amide/amide hydrogen bond), the
well shown in Figure 20 is additionally deepened, thus
providing a further source of bond shortening. It is also
clearly possible that distortion of a receptor upon ligand
binding may occur in such a manner that the well of Figure 20
becomes less deep, and this effect further promotes the bond
lengthening associated with negative cooperativity.

The total changes in the free energies in the organized
systems (Figure 20) would be determined by summing over all
the noncovalent interactions that are influenced in the
manner indicated. Note that in a bound state, lying more
deeply or shallowly inside a specified well (Figure 20) has the
same consequences as lying in a deeper or shallower well
(Figure 2).

Thus, evolution can lead to the use of better packing
within parts of receptor structures, which occurs upon ligand
binding, to aid ligand binding. It is perhaps useful to envision
that the ligand causes a “pseudocrystallization” of parts of the
receptor.[56] In other cases, the loosening of parts of receptor
structures occurs to weaken ligand binding. These changes are
most simply represented as in Figures 18 and 21. The
occurrence of the volume reductions indicated in Figure 18
and the upper panel of Figure 21 (grossly exaggerated) upon
the positively cooperative binding of ligands to proteins is
supported by the direct measurement of volume changes

Figure 20. Relative vibrational levels occupied when the strength of a
specified hydrogen bond of the receptor (red) and the coordination of
the ligand (blue) are A) not cooperatively coupled, B) are coupled with
positive cooperativity, and C) are coupled with negative cooperativity.
The enthalpy of the interaction is more favorable (more negative)
when it lies more deeply in the well. The asymmetry of the well means
that when the interaction lies more deeply in the well its bond length
is shorter.

Figure 21. Changes in packing of parts of a receptor structure upon
binding its ligand with a) positive cooperativity and b) negative cooper-
ativity. The magnitudes of the size and shape changes are grossly exag-
gerated to illustrate the principle. The nonsymmetrical induced
changes in the shape of the receptor illustrate that cooperativity will
typically be exercised more in some parts of the structure than in
others. The effects cannot therefore be equated with the ones that
would simply be induced by changes in pressure.
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occurring in such processes. Thus, it has been reported that
decreases in volume (on the order of 1%) occur when N-
acetyl-d-glucosamine oligomers bind to lysozyme.[104] Impor-
tantly, the largest decreases in volume are observed for the
ligand that exhibits the highest affinity.

Binding of a small molecule is promoted where the
receptor protein shows some or all of the following proper-
ties:
1) reduced H/D exchange of the amide protons,[59,87,88]

2) a raised Tm value,[59, 73]

3) improved internal bonding and reduced dynamic behavior
(more negative values of DH and DS for ligand bind-
ing),[65, 81]

4) greater resistance to enzymic digestion and possibly also
promotion of the stability of oligomeric forms of the
protein.[105]

In the examples cited here, negatively cooperative binding
promotes converse effects.[65,71]

Catalytic efficiency is promoted when substrate transition
states extensively reduce the dynamic behavior of enzymes.
Such a mechanism suggests a reason why enzymes are
relatively large structures.

Addendum

It is clearly important to determine whether large binding
energies can be provided in the delocalized manner envi-
sioned in this Review. To establish this point, we have recently
determined the reduction in the dynamic behavior of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
upon successively binding four molecules of its cofactor
(NAD+).[107] We find that in the binding of the first NAD+ to
the enzyme tetramer, 60 backbone amide NH protons are
protected from H/D exchange, whereas in the binding of the
fourth NAD+ molecule, there is no measurable protection of
amide backbone NH protons from H/D exchange. The bind-
ing constant for the first NAD+ molecule is greater than that
for the fourth NAD+ molecule by a factor of about 106. Thus,
it is clear that the binding constant can, in this case, be
increased by a factor of a million because the dynamic
behavior of the enzyme/cofactor system is reduced upon
binding the first NAD+, but not upon binding the fourth
NAD+ molecule.

We have also shown[107] that under circumstances in which
streptavidin is concluded to decrease its average amide
hydrogen bond length by about 1%, (on decreasing its
temperature from 55 to 5 8C),[108] its increased stability and
reduced dynamic behavior decrease its extent of backbone
amide H/D exchange from 99 to 61 (same conditions as
reported in Section 11). This experiment, taken in conjunc-
tion with the data of Section 11 and the above GAPDH data,
suggests that very large ligand binding energies, and increased
catalytic efficiencies (of the order of a million-fold), can be
derived by decreasing the lengths of the numerous hydrogen
bonds of a protein (upon binding a small molecule) by as little
as about 1%. It is therefore not surprising that X-ray studies

have not uncovered the structural basis of the effects
proposed here.
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1. Introduction

Since petroleum resources are predicted to be exhausted
within the next century at the current rate of consumption,[1]

there is a growing effort to develop new chemical processes
using biorenewable resources.[2–4] One such resource of
particular interest is CO2, a nontoxic, nonflammable, natu-
rally abundant C1 feedstock.

[5–8] The reaction of CO2 with
metal complexes has been extensively studied, revealing
potential pathways for catalytic reactions.[9–15] However the
thermodynamic stability of CO2 has hampered its utility as a
reagent for chemical synthesis; in fact its high stability makes
it an ideal medium for many chemical processes.[7, 16,17] To
overcome this limitation, reactions employing CO2 with
highly reactive reagents have been explored. In particular,
the catalytic coupling of CO2 with heterocycles has received
considerable attention over the past 35 years.[18–23] A majority
of these publications involve the reaction of CO2 with
epoxides to generate polycarbonates and/or cyclic carbonates
(1,3-dioxolan-2-ones) (Scheme 1).

Aliphatic polycarbonates have potential applications as
packaging materials, as well as in the synthesis of engineering
thermoplastics and resins, pyrotechnics, and interliners for

safety glass.[24–26] Poly(propylene carbonate) (PPC)[+] decom-
poses uniformly and controllably to cyclic propylene carbon-
ate below 250 8C,[27,28] making it particularly useful as a binder
for ceramics, adhesives, and propellants.[29] The glass transi-
tion temperature (Tg) of PPC is 35–40 8C, which hinders its
broad utility as a bulk material.[28] Therefore, efforts are being
directed to employ aliphatic polycarbonates as additives and
pore formers. Clearly one of the most promising applications
of PPC is as a mid-segment of polyurethanes.[25] PPCs with
high ether linkage content (80% ether) have been reported to
exhibit excellent solubility in supercritical CO2, a rare
property for non-fluorinated polymers.[30] Alicyclic polycar-
bonates, such as poly(cyclohexene carbonate) (PCHC),
typically have much higher Tg7s (115 8C for PCHC) resulting
in materials with properties very similar to poly(styrene).[31]

PCHC also has a higher decomposition temperature
(� 300 8C), which allows melt-processing.[26] Alicyclic poly-
carbonates are finding applications in lithographic processes
for the construction of microfluidic devices.[32–35] Cyclic
carbonates are utilized industrially as polar aprotic solvents,
substrates for small molecule synthesis, additives, antifoam
agents for antifreeze, and plasticizers.[36,37] The five-mem-
bered ring cyclic carbonates (1,3-dioxolan-2-ones) are gen-
erally incapable of ring-opening polymerization due to their
thermodynamic stability, but do undergo polymerization with
partial loss of CO2 to yield macromolecules with both ether
and carbonate linkages.[38] Due to such uses, a number of
syntheses of cyclic carbonates have been described over the

Scheme 1. Alternating copolymerization of cyclohexene oxide (CHO)
and propylene oxide (PO) with CO2.

[*] Prof. G. W. Coates, Dr. D. R. Moore
Department of Chemistry and Chemical Biology
Baker Laboratory
Cornell University
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Fax: (+ 1)607-255-4137
E-mail: gc39@cornell.edu

[+] A list of frequent abbreviations is given at the end of this Review.

Most synthetic polymers are made from petroleum feedstocks.
Given the non-renewable nature of these materials, there is
increasing interest in developing routes to polymeric materials
from renewable resources. In addition, there is a growing demand
for biodegradable polymeric materials. Polycarbonates made
from CO2 and epoxides have the potential to meet these goals.
Since the discovery of catalysts for the copolymerization of CO2

and epoxides in the late 1960-s by Inoue, a significant amount of
research has been directed toward the development of catalysts of
improved activity and selectivity. Reviewed here are well-defined
catalysts for epoxide–CO2 copolymerization and related reac-
tions.
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last 30 years. For example, tetraalkylammonium salts, phos-
phanes, main-group and transition-metal complexes, and
alkali metal salts convert epoxides and CO2 to cyclic
carbonates.[20]

The moderate thermal stability and low temperature of
thermal deformation of aliphatic polycarbonates, coupled
with their high cost (ca. $100 per lb) hamper their widespread
use as bulk polymeric materials. More economically viable
processes and the synthesis of new types of improved aliphatic
polycarbonates would clearly increase the number of appli-
cations for these polymers, as well as lower their cost. A
significant contributor to the cost of these materials is the low
activity of the industrial zinc/dicarboxylic acid catalysts used
to polymerize epoxides and CO2. As a result, a significant
amount of recent research has focused on the discovery and
development of new catalysts for this process.
There are many parallels between the development of

alkene polymerization catalysts and those for CO2/epoxide
polymerization. In each field, the catalysts initially discovered
were heterogeneous; subsequent work focused on the empir-
ical optimization to provide higher activity and selectivity for
the polymerizations. Eventually, discrete, homogeneous
metal complexes were explored in academic laboratories as
a way to probe reaction mechanisms. It was envisaged that a
detailed understanding of the polymerizations at the molec-
ular level could be applied to the design of improved catalytic
systems. In some cases, these new homogeneous catalysts
have significant advantages over their heterogeneous coun-
terparts.
Heterogeneous catalysts are the workhorse of many

industrial processes. They have many processing advantages
over their soluble counterparts, but often contain multiple
active sites that result in polymers with broad polydispersity
indices (PDIs) and composition distributions. In many cases,
only a small percentage of the metal sites are active, and
residual catalyst remains in the polymeric product. As a result
of these drawbacks, a significant amount of research has been
directed toward the development of well-defined, single-site
homogeneous catalysts. Homogeneous catalysts are typically
of the form LnMR, where Ln is a set of permanently bound
ligands, M is a metal center, and R is an efficient initiation
group. These homogeneous catalysts are discrete species,
rendering them amenable to precise modification as well as
detailed mechanistic studies. Most of the major advances in
metal-catalyzed polymerization, including stereoselective[39]

and living[40] alkene polymerization, lactide and lactone
polymerization,[41] olefin metathesis,[42] and alkene/CO
copolymerization,[43] are the result of progress in homoge-
neous catalyst design. Homogeneous catalysts are being used
to develop unique polymer architectures that lead to new,
industrially relevant materials. However, it should be noted
that the vast majority of industrial polymerization catalysts
are still of the heterogeneous variety.

1.1. Scope of Review

The purpose of this review is to give a thorough account of
the CO2/epoxide polymerization literature,

[18–22] with a strong
emphasis on single-site homogeneous catalysts and their
mechanisms of operation. The review is organized according
to the active metal center of the catalyst and although
polymerization is the focus, the production of cyclic carbo-
nates is discussed when appropriate. Activities in the form of
turnover frequencies (TOFs) are given in mole epoxide
converted to product per mole metal per hour (assuming all
metal centers are active). The activity of a system is defined
on the basis of TOFs as follows: low (< 5 TOh�1), moderate
(5–200 TOh�1), and high (> 200 TOh�1). For conformity, CO2
pressures are reported in atm (1 atm= 14.7 psi= 1.013 bar=
1.013B 105 Pa).

2. Early Discoveries and Background

In 1969, Inoue and co-workers made the remarkable
discovery that a mixture of ZnEt2 and H2O was active for
catalyzing the alternating copolymerization of propylene
oxide (PO) and CO2 (Scheme 1), marking the advent of
epoxide–CO2 coupling chemistry.

[44,45] An optimum 1:1 ratio
of ZnEt2/H2O gave the best yields of methanol-insoluble PPC
with an activity of 0.12 h�1 (mol of PO converted to polymer
per mol Zn per h) at 80 8C and 20–50 atm CO2 (Table 1). On
the basis of elemental analysis, the copolymer contained 88%
carbonate linkages. Notably, a 1:1 mixture of ZnEt2 and
MeOH did not generate an active catalytic species for
polycarbonate synthesis. Following this initial lead, Inoue
investigated the use of dihydric sources, including resorci-
nol,[46, 47] dicarboxylic acids,[48] and primary amines,[49] in
mixtures with ZnEt2 for PO–CO2 copolymerization. These
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systems showed TOFs of 0.17, 0.43, and 0.06 h�1, respectively
(see Table 1).
Following Inoue7s discoveries, Kuran and co-workers

developed a copolymerization system using ZnEt2 and
trihydric phenols, including pyrogallol and 4-bromopyrogal-

lol, that produced PPC with TOFs up to 0.3 h�1 at 35 8C and
60 atm CO2.

[50,51] In general, di- or tri-protic sources and
ZnEt2 produced PPC, while monoprotic sources, such as
alcohols and secondary amines, only gave propylene carbon-
ate (PC) (Schemes 1 and 2).[52] In an effort to develop more
active catalysts, Hattori and co-workers synthesized a hetero-
geneous catalyst from Zn(OH)2 and glutaric acid. Under
30 atm CO2 and 60 8C, the Zn(OH)2/glutaric acid mixture
yielded PPC with a TOF of 1.1 h�1 (Mn= 12000 gmol�1).[53]

While the discoveries of ZnEt2/R(OH)x and Zn(OH)2/
glutaric acid catalysts for epoxide–CO2 coupling marked
salient scientific findings, the active species responsible for
polymer and cyclic formation remain unknown. Nevertheless,
several mechanistic studies indirectly support the theory that
multi-site or polymeric catalysts are operative in the alter-
nating copolymerization of CO2 and epoxides.

[18,19,52,54–58] In
the absence of multiple metal sites (i.e., 1ZnEt2 + 2 equiv-
alents monohydric source), cyclic compounds are the pre-
dominant product of epoxide–CO2 coupling. Epoxide–CO2
copolymerization is generally accepted to proceed by a

coordination–insertion mechanism (Scheme 2). The mecha-
nism includes several prevailing principles:
1) Mechanism : The alternating copolymerization of epox-
ides and CO2 is a two-step process; the insertion of CO2
into a metal alkoxide is followed by insertion of epoxide

into a metal carbonate. Hence,
most catalysts (polymerization
initiators) are metal-alkoxide or
metal-carboxylate species that
are similar to the putative cata-
lytic intermediates.

2) Regiochemistry : In the copoly-
merization of CO2 and aliphatic
epoxides (propylene oxide,
etc.), epoxide ring-opening is
typically favored at the least-
hindered C�O bond, although
cleavage is normally observed at
both C�O bonds, giving regioir-
regular polymers.

3) Stereochemistry : In the copoly-
merization of CO2 and alicyclic
epoxides, such as cyclohexene

oxide (CHO), C�O bond cleavage typically occurs with
inversion of configuration at the site of attack (SN2-type
mechanism) to give the trans ring-opened product.[52,59] To
date, there are no reports of catalysts that generate tactic
polycarbonates by chain-end control mechanisms, pre-
sumably due to the distance between the stereogenic
center of the chain end and the active metal center. There
are examples of stereocontrol by site-control mechanisms
using chiral metal catalysts (see Chapters 5, 7).

4) Polymer/cyclic product selectivity : Cyclic species are a
common by-product of the copolymerization of CO2 and
aliphatic epoxides. Many systems produce predominantly
cyclic species,[20] which are thermodynamically more
stable than polycarbonates. The percentage of polymer
typically increases at lower reaction temperature. Systems
can be tuned to favor cyclic-species or polymer formation
depending on the catalyst, additives, CO2 pressure,
epoxide concentration, and temperature. Formation of
cyclic species results from degradation of the growing
polycarbonate chain by depolymerization or backbit-

ing.[51] In most cases, cyclic carbonates are
thought to be generated by the backbiting of
a metal-alkoxide into an adjacent carbonate
linkage (Scheme 2).[57]

5) Ether and dicarbonate linkages : The presence
of ether linkages as a result of consecutive
epoxide enchainment can be observed in
some aliphatic polycarbonates. Most systems
can be tuned to favor CO2 incorporation by
catalyst selection, CO2 pressure, epoxide
concentration, and polymerization temper-
ature. The enthalpically disfavored consec-
utive insertion of two molecules of CO2 to
give dicarbonate linkages has not been
reported.

Table 1: Selected heterogeneous catalysts for PO–CO2 copolymerization.[a]

Complex p(CO2) [atm] t [h] T [8C] TON[b] TOF [h�1][c] Ref.

ZnEt2/H2O
[d] 20–50 48 80 5.9 0.12 [44]

ZnEt2/resorcinol[d] 30 48 35 8.1 0.17 [46]
ZnEt2/isophthalic acid[d] 40 44 35 19.1 0.43 [48]
ZnEt2/m-hydroxybenzoic acid[d] 40 44 35 19.6 0.45 [48]
ZnEt2/a-phenethylamine[d] 40 68 40 3.9 0.06 [49]
ZnEt2/pyrogallol[e] 60 44 35 12.0 0.27 [50]
ZnEt2/4-bromopyrogallol[e] 60 45 35 13.8 0.31 [51]
Zn(OH)2/glutaric acid[f ] 30 40 60 44.3 1.1 [53]
ZnO/glutaric acid[f ] 25 40 60 134 3.4 [108]

[a] All polymerizations result in PPC, which is collected as the MeOH-insoluble fraction. [b] Moles of PO
consumed per mole of zinc. [c] Moles of PO consumed per mole of zinc per hour. [d] 1:1 ratio of Zn to
protic source, reaction in dioxane. [e] 2:1 ratio of ZnEt2 to protic source, reaction in dioxane. [f ] Reaction
run in neat PO.

Scheme 2. The basic mechanism of epoxide–CO2 copolymerization and the formation
of cyclic carbonates (Ln= ligand set, M =metal, P =polymer chain).
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These prevailing principles are depicted in a qualitative
free-energy profile for the copolymerization of epoxides and
CO2 (Scheme 3).
As observed in early studies, only a few metals are active

for the coupling of epoxides and CO2, including Al, Cr, Co,
Mg, Li, Zn, Cu, and Cd.[18,19] Studies have shown that large
differences in catalytic efficacy result from the organic
frameworks surrounding these metals, especially in the case
of zinc. Accordingly, subsequent studies have largely focused
on empirical modification of ligands to generate improved
catalysts.

3. Aluminum and Manganese
Catalysts

In 1978, Inoue developed the first
single-site catalysts for epoxide–CO2
copolymerization based on a tetra-
phenylporphyrin (tpp) ligand frame-
work, 1a–d.[60] [(tpp)AlCl] (1a) and
[(tpp)AlOMe] (1b) (Figure 1) were
found to be living initiators for the
homopolymerization of PO and of
lactones, including lactide, b-butyro-
lactone, and e-caprolactone, as well as
for the copolymerization of CO2 and
epoxides and of PO and phthalic
anhydrides.[61–67] 1a and 1b reacted
with PO to form poly(propylene
oxide) (PPO) in a living polymeriza-
tion with PDIs of 1.07–1.15
(Scheme 4). The chloride initiator
ring-opened the least hindered C�O
bond and generated a regioregular

Scheme 3. Qualitative, ideal free-energy profile depicting alternating copolymerization of propylene oxide and CO2, as well as potential side-reac-
tions.

Figure 1. Aluminum and manganese porphyrins for the homopolymeri-
zation of epoxides and copolymerization of epoxides and CO2

(R = alkyl, oligomer of PPO).

Scheme 4. Reactivity of aluminum–porphyrin complexes.
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PPO. In addition, 1b copolymerized PO and CO2 at 20 8C and
8 atm CO2, giving PPC (Mn= 3900 gmol�1; Mw/Mn= 1.15)
with 40% carbonate linkages over the course of 19 days.[61,64]

Although molecular weights were low and reaction times
were long, this reaction marked the first example of mono-
disperse polycarbonates having a narrow PDI.
Similarly to 1a, [(tpp)AlOR] (1d), where R is an oligomer

of PO, did not react with CO2. However, upon addition of 1-
methylimidazole (MeIm), reversible CO2 insertion was
observed. On the basis of 1H NMR studies, MeIm was
proposed to bind to aluminum in a trans fashion and activate
the metal toward CO2 insertion. The addition of ethylene
oxide (EO) and CO2 to 1d catalytically produced cyclic
ethylene carbonate (EC).[65] The copolymer of PO and CO2
was synthesized upon addition of ammonium or phosphoni-
um salts. 1a and 1 equivalent of EtPh3PBr gave PPC (Mn=

3500 gmol�1, PDI= 1.09) with a TOF of 0.18 h�1 at 20 8C and
48 atm CO2. Both EtPh3PBr and Et4NBr were efficient
cocatalysts, drastically increasing the percentage of carbonate
linkages to > 99%. Additionally, cyclic propylene carbonate
was produced as a by-product in approximately 20% yield
relative to converted PO. 1a/EtPh3PBr was also active for
EO–CO2 and CHO–CO2 alternating copolymerizations pro-
ducing poly(ethylene carbonate) (PEC) with 70% carbonate
linkages, a Mn of 5500 gmol

�1, and a PDI of 1.14. Poly(cyclo-
hexene carbonate) was produced with > 99% carbonate
linkages, a Mn of 6200 gmol

�1, and a PDI of 1.06 (TOF=

0.30 h�1; Table 2). Even though this system yields PC, neither
EC nor cyclohexene carbonate (CHC) was observed.
Finally, Inoue and co-workers synthesized several AB-

and ABA-type block copolymers, incorporating PPO, PPC,
and/or poly(PO-alt-phthalic anhydride), illustrating the
“living” nature of the polymerizations.[67] In 1999, Ree and
co-workers also explored metalloporphyrins for PO–CO2
copolymerization. In contrast to Inoue7s results, Ree found
that 1a and Et4NBr cocatalyst gave PPC (Mn= 1900 gmol�1;
Mw/Mn= 1.10) with only 75% carbonate linkages at 20 8C and
52 atm CO2.

[68] Aluminum porphyrins have also been utilized
in the exclusive production of cyclic carbonates.[69]

The low molecular weights of polymers produced by
{(tpp)Al} catalysts suggest chain transfer, which supports

Inoue7s proposal of an “immortal” type polymerization.[60] An
immortal polymerization allows for multiple chains to prop-
agate from one metal center, whereas a living polymerization
grows only one chain per metal center. Protic sources
facilitate chain swapping such that there are more polymer
chains than active catalytic sites (Scheme 5). Free chains are

dormant, but continue to grow polymer when exchanged onto
the active site. If the chain swapping is more rapid than
propagation, polymer chains with narrow PDIs are produced.
For example, addition of HCl does not quench the polymer-
ization. Instead, it yields [(tpp)AlCl] which allows for new
polymer chains to be initiated (see Scheme 5). [(tpp)AlCl]
reinitiates polymerization and grows a new polymer chain in
the same “immortal” manner, eventually giving a bimodal
polymer distribution. Although no rate studies were reported
for the alternating copolymerization of CO2 and epoxides,
Inoue showed a second-order dependence on the catalyst for
the homopolymerization of d-valerolactone[70] and proposed a

Table 2: Selected homogeneous catalysts for epoxide–CO2 copolymerization.[a]

Complex Epoxide p(CO2) [atm] t [h] T [8C] TON[b] TOF [h�1][c] Carbonate
linkages [%][d]

Mn [kgmol�1][e] Mw/Mn Ref.

1a + EtPh3PBr (1:1) CHO 48 336 20 100 0.30 >99 6.2 1.06 [67]
8 + DMAP (1:1) CHO 225 18 110 3120 173 97 3.9 1.16 [81]
10 +MeIm (1:5) CHO 60 24 80 774 32.2 >99 8.9[f ] 1.2[f ] [87]
11 +DMAP (1:1) PO 35 4 75 640 226[g] 98 16.7 1.38 [90]
13a PO 55 3 25 243 81[h] 95 15.3 1.22 [93]
14a CHO 135 24 100 210 8.8 93 17.0 6.4 [117]
17a CHO 55 48 80 364 7.6 >99 42.0 6.0 [125]
36a CHO 7 0.5 50 180 360 95 15.8 1.11 [151]
39b CHO 7 0.17 50 380 2290 90 22.9 1.09 [149]
46 PO 7 2 25 470 235[i] >99 36.7 1.13 [150]

[a] Polymerizations using CHO and CO2 result in PCHC, whereas those incorporating PO and CO2 yield PPC. [b] Moles of epoxide consumed per mole
of metal. [c] Moles of epoxide consumed per mole of metal per hour. [d] Calculated by integration of methine resonances in the 1H NMR spectrum of
the polymer. [e] Determined by gel-permeation chromatography, calibrated with polystyrene standards. [f ] Molecular weight and molecular weight
distribution were taken from a run without MeIm. [g] A 71:29 ratio of PPC/PC was observed by 1H NMR spectroscopy. [h] >99% PPC/PC was observed
by 1H NMR spectroscopy. [i] A 75:25 ratio of PPC/PC was observed by 1H NMR spectroscopy.

Scheme 5. “Immortal” polymerization of PO using aluminum–por-
phyrin complexes.
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linear transition-state mechanism incorporating two alumi-
num–porphyrin complexes for the ring-opening of epox-
ides.[71]

In 2003, Inoue and co-workers developed a related
porphyrin system utilizing manganese as the active metal
center.[72] At 80 8C, [(tpp)MnOAc] (1e ; Figure 1) reacted with
CHO and 50 atm CO2 to produce PCHC (99% carbonate
linkages; Mn= 6700 gmol�1; Mw/Mn= 1.3) with a moderate
TOF of 16.3 h�1. In this system, additives such as PPh3,
pyridine, or MeIm compromised polymerization rates and
decreased the percentage of carbonate linkages. At 80 8C and
only 1 atm of CO2, 1e catalyzed PCHC formation providing
activities of up to 3.3 h�1 (95% carbonate linkages; Mn=

3000 gmol�1; Mw/Mn= 1.6). Finally, the coupling of PO and
CO2 yielded PC, but gave no PPC.
Recently, a salicylaldimine(salen)–aluminum complex,

2a, was found to be highly active for the cyclization of EO
and CO2 to ethylene carbonate (Figure 2).

[73,74] Lewis bases or

quaternary ammonium salts, including pyridine, MeIm, and
nBu4NX (X=Cl, Br, I), were utilized as cocatalysts, enhanc-
ing rates by up to a factor of five. At 110 8C and in
supercritical CO2 (ca. 150 atm CO2), a 1:1 mixture of 2a/
nBu4NBr catalyzed the conversion of EO to ECwith a TOFof
2220 h�1. Salen-chromium (2b) and -cobalt (2c) analogs also
promoted cyclic-species formation showing rates of 2140 and
1320 h�1, respectively (see Chapters 4, 5). Darensbourg and
co-workers have reported AlCl4

�-based complexes that
exhibit TOFs up to 50 h�1 for the synthesis of propylene
carbonate from PO and CO2.

[75]

In 1998, Kuran and co-workers reported an aluminum
calix[4]arene, 3, derived from 25,27-dimethoxy-26,28-dihy-
droxy-p-tert-butylcalix[4]arene and diethylaluminum chloride
(Figure 3).[76] Complex 3 was found to be active for the
alternating copolymerization of CO2 with PO or CHO. At
60 atm CO2 and 35 8C, PPC (Mn= 5620 gmol�1) was formed
with a TOF of 0.11 h�1. The polycarbonate contained low
levels of carbonate linkages, comparable to the PPC made
from [(tpp)AlCl] (1a) in the absence of quaternary salts.
Under the same reaction conditions, 3 converted CHO and
CO2 to PCHC (Mn= 1930 gmol�1) with a TOF of only
0.05 h�1. Additionally, cyclic PC and CHC were produced as
by-products in 14% and 4% yield with respect to epoxide.
Kuran et al. proposed a mechanism involving participation of
two aluminum complexes in the alternating copolymeriza-
tion, although no mechanistic studies were reported. Finally, 3
was active for the homopolymerization of PO and CHO,
giving poly(alkene oxides) with fairly narrow PDIs (Mw/Mn=

1.36–1.51).

Aluminum alkoxides have also been shown to convert
epoxides and CO2 to polycarbonates. Beckman and co-
workers reported several aluminum complexes, including 4,
5, and 6 (Figure 3), that reacted with CHO and CO2 to give
PCHC with a maximum TOF of 2.7 h�1.[30, 77,78] At 80 atm CO2
and 60 8C, 4 produced PPC (Mn= 5000 gmol�1;Mw/Mn= 2.89)
with only 22% carbonate linkages and a TOFof 2.0 h�1. These
low-carbonate content polymers have shown promise as
solubilizers in supercritical CO2 (scCO2).

[30] As expected,
these complexes are also active for the homopolymerization
of CHO.
Aluminum complexes are indeed active for the copoly-

merization of epoxides and CO2; however, they are plagued
by low activities and yield polycarbonates with high percen-
tages of ether linkages. It appears that without additives,
current aluminum catalysts do not cleanly generate alternat-
ing copolymer. Nevertheless, the “immortal” polymerization
of [(tpp)AlX] compounds shows promise for the synthesis of a
wealth of unique copolymers with varying levels of carbonate
linkages provided the activities can be improved.

4. Chromium Catalysts

Kruper and Dellar discovered that [(tpp)CrX] (7a,b ;
Figure 4) in mixtures with 4–10 equivalents of a Lewis-basic
amine cocatalyst (such as MeIm or (4-dimethylamino)pyr-
idine (DMAP)) are moderately active for the cyclization of
epoxides and CO2.

[79,80] A wide range of epoxides, including
PO, trans-2-butene oxide, epichlorohydrin, CHO, and cyclo-
pentene oxide (CPO), were rapidly converted to the corre-
sponding cyclic carbonates. For instance, under 50 atm CO2
and at 80 8C, 7b and MeIm converted PO to PC affording a
TOF of 158 h�1. 7a and DMAP catalyzed CHC formation at
50 atm CO2 and 95 8C, exhibiting activities of 103 h

�1. In this
case, PCHC was isolated as the major product. Following
thermolysis, a 95:5 ratio of trans and cis CHC was observed,
suggesting the possibility of dual mechanisms. Unexpectedly,

Figure 2. Salen catalyst systems (cocatalyst= tetrabutylammonium
halide, pyridine, or MeIm) for the synthesis of ethylene carbonate.

Figure 3. Aluminum complexes for the homopolymerization of epox-
ides and copolymerization of epoxides and CO2.
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the conversion of CPO to cyclopentene carbonate gave the cis
isomer as the exclusive product. To account for this, two
mechanistic pathways were suggested: 1) double inversion
leading to retention of configuration; and 2) inversion of
configuration due to backbiting into a polymer chain. A
possible mechanism to explain the double inversion is shown
in Scheme 6.

Following this lead, Holmes and co-workers developed
[(tfpp)CrCl] (8 ; Figure 4), which showed activities of up to
173 h�1 for the alternating copolymerization of CHO and CO2
at 225 atm CO2 (scCO2) and 110 8C (Table 2).

[81, 82] As with
complexes 7a and 7b, the copolymerization only yielded
polycarbonate when 8 was combined with a cocatalyst such as
DMAP. The fluorinated aromatic moieties improved catalyst
solubility in scCO2, and consequently increased the yields of
PCHC. Similar to aluminum–porphyrin catalysts for epoxide–
CO2 copolymerization, these chromium analogs yielded
polycarbonates with narrow PDIs (Mw/Mn= 1.08–1.50) and
low molecular weights (Mn= 1500–9400 gmol�1). Further-
more, the resultant PCHC contained high percentages of
carbonate linkages (97%). More recently, polymer supported
chromium porphyrins have been found to be active for PCHC
production.[83]

Jacobsen and co-workers found [(salen)CrCl] com-
plexes to be highly active in the asymmetric ring-
opening of epoxides.[84] This elegant work has since led
to many crucial discoveries in the coupling of epoxides
with CO2; in fact the first report of (salen)chromium-
mediated epoxide–CO2 polymerization appeared in a
2000 patent by Jacobsen and co-workers.[85] Nguyen and
Paddock reported highly active [(salen)CrCl]/DMAP-
based systems, 9a–c and 10 (Figure 5), for the cyclo-
addition of CO2 and a variety of terminal aliphatic
epoxides, including PO, epichlorohydrin, butadiene
monoepoxide, and styrene oxide (SO).[86] Cis-
[(salen)CrCl] (9a) was the most efficient catalyst and

was approximately twice as active as trans-[(salen)CrCl] (9b).
At 100 8C and 7 atm CO2, 9a and 1 equivalent of DMAP
rapidly converted PO to PC in 1 h, exhibiting a high TOF of
916 h�1. Furthermore, activities were largely dependent on
DMAP concentration. Cyclization activities increased when
rising DMAP concentrations up to 2 equivalents, but trailed
off significantly at higher cocatalyst loadings. Nguyen also
reported that cycloaliphatic epoxides such as CHO are
copolymerized with CO2 in the presence of [(salen)CrCl]
complexes. Holmes and Mang also reported the conversion of
glycidol derivatives to cyclic carbonates using 10/DMAP.[82]

More recently, He and co-workers reported the synthesis of
ethylene carbonate using 2b/cocatalyst mixtures.[73,74]

Darensbourg and Yarbrough reported that the relatively
air-stable complex 10 (Figure 5) is an effective catalyst for the
alternating copolymerization of CHO and CO2.

[87] At 80 8C

Figure 4. Chromium–porphyrin complexes for the coupling of epoxides
and CO2.

Scheme 6. Proposed mechanism of dioxolanone synthesis using
[(tpp)CrCl].

Figure 5. Salen–chromium and salen–cobalt complexes for the cou-
pling of epoxides and CO2.
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and 60 atm CO2, compound 10 converted CHO to PCHCwith
a moderate TOF of 10.4 h�1. Analysis of the polycarbonate
showed nearly 100% carbonate linkages, aMn of 8900 gmol

�1

and a Mw/Mn of 1.2. Based on the TON and lack of cyclic by-
product, the PCHC should exhibit a theoretical molecular
weight of approximately 35000 gmol�1. Like the alumi-
num[60,67] and chromium[79] porphyrin systems, activities
increased upon addition of MeIm, such that 5 equivalents
MeIm tripled the copolymerization rates to 32.2 h�1 (see
Table 2). Although complex 10 is chiral, the resultant polymer
was completely atactic, as determined by 13C NMR. Addi-
tionally, complex 10 catalyzed the coupling of PO and CO2 to
PC and PPC; activities were not specified. At 80 8C, cyclic PC
is the predominant product, but as the temperature is reduced
to 40 8C, PPC production becomes a competitive pathway.
Finally, silylated aliphatic epoxides, such as 2-(3,4-epoxycy-
clohexyl)ethyl-trimethoxysilane, and CO2 can also be copoly-
merized by salen–chromium complexes and a MeIm cocata-
lyst.[88] At 80 8C and 55 atm CO2, 9d (Figure 5) and 2.5 equiv-
alents MeIm catalyzed the formation of the silylated poly-
carbonate with a TOF of 12.0 h�1.
Subsequent work detailed the intricate energetics of

polymer versus cyclic-species formation using compound
10.[89] In CHO–CO2 coupling, the
activation energies (Ea) for CHC
and PCHC formation are 31.8 and
11.2 kcalmol�1, illustrating mark-
edly higher activation barriers for
formation of the cyclic species. The
activation barriers for PC and PPC
in PO–CO2 coupling were deter-
mined to be 24.0 and 16.2 kcal -
mol�1, respectively. The signifi-
cantly larger Ea for CHC versus
PCHC is consistent with the exclu-
sive formation of PCHC, while the
slightly larger Ea for PC versus
PPC is consistent with the forma-
tion of PC during PO–CO2 copoly-
merization.
Recently, Rieger and co-work-

ers found that a slightly modified
complex, [(salen)CrCl] (11), and
DMAP cocatalyst rapidly copoly-
merize PO and CO2 (TOFs
approaching 226 h�1; see Table 2)
at 75 8C and 35 atm CO2.

[90] Anal-
ysis of the PPC revealed molecular
weights up to 16700 gmol�1 (lower
than predicted assuming the lack of chain transfer reactions),
PDIs as low as 1.38, and carbonate linkages as high as 98%.
The DMAP/11 ratio drastically affected the product distri-
bution in the coupling process. Without DMAP, no conver-
sion to PC or PPC was observed. At 0.5 equivalents DMAP,
the maximum ratio of PPC to PC formation (154:34) was
observed. Higher DMAP/11 ratios decreased the proportion
of PPC to PC until only PC was observed. For example, when
2 equivalents of DMAP were added, only PC was observed

with a TOF of 602 h�1. Interestingly, cocatalyst was not
essential for copolymerization using 10.[87]

The proposed CO2–epoxide coupling mechanisms using
seemingly similar catalysts 9a/DMAP, 10/MeIm, and 11/
DMAP differ considerably. At the current time, there is a lack
of agreement regarding the mode of operation of these
catalysts. Jacobsen proposed a bimetallic mechanism for the
asymmetric ring-opening of epoxides based on the observa-
tion that bimetallic catalysts enhanced rates and enantiomeric
excesses.[84] Nguyen suggested a bimetallic mechanism for the
formation of cyclic species.[86] The trans coordination of
DMAP to 9a is proposed to activate CO2 to give a
[(salen)Cr{C(C=O)O�}] species. This intermediate is then
proposed to attack PO bound to another salen–chromium
complex in a cooperative bimetallic ring-opening process,
followed by elimination of the cyclic product.
Darensbourg and co-workers offered a dual CHO–CO2

copolymerization mechanism for the 10/MeIm system. Here,
initiation occurs by a bimetallic process and propagation
operates by monometallic enchainment of epoxide.[87,89]

Initiation is accelerated by MeIm, which facilitates chloro-
ligand attack on a CHO monomer bound to a second salen–
chromium complex (Scheme 7). Subsequent CO2 insertion

into the newly-generated chromium alkoxide generates a
chromium carbonate. Because rate studies showed a first-
order dependence on both CHO and catalyst, chain prop-
agation was proposed to occur by a concerted epoxide ring-
opening that proceeds through a four-membered transition
state.
Alternatively, in PO–CO2 copolymerization using 11/

DMAP, Rieger and co-workers proposed that DMAP coor-
dinates strongly to Cr and facilitates dissociation of the
polymer-chain alcoholate and carbonate (Scheme 8).[90]

Scheme 7. Proposed CO2–CHO copolymerization mechanism using 10/MeIm (P = polymer chain).

G. W. Coates and D. R. MooreReviews

6626 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6618 – 6639

http://www.angewandte.org


Under sufficient pressures of CO2, the dissociated carbonate
attacks PO-bound 11/DMAP in a monometallic fashion.
Subsequent CO2 insertion into the newly-formed chromium
alkoxide propagates the polycarbonate chain. The anionic
nature of the chain-end promotes the degradative backbiting
to cyclic propylene carbonate. Therefore, increased stoichio-
metric amounts of DMAP enhance formation of cyclic
product and eventually exterminate copolymer formation.
Owing to similar catalysts and coupling processes, it is

unlikely that all of the epoxide ring-opening steps discussed
above are occurring simultaneously. Furthermore, no mech-
anism has accounted for the retention of configuration as
reported by Kruper, or the low polymer molecular weights
that are indicative of chain transfer or the formation of
macrocycles. Studies generally agree that CO2 reacts with a
metal alkoxide and cyclic products are formed by backbiting
of a metal alkoxide into an adjacent carbonate linkage.
Indeed, detailed mechanistic studies must be performed to
delineate the various intermediates and epoxide ring-opening
steps involved in these highly active salen–chromium cata-
lysts.

5. Cobalt Catalysts

In 1979, Co(OAc)2 was reported to copolymerize PO and
CO2 with an extremely low TOF (0.06 h�1).[91] Since this
report, few examples of cobalt-catalyzed coupling of epoxides
and CO2 have been found. He and co-workers reported the
synthesis of ethylene carbonate using 2c/cocatalyst mix-
tures.[73, 74] Shi et al. reported that related salen-cobalt com-

plexes such as 12 (Figure 5) can be activated with
Lewis-basic amines for the synthesis of propylene
carbonate (see Section 7.3).[92] Recently, our group
published that salen–cobalt complexes 13a–c
(Figure 5) exhibited moderate activities (up to
81 h�1 with 13a) for the copolymerization of PO
and CO2.

[93] At 25 8C and 55 atm CO2, 13a catalyzed
the copolymerization to yield PPC with no observ-
able cyclic by-products, 95% carbonate linkages, a
Mn of 15300 gmol

�1, and a Mw/Mn of 1.22. Pressures
of 55 atm were essential for polymerization activity
as lower pressures (40 atm) significantly hindered the
copolymerization. In contrast to copolymerizations
using the related salen–chromium catalysts, no
heterocyclic additives were necessary. In addition,
13a–c all showed unprecedented selectivities for
PPC formation (> 99% PPC versus PC). (S)-PO–
CO2 copolymerization using enantiomerically-pure
13c yielded isotactic (S)-PPC (TOF= 71 h�1, > 99%
PPC, 99% carbonate linkages, Mn= 6900 gmol�1,
Mw/Mn= 1.58) with the highest reported level of
head-to-tail linkages (93%). Finally, 13c exhibited a
modest level of selectivity (krel= 2.8) in the kinetic
resolution of PO. More recently, a catalyst system
comprised of [(tpp)CoCl]/DMAP has been used for
the synthesis of a range of dioxolanones from
epoxides and CO2,

[94] and 13c/(nBu)4NX has been
used to resolve racemic propylene oxide by forming
PPC with krel values ranging from 1.1 to 9.0.

[95]

6. Lanthanide-Based Catalysts

Yttrium, aluminum, rare-earth metals, and combinations
of multiple metal reagents have shown activity for the
copolymerization of epoxides and CO2. For example, PO–
CO2 copolymerization was effected by a rare-earth metal
system comprised of yttrium tris[bis(2-ethylhexyl)phos-
phate], AliBu3, and glycerol. The PPC produced contained
only 10–30% carbonate linkages, although molecular weights
of up to 476000 gmol�1 were achieved.[96] This system also
exhibited activity for the alternating copolymerization of CO2
with epichlorohydrin[97] and glycidyl ether monomers.[98]

Other rare-earth metal systems consisted of yttrium carbox-
ylates [Y(CO2CF3)3 or Y(CO2RC6H4)3 where R is H, OH,Me,
or NO2], ZnEt2, and glycerine.

[99–101] The alternating copoly-
merization of CO2 and PO yielded PPC with up to 98.5%
carbonate linkages, turnover frequencies up to 2.5 h�1, and
molecular weights reaching 100000 gmol�1. CHO–CO2
copolymerization produced PCHC with 100% carbonate
linkages, molecular weights of 19000–330000 gmol�1, and
Mw/Mn7s of 3.5–12.5. It must be noted that control experi-
ments indicated that ZnEt2, but not Y(CO2CF3)3, was
essential for polymerization. Finally, ternary catalysts com-
posed of Nd(CO2CCl3)3, ZnEt2, and glycerol were also
reported to copolymerize PO and CO2.

[102]

Scheme 8. Proposed PO–CO2 copolymerization mechanism for 11/DMAP catalyst
system.
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7. Zinc and Cadmium Catalysts

A variety of metal-based catalysts has shown activity for
the coupling of epoxides and CO2; however, few have
exhibited the success associated with zinc-based complexes.
Therefore, the majority of the work reported in this field has
been performed using complexes with zinc as the active metal
center. These catalysts have undergone a renaissance over the
past ten years, shifting focus from heterogeneous mixtures to
discrete and single-site catalysts which exhibit unprecedented
reaction rates and selectivities.

7.1. Heterogeneous Zinc Catalysts

As described in Section 2, the first active species for the
alternating copolymerization of epoxides and CO2 were based
on mixtures of: 1) ZnEt2 with an assortment of di- and
trihydric sources and 2) carboxylic acids and Zn(OH)2.
Subsequent to these groundbreaking discoveries, several
companies pursued the commercialization of PPC using
these and related catalysts.[103–106] In 1999, Ree et al. reported
a variant of the Zn(OH)2/glutaric acid (zinc glutarate)
system[53] using ZnO as the zinc source. An optimal activity
of 3.4 TOh�1 was achieved for PO–CO2 copolymerization at
60 8C and 25 atm CO2, which at the time was the highest
activity reported for zinc carboxylates (Table 1). Analysis of
the PPC revealed aMn of 210000 gmol

�1, a PDI of 1.3, and a
Tg of 38 8C.

[107–109] In addition, PO–CO2 copolymerizations
using zinc glutarate have been run in scCO2, a suitable
replacement for organic solvents.[110] More recently, polycrys-
talline[111] and single-crystal[112] zinc glutarate have been
studied using X-ray diffraction, which could play an important
role in determining the mechanism of this catalyst. Ethyl-
sulfinate capped zinc glutarates have also been reported.[113]

They have the potential to reduce the complexity inherent in
these systems. Furthermore, terpolymerizations of CO2, PO,
and e-caprolactone have been performed using zinc glutarate
catalysts.[114] PPC has also been synthesized using zinc
glutarate produced by an ultrasonic method, giving TOFs
up to 7.7 h�1.[29,111] Finally, carboxy-containing polymers, such
as styrene and acrylic acid copolymers,[115] and g-alumina[116]

have been used as supports in zinc-catalyzed copolymeriza-
tion of PO and CO2.
A soluble counterpart to these systems was reported by

Beckman et al., who observed that zinc oxide and a highly
fluorinated carboxylic acid derived from a monoester of
maleic acid[105] (14a ; Figure 6) is active for the alternating
copolymerization of CHO with supercritical CO2.

[117] The
fluorination increased solubility of the catalyst mixture and

facilitated PCHC formation with 8.8 TOh�1 at 135 atm CO2
and 100 8C (Table 2). Additionally, 14b (Figure 6), a soluble
ZnII-based compound, produced PCHC (Mn= 2150,Mw/Mn=

4.4) with a TOFof only 1.2 h�1 at 90 8C and 110 atm CO2.
[77] In

1999, Darensbourg and Zimmer reported that zinc crotonate
is a soluble catalyst precursor for this system.[118] This catalyst
afforded TOFs of approximately 16 h�1 at 80 8C and 55 atm
CO2, yielding PCHC with 84% carbonate linkages. A
promising set of heterometallic catalysts are the double
metal cyanide (DMC) catalysts originally reported by Kruper
and Smart.[119] Heterogeneous compounds of the form
M1

a(M
2(CN)x)b (a and b : 1, 2, 3; x : 4, 5, 6) were active for

epoxide–CO2 copolymerization. DMC catalysts such as zinc
hexacyanoferrate(iii) converted epoxides, including EO, PO,
1-butene oxide and CHO, to polycarbonates (50–95%
carbonate linkages and PDIs of 2–6) with TOFs of approx-
imately 4 h�1. Chen later reported similar DMC catalysts that
exhibited better activities for PO–CO2 copolymerization.

[120]

(PEO)aZn(Fe(CN)6)bCl2–3b(H2O)c(KCl)d (PEO= polyethy-
lene oxide, a (mole ratio chelating atoms/Zn)= 2.2, b = 0.50,
c = 0.76, d = 0.20) copolymerized PO and CO2 at 60 8C and
50 atm CO2 to give PPC (Mn= 20000 gmol�1) with 9.0 TO per
mol zinc per h. To shed light on the origin of activity in DMC
catalysts, Darensbourg et al. designed the related homoge-
neous complex 15, which was prepared by the reaction of
[{KCpFe(CN)2PPh2(CH2)1.5}2] (Cp= cyclopentadienyl) with
ZnI2 (Figure 7).

[121,122] Surprisingly, the coupling of CHO

and CO2 gave predominantly cyclic cis-cyclohexene carbon-
ate, a small percentage of low molecular weight polycarbon-
ate was also isolated. Unfortunately, the intrinsic complexity
of heterometallic catalysts hampers mechanistic studies, and
currently the active species are unknown. Despite these
difficulties, the ease of synthesis and inexpensive nature of
these materials makes them highly attractive.

7.2. Zinc and Cadmium Phenoxides for Epoxide–CO2 Coupling

Heterogeneous systems are often marred by poor repro-
ducibility and the production of non-uniform polymers,
caused by the presence of many different types of active
sites that produce polymer with different activities and
selectivities. To address these issues, Darensbourg and
Holtcamp reported in 1995 the first discrete zinc complexes

Figure 6. Zinc catalysts for the alternating copolymerization of CHO
and CO2.

Figure 7. Soluble double metal cyanide complex.

G. W. Coates and D. R. MooreReviews

6628 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6618 – 6639

http://www.angewandte.org


for the alternating copolymerization of epoxides and CO2
(Figure 8).[123] This discovery marks an important step in the
development of catalysts for the copolymerization of CO2 and
epoxides. Compound 16a, which was synthesized from 2,6-
diphenylphenol and Zn[N(SiMe3)2]2, crystallized as a bis((2,6-

diphenyl)phenoxy)zinc complex containing two diethyl ether
solvent molecules coordinated to a tetrahedral zinc center.
Under 55 atm CO2 and at 80 8C, PCHC (91% carbonate
linkages, Mn= 38000 gmol�1, Mw/Mn= 4.5) was produced
with a TOF of 2.4 h�1. Additionally, 16a catalyzed the
random terpolymerization of CHO, PO, and CO2, yielding
polycarbonate with approximately 20% propylene carbonate
linkages, 70% cyclohexene carbonate linkages, and 10%
ether linkages. Approximately the same ratios of PO and
CHO incorporation were observed regardless of feedstock
composition.
Subsequent work investigated steric influences of N-aryl

substituents, including 2,4,6-tri-tert-butyl (16b), 2,6-di-tert-
butyl (16c), and 2,4,6-trimethyl (16d), on CHO–CO2 copoly-
merization (see Figure 8).[124] Complex 16d displayed the
highest activities (TOF= 9.6 h�1), thus illustrating that bulky
ortho substituents were not essential for high copolymeriza-
tion rates. In the case of 16b, only 50% carbonate linkages
were observed in the resultant PCHC. In line with this result,
the zinc phenoxides were also efficient catalysts for the
homopolymerization of CHO. Electronic perturbations of the
N-aryl ortho substituents revealed that electron-withdrawing
groups resulted in higher activities for CHO–CO2 copoly-
merization: F>Cl>Br.[125] Addition of 2,6-dihalophenols to
Zn[N(SiMe3)2]2 gave four-coordinate, dimeric zinc phenox-
ides with coordinated THF solvent molecules. Compound 17a
showed a moderate TOF of 7.6 h�1. Analysis of the PCHC
revealed PDIs of 6.0, molecular weights of 42000 gmol�1, a Tg

of 115 8C, and > 99% carbonate linkages.[31,125] In general,
zinc–bis(phenoxide) compounds catalyzed PO–CO2 copoly-
merization at 40 8C and PO–CO2 cyclization at 80 8C in
unspecified yields. Finally, zinc–bis(phenoxide) catalysts were
active for CHO homopolymerization, CHO–CO2 copolymer-
ization, and CHO–PO–CO2 terpolymerization, but did not
readily react with bulky alicyclic epoxides such as a-pinene
and exo-2,3-epoxynorbornane. Although no copolymeriza-
tion activity was observed, X-ray analysis of 18 showed two
molecules of exo-2,3-epoxynorbornane coordinated to
zinc,[126] providing a potential model compound for epoxide-
bound intermediates in the polymerization.
Darensbourg et al. proposed that two coordination sites

were required for polyether formation, while only one was
necessary for copolymer formation.[125, 127] To probe this
theory, phosphane (PCy3, PMe3, etc.) adducts of the zinc
phenoxides were synthesized; these have only one open
coordination site.[127] Compounds 19a and b (Figure 8) were
found to be three-coordinate zinc compounds with a distorted
trigonal planar geometry around zinc. While 16b generated
PCHC with only 50% carbonate linkages, 19b facilitated the
formation of PCHC with 100% carbonate linkages, without
loss of catalytic activity. Furthermore, 17a, which possesses
only one open coordination site, produced PCHC with
essentially 100% carbonate linkages whereas 17b (the PCy3
adduct of 17a) was not active for the copolymerization of
CHO and CO2.
In a related study, Dinger and Scott reported that zinc–

phenoxide cluster compounds showed activity for the alter-
nating copolymerization of CHO and CO2.

[128] A variety of
solvent-dependent tri-, tetra-, penta-, and hexanuclear com-
pounds were synthesized from tris(3,5-dialkyl-2-hydroxyphe-
nyl)methane derivatives and ZnEt2. For example, compound
20 (Figure 9) catalyzed the copolymerization of CHO and
CO2 to give PCHC with 81% carbonate linkages and a TOF
of 1.3 h�1.

Cadmium complexes have not shown significant activities
for the coupling of epoxides and CO2. Nevertheless, cadmium
compounds can exhibit organometallic reactivity similar to
their zinc analogs and therefore serve as good structural
models (Figure 10). Perhaps the most intriguing insight
derived from these models came from Darensbourg7s discov-
ery of tris(pyrazolylhydroborate)cadmium acetate complexes
[(tp)CdOAc] (21a–c).[129,130] Complexes 21a and b contain
bound PO and CHO and were proposed as possible models
for initiation in epoxide–CO2 polymerization. Darensbourg

Figure 8. Zinc–bis(phenoxide) compounds for the alternating copoly-
merization of CHO and CO2.

Figure 9. Trinuclear zinc–alkyl catalyst for CHO–CO2 copolymerization.
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and co-workers have also synthesized bis(phe-
noxy) cadmium derivatives as model
reagents.[125, 126,131–133] Compounds 22a–c exhibited
a distorted tetrahedral geometry around cadmium
and illustrated the coordination of epoxides such
as CHO and exo-2,3-epoxynorbornane. In the absence of
coordinating solvents, dimeric three-coordinate cadmium
phenoxides were synthesized (23a,b). Addition of coordinat-
ing solvents, such as THF, regenerated monomeric cadmium
phenoxides. Finally, bis(phenoxy) cadmium and [(tp)CdOAc]
complexes were not active for epoxide–CO2 copolymeriza-
tion; however, they did catalytically convert PO and CO2 to
PC at an unspecified rate.
Although the discrete catalysts above represent an

important advance in catalyst design, the active species for
the copolymerization remain unclear. Regarding these phen-
oxide–zinc complexes, one or more ligands are likely to act as
polymerization initiators, and thus become the chain-end of
the growing polymer chain.

7.3. Discrete Zinc Complexes for Epoxide–CO2 Copolymerization

Given the success of zinc phenoxide compounds for
copolymerization of CHO and CO2, Darensbourg and co-
workers investigated zinc benzoate (24 and 25),[134] bis(sali-
cylaldiminato)zinc (26a–d),[135] and (dialkylamino)ethyltetra-
methylcyclopentadienyl (dec) zinc derivatives (27)[136]

(Figure 11). Zinc benzoate aggregates including compound
24 were synthesized by reaction of Zn[N(SiMe3)2]2 with 2,6-
disubstituted benzoic acids.[134] Dimeric 24was converted with
pyridine to generate a monomeric complex with three
coordinated pyridines (25). 24 displayed moderate CHO–
CO2 copolymerization activities (TOF= 7.7 h�1) comparable
to those observed with zinc phenoxide compounds. Addi-

tionally, under 55 atm CO2 at 80 8C, PCHC was generated
with essentially 100% carbonate linkages. A number of
bis(salicylaldiminato)–zinc complexes (26a–d) were synthe-
sized by reaction of Zn[N(SiMe3)2]2 with 2 equivalents
salicylaldimines.[135] Complex 26a was the most active catalyst
copolymerizing CHO and CO2 to give PCHC (> 99%
carbonate linkages, Mn= 41000 gmol�1, Mw/Mn= 10.3) with
a TOF of 6.9 h�1. Related zinc–bis(trimethylsilylamido) and
zinc–phenoxide complexes have been reported by Chisholm
et al.; however, no copolymerization activity was
observed.[137] The single-site catalyst [(dec)ZnOAc] (27) was
synthesized by deprotonation of the dec ligands followed by
reaction with Zn(OAc)2.

[136] X-ray analysis of 27 revealed a
dimeric compound featuring bridging acetates and h1-coordi-
nation of the cyclopentadienyl moiety to zinc. At 30 8C and
40 atm CO2, 27 exhibited low activity (1.2 TOh

�1), and the
resultant PCHC possessed 15–20% ether linkages.
Recently, Hampel et al. reported that quinoxaline-derived

zinc alkoxide complexes, 28 and 29, exhibited low activities
for CHO–CO2 copolymerization (Figure 12).

[138] At 80 8C and
80 atm CO2, compounds 28 and 29 showed TOFs of 4.9 and
3.6 h�1, respectively. The PCHC yielded from 28 possessed
97% carbonate linkages, aMn of 13500 gmol

�1, and a PDI of
4.59.
Binaphthyldiamino (binap) salen-type metal complexes

(12, 30a,b) in combination with Lewis basic cocatalysts,
including NEt3, DMAP, and pyridine, were reported by Shi
and co-workers for the cyclization of terminal epoxides and
CO2 (Scheme 9).

[92] At 35 atm CO2 and 100 8C, 30a/NEt3
(2 equiv) converts PO to PC with approximately 57 TOh�1.

Figure 11. Benzoate, bis(salicylaldiminato), and (dialkylamino)ethylcyclopentadienyl
zinc catalysts for CHO–CO2 copolymerization.

Figure 10. Tris(pyrazolylborate)cadmium acetates and cadmium phen-
oxides as model compounds for CO2–epoxide copolymerization.
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Copper complex 30b and NEt3 also catalyze the
formation of PC with a TOF of 32 h�1. Moreover,
catalysts 30a,b were discovered to transform a
variety of terminal epoxides, such as butylene
oxide, SO, and epichlorohydrin, to their corre-
sponding cyclic carbonates. Isotope-labeling experi-
ments using trans-deuterioethylene oxide deriva-
tives indicated that epoxide ring-opening occurred
by nucleophilic attack of a Lewis base (e.g., NEt3)
followed by CO2 insertion (Scheme 9). Subsequent
ring closure produced the trans-cyclic carbonate
with overall retention of configuration. Although
30a,b are chiral catalysts, virtually no asymmetric
induction was observed.

7.4. Pyridine–Zinc Halide Complexes for Epoxide–CO2 Coupling

Despite extensive research on catalysts for cyclic carbon-
ate synthesis, there are limited reports on catalyst intermedi-
ates or reaction mechanisms. Notably, Kim and co-workers
addressed both of these issues using pyridinium alkoxy zinc
dibromides.[139,140] [(Pyridine)2ZnBr2] (31a) was found to
couple PO and CO2 to PC with a TOF of 308 h

�1 at 100 8C
and 35 atm CO2. [(2-R-pyridine)2ZnBr2] (31aR=H, 31bR=

Me) reacted with excess PO to provide dimeric pyridinium
alkoxy zinc dibromides (32a R=H, 32b R=Me;
Scheme 10). Complex 32a crystallized as a dimeric compound
containing a distorted tetrahedral geometry around both zinc
centers. Interestingly, PO ring-opening occurred exclusively
at the least hindered carbon and only the meso dimer

crystallized. At 100 8C and 35 atm CO2, 32a
converted PO and CO2 to PC with a TOF of
340 h�1, indicating the presence of a slight
initiation time as 31a reacts to form 32a. A
series of [(2-R-pyridine)2ZnBr2] (31a–c) with
varying electronic properties were examined for
activity. Electron-donating substituents pro-
moted activity, while electron-withdrawing
groups extinguished reactivity (Me>H@Cl),
signifying the necessity for Lewis basic pyridine
ligands. At 100 8C and 35 atm CO2, 32b exhibited
an activity for PO–CO2 cyclization of 530 TOh

�1.
In addition to PO–CO2 cyclization, 32a and

32b were active for cyclic ethylene carbonate
(EC) production with TOFs of 1200 h�1 and
1450 h�1, respectively. Surprisingly, the reaction
of EO with 31a and b resulted in trimeric
compounds (33a and b) containing an alternating
zinc and oxygen six-membered ring at the core of
the molecule (Scheme 10). Apparently, the ster-
ics of the epoxide determine whether dimeric or
trimeric intermediates are formed. Complex 33a
demonstrated activities almost identical to those
of 32a for both PC (327 TOh�1) and EC
(1180 h�1), suggesting the same catalytic species.
Kim proposed that the dimeric form was the
active species for epoxide–CO2 coupling
(Scheme 11). Insertion of CO2 in 32a gave zinc

Figure 12. Quinoxaline-derived zinc phenoxides for CHO–CO2 copoly-
merization.

Scheme 9. Proposed catalytic cycle for the cyclization of terminal epoxides and CO2

using chiral binap salen-type metal catalysts.

Scheme 10. Syntheses of dimeric and trimeric zinc pyridinium alkoxides.
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alkoxide carbonate dimer containing a six-membered ring,
that subsequently eliminated PC. Species 32a was regener-
ated upon reaction with PO.
Shortly thereafter, Darensbourg et al. illustrated that

related pyridine–zinc halide adducts (Figure 13) were cata-
lytically active for CHO–CO2 copolymerization and cycliza-

tion with TOFs as high as 13.5 h�1.[141] 2,6-Dimethoxypyridine
reacted with zinc halides to give [Zn(2,6-dimethoxypyridi-
ne)4]

2+[Zn2X6]
2� (34a–c) while 3-trifluoromethylpyridine

reacted with ZnBr2 to generate (3-CF3-pyridine)2ZnBr2
(31d). The order of halide reactivity was Cl�Br> I and the
complex with 2,6-dimethoxypyridine was more active than
that with 3-trifluoromethylpyridine. At 55 atm CO2 and 80 8C,
PCHC was produced with 80–91% carbonate linkages,Mn up
to 44000 gmol�1, and broad PDIs. In situ IR studies revealed
a first-order dependence on catalyst concentration for
polymerization, but an unusual fractional order of 1.5 for
CHC formation. It was suggested that both dimeric and
monomeric zinc active species accounted for the mixed order
in zinc. Kim and co-workers recently reported that pyridine
alkoxide ligated zinc acetates 35a–d (Figure 13) catalyze the
copolymerization of CHO and CO2. Complex 35c produces
PCHC (Mn= 9500 gmol�1, Mw/Mn= 2.5) with a TOF of
153 h�1. The polycarbonate is unusual in that it has only
63% carbonate linkages.[142]

7.5. Single-Site b-Diiminate Zinc Catalysts for Epoxide–CO2

Coupling

Our research group discovered a highly active, living
epoxide–CO2 copolymerization system using bulky b-diimi-
nate (bdi) zinc catalysts, such as 36–39, under low pressures
(7 atm CO2) and temperatures (50 8C) (Figure 14).

[143–153]

Several key design features, including initiating groups,
sterics, and electronics, drastically altered the efficacy of the
catalysts. To model the growing polycarbonate chain, zinc–
acetate (36), zinc–methoxide (37a,b), and zinc–isopropoxide
(37c,d) complexes were synthesized as mimics for zinc
carbonates and zinc alkoxides (Scheme 12). Zinc acetates
were produced from the deprotonated (bdi)Li adducts and
Zn(OAc)2

[143,146] or by addition of acetic acid to [(bdi)ZnEt]
compounds.[150, 151] (bdi)ZnEt was generated by addition of
ZnEt2 to (bdi)H ligands.

[143] [(bdi)ZnOAc] compounds crys-
tallized as dimeric compounds with bridging m,h2-acetates.
The reaction of [(bdi)ZnEt] with MeOH provided dimeric
[(bdi)ZnOMe] compounds (37a,b ; 39a,b).[143,146] Deprotona-
tion of (bdi)H using Zn[N(SiMe3)2]2 gave monomeric, 3-
coordinate [(bdi)Zn{N(SiMe3)2}] (38a,b).

[146,154] Subsequent
alcoholysis with iPrOH yielded [(bdi)Zn(OiPr)] complexes
(37c,d) that are dimeric in the solid state. (bdi)Zn acetate,
methoxide, isopropoxide, and bis(trimethylsilyl)amido com-
plexes were all active for the alternating copolymerization of
CHO and CO2.

[143, 145,146,149–151] In addition, [(bdi)Zn(OiPr)]
complexes were highly active for the living polymerization of
lactide,[154,155] e-caprolactone, and b-butyrolactone.[156] While
X-ray crystallography revealed that [(bdi)ZnOAc], [(bdi)Zn-
(OiPr)], and [(bdi)ZnOMe] compounds were dimeric,

Scheme 11. Proposed mechanism for the synthesis of propylene car-
bonate using dimeric zinc pyridinium alkoxides.

Figure 13. Zinc–pyridine complexes for CHO–CO2 copolymerization.

Figure 14. b-Diiminate–zinc catalysts for epoxide–CO2 copolymeriza-
tion.
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1H NMR spectroscopy revealed that the solution states were
highly dependent upon sterics.[143, 146,151,154] For instance, it was
demonstrated that compounds 36a and 37c exhibited a
monomerQdimer equilibrium under appropriate tempera-
tures and concentrations.[143, 156] On the other hand, 36b, 37b,
and 37d were exclusively dimeric in solution, even at elevated
temperatures.[146,156] Concurrently, subtle modifications on the
N-aryl ortho positions highly influenced polymerization
activity. Sterically unencumbered methyl substituents exhib-
ited no polymerization activity, whereas sterically congested
ethyl and isopropyl substituents promoted the copolymeriza-
tion giving TOFs of 431 h�1 and 360 h�1, respectively
(Table 2).[151] Furthermore, the unsymmetrical 36c yielded
PCHC (99% carbonate linkages, Mn= 23300 gmol�1, Mw/
Mn= 1.15) with a TOF of 729 h�1. Electronics also played a
dramatic role in activity, such that electron-withdrawing
cyano substituents enhanced polymerization rates. Complex
36d produced PCHC (90% carbonate linkages, Mn=

17900 gmol�1, Mw/Mn= 1.15) with a TOF of 917 h�1 in only
20 minutes. The combination of the unsymmetrical ligand
geometries and the electron-withdrawing cyano substituent
yielded the most active catalysts reported to date.[149] At 50 8C
and in only 10 minutes, 39a and 39b catalyzed the copoly-
merization of 1000 equivalents CHO and 7 atm CO2 to give
high molecular weight polymers (Mn� 22000 gmol�1),
narrow PDIs (Mw/Mn= 1.09–1.11), and extremely high
TOFs of 2170 and 2290 h�1, respectively (see Table 2).
In an attempt to isolate monomeric b-diiminate com-

plexes, Chisholm et al. investigated bulky initiators including
tBuOH and Ph3SiOH.

[157,158] As expected, monomeric com-
pounds 40 and 41 (Figure 15) were active for CHO–CO2
alternating copolymerization. Compound 41 also coupled
PO and CO2 to give propylene carbonate in unspecified yield.
Unexpectedly, Chisholm7s [(bdi)ZnNiPr2], an analog of our
compound 38a, was not active for the copolymerization,
although it readily reacted with CO2 to generate 42. Rieger
et al. recently showed that an ethyl sulfinate is a viable
initiator for the copolymerization.[159] Compound 43
(Figure 15), synthesized by bubbling SO2 through a [(bdi)Z-
nEt] solution, was also active for CHO–CO2 copolymeriza-
tion. Catalytic activities were comparable to 36a, indicating

similar active species. From bimodal gel permeation chroma-
tography traces, monomeric and dimeric bdi–zinc species
were believed to be active, although no mechanistic studies
were conducted. Recently, oligomeric bdi ligands have been
generated from 4,4’-methylenedianiline and 2,4-pentane-
dione. The zinc complexes have shown modest activity for
CHO–CO2 copolymerization (TOF= 11.3 h�1).[160–162]

Yu and Jones recently reported that b-diiminate–zinc
catalysts immobilized on silica exhibited moderate activities
for CHO–CO2 copolymerization.

[163] Compounds 44, 45a, and
45b (Figure 16) are precursors to the silica-immobilized

complexes and show activities of 110, 60, and 65 h�1,
respectively, under 7 atm CO2 at 50 8C. The resultant poly-
carbonates exhibited > 92% carbonate linkages, molecular
weights of 8700–13300 gmol�1, and PDIs of 1.03–1.28. Com-
plexes 45a and 45b were supported on mesoporous SBA-15
and controlled-pore glass, but the rates of PCHC formation
(TOFs= 5–21 h�1) and percent carbonate linkages (33–78%)
decreased. A corresponding drop in molecular weights was

Scheme 12. Synthesis of b-diiminate–zinc complexes.

Figure 15. Monomeric and dimeric [(bdi)ZnOR] complexes.

Figure 16. Precursors to silica-immobilized bdi–zinc catalysts.
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not observed indicating fewer active zinc centers. Finally,
based on the activity observed with the silica-supported zinc
catalysts, Yu and Jones suggested that the copolymerization
proceeded via a monometallic mechanism.[163] High-through-
put equipment has been used to screen CHO–CO2 copoly-
merization in the presence of b-diiminate–zinc catalysts, but
so far this research has been limited to known compounds
(38a,b).[164]

Morokuma and co-workers performed theoretical studies
using the hybrid molecular orbital method ONIOM on the
alternating copolymerization of epoxides and CO2 catalyzed
by monomeric 37a.[165] The rate-determining step of the
copolymerization was proposed to be epoxide insertion into a
zinc�carbonate bond. Furthermore, in alicyclic epoxides such
as CHO, the activation barrier for epoxide ring-opening by a
zinc carbonate is drastically reduced due to ring, torsion, and
angle strain. By contrast, the study predicted that aliphatic
epoxides such as EO could not be copolymerized due to high
activation barriers for epoxide ring-opening.
Subtle electronic and steric perturbations to [(bdi)ZnOR]

(R= alkyl or acyl) complexes resulted in drastic enhance-
ments in activity for CHO–CO2 copolymerization.

[146, 149,151]

During the course of these studies, catalysts for PO–CO2
coupling were also discovered by our research group.[150]

PO–CO2 coupling proved to be highly sensitive on reaction
conditions. Both temperature and pressure had a profound
effect on product formation. At 50 8C and 20 atm CO2,
unsymmetrical 36e yielded PC with a TOF of 50 h�1. By
simply reducing the temperature to 25 8C, PC formation was
suppressed, and the selectivity for PPC/PC was 85:15 with a
TOF of 47 h�1. The polycarbonate exhibited > 99% carbon-
ate linkages, a Tg of 38 8C, aMn of 43300 gmol

�1, and a PDI of
1.09. Furthermore, 13C NMR spectroscopy revealed a nearly
regiorandom copolymer,[166,167] indicating that ring-opening
occurred at both C�O bonds. Further modifications of the
ligand architecture generated complex 46 (Scheme 13), the

most potent catalyst reported to date for PO–CO2 copoly-
merization. Complex 46 copolymerized PO and CO2 at 25 8C
and 7 atm CO2 to give PPC (> 99% carbonate linkages,Mn=

36700 gmol�1,Mw/Mn= 1.13) with a TOFof 235 h�1 (Table 2).
However, the selectivity for polymer was only 75%. Increas-
ing the CO2 pressure to 35 atm favored polymer formation
with a selectivity of 93%, while only moderately attenuating
catalytic activity (TOF= 138 h�1). Finally, compound 46 is

highly active for PC formation at high temperatures. At 75 8C,
PC is produced with TOFs over 1000 h�1.[168]

Recently, our research group performed mechanistic
studies on the [(bdi)ZnOR]-catalyzed copolymerization of
CHO and CO2.

[151] Stoichiometric reactions of the copoly-
merization initiation steps showed that zinc alkoxides insert
CO2, while zinc acetates react with CHO. For example, 37c,
which is a monomeric zinc alkoxide at room temperature
([Zn]= 0.01m in [D6]benzene) instantaneously reacted with
CO2 to give 47 (Scheme 14). X-ray analysis revealed that 47

crystallized as a m,h2-carbonate-bridged dimer. Complex 47 is
virtually isostructural to 36a, suggesting similar reactivity in
the copolymerization. Complex 36d inserted CHO to give 48
over the course of days (Scheme 15). X-ray analysis showed

that 48 is a m,h2-acetate-m,h1-cyclohexyloxide acetate-bridged
dimer in the solid state. Both 47 and 48 serve as model
compounds for presumed intermediates in the copolymeriza-
tion. Due to the expeditious reaction of CO2 with 37c, CHO
insertion was predicted to be the rate-determining step. To
monitor propagation, rate studies were performed on com-
pounds 36a–c using in situ FT-IR. The kinetic studies revealed
a zeroth-order dependence in CO2 and a first-order depend-
ence in CHO. Hence, insertion of CHO into a zinc carbonate
was indeed the rate-determining step. The copolymerization

Scheme 13. Unsymmetrical, electron-deficient bdi–zinc complex for the
copolymerization of PO and CO2.

Scheme 14. Insertion reaction of CO2 with [(bdi)Zn(OiPr)].

Scheme 15. Insertion reaction of CHO with [(bdi)ZnOAc].
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of CHO (1.98m in toluene) and 20 atm CO2 at 50 8C using
sterically-unhindered, dimeric 36b resulted in an order of
1.02� 0.03 in [(bdi)ZnOR] concentration (R= alkyl, acyl, or
polymer chain). However, under the same conditions, an
order in [(bdi)ZnOR] concentration of 1.83� 0.04 was
determined for 36c. Therefore, the copolymerization of
CHO and CO2 using 36c at 50 8C exhibited the following
overall rate law: d[P]/dt = k[epoxide]1.0[Zn]1.83. At lower
temperature (30 8C), a decrease in the order in [(bdi)ZnOR]
concentration to 1.37� 0.02 was observed for 36c. On the
basis of [(bdi)ZnOR] solution studies (R= alkyl or acyl),
stoichiometric insertion reactions, and rate studies, a bimet-
allic mechanism was proposed (Scheme 16a). Sterically

encumbered bdi–zinc complexes (36a and 36c) ring-open
CHO in a bimetallic transition state (Scheme 16b) with a
predominantly monomeric ground state. Conversely, steri-
cally unhindered bdi–zinc complexes (36b) insert CHO in a
bimetallic transition state with a completely dimeric ground
state.

7.6. Zinc Catalysts for Asymmetric CHO–CO2 Copolymerization

There is significant interest in controlling the absolute
stereochemistry of ring-opening in epoxide–CO2 copolymer-
ization for several reasons. First, microstructure directly
affects polymer properties.[169] Second, the kinetic resolution
of racemic epoxides or desymmetrization ofmeso epoxides by
copolymerization is a potential route to valuable chiral

building blocks. CHO, a meso molecule, is an ideal substrate
for desymmetrization using chiral catalysts.[170] In 1999,
Nozaki et al. reported that a 1:1 mixture of ZnEt2 and (S)-
a,a-diphenylpyrrolidine-2-yl-methanol (49) was active for
stereoselective CHO–CO2 copolymerization at 40 8C and
30 atm CO2 (Schemes 17 and 18).

[171,172] The polycarbonate

exhibited 100% carbonate linkages, aMn of 8400 gmol
�1, and

a PDI of 2.2. Hydrolysis of PCHC with base produced the
corresponding trans-cyclohexane-1,2-diol with 73% enantio-
meric excess. 13C NMR spectroscopy studies of model poly-
carbonate oligomers afforded spectral assignments for iso-
tactic dyads (153.7 ppm) and syndiotactic dyads (153.3–
153.1 ppm).[173] Finally, ring-opening proceeded by complete
inversion of configuration (SN2 mechanism), hence no cis-
cyclohexane-1,2-diol was observed.
In a recent report, Nozaki and co-workers isolated

presumed intermediates in the asymmetric alternating
copolymerization.[174] Reaction of ZnEt2 and (S)-a,a-diphe-
nylpyrrolidine-2-yl-methanol yielded dimeric 50, which was
structurally characterized by X-ray diffraction studies
(Scheme 18). At 40 8C and 30 atm CO2, 50 catalyzed the
formation of isotactic PCHC (Mn= 11800 gmol�1, Mw/Mn=

15.7, TOF= 0.6 h�1) with a slightly lower enantiomeric excess
of 49%. When the copolymerization was attempted with 50
and 0.2 to 1.0 equivalents of EtOH, enantioselectivities
increased up to 80% ee, and better control of molecular
weights and PDIs resulted. Compound 51 was proposed to be
the active initiating species (see Scheme 18). End-group
analysis by MALDI-TOF mass spectrometry revealed in the
absence of EtOH signals assignable to the aminoalcohol-
initiated polymerization. However, as EtOH addition was

Scheme 16. a) Proposed copolymerization mechanism using bdi–zinc
complexes; b) epoxide ring-opening transition state (P =polymer
chain).

Scheme 17. Asymmetric copolymerization of CHO and CO2.

Scheme 18. Chiral zinc catalysts for the
asymmetric, alternating copolymerization of
CHO and CO2.
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increased from 0.2 to 1.0 equivalents, signals corresponding to
the aminoalcohol-derived polycarbonate disappeared as
peaks for the EtOH-initiated PCHC emerged. This was
further confirmed by end-group analysis using 1H NMR
spectroscopy. Finally, mechanistic studies suggest that the
dimeric form of the catalyst is in fact the active species.
In 2000, our research group developed C1-symmetric

imine-oxazoline ligated zinc bis(trimethylsilyl)amido com-
pounds for the stereoselective, alternating copolymerization
of CHO and CO2 (Scheme 18).

[145] Through multiple elec-
tronic and steric manipulations, compound 52 was found to
exhibit the highest enantioselectivity (RR/SS ratio 86:14,
72% ee) in the copolymerization. The resultant PCHCexhibited
100% carbonate linkages, aMn of 14700 gmol

�1, a PDI of 1.35,
and a Tg and Tm of 120 and 220 8C, respectively. Furthermore,
stereocontrol was also achieved in the alternating copoly-
merization of CPO and CO2, producing poly(cyclopentene
carbonate) with a RR/SS ratio of 88:12 (76% ee). As revealed
by 13C NMR spectroscopy, the experimental carbonyl tetrad
concentrations matched the predicted tetrad concentrations
for an enantiomorphic-site control mechanism.[145] The con-
tributions described above represent an important step for-
ward in the production of well-defined, tactic polycarbonates.

8. Summary and Outlook

Over the last decade, significant advances have been
achieved in CO2–epoxide coupling chemistry. Homogeneous
catalysts for CO2–epoxide copolymerization offer significant
increases in rate as well as selectivity versus their heteroge-
neous counterparts. Well-defined, homogeneous catalysts
have given new momentum to the field of CO2 utilization,
and have made possible a much deeper mechanistic under-
standing of these systems. Current catalysts provide reason-
able routes to a variety of polycarbonates from inexpensive
epoxides, including poly(cyclohexene carbonate), poly(pro-
pylene carbonate), and terpolymers of CHO, PO, and CO2.
Moreover, living catalyst systems were found that provide
block copolymers and polymers with molecular weights
predetermined by monomer/initiator ratios. In addition,
both polycarbonates and cyclic carbonates can be synthesized
with high selectivities and rates, owing to subtle modification
of the catalyst7s architecture. Finally, precise control of cyclic
carbonates and/or polycarbonate production is achieved by
utilizing homogeneous catalysts with appropriate reaction
conditions such as pressure, temperature, and cocatalyst
additives.
Despite the recent breakthroughs, the future challenges

are many. At the current time there are limited applications of
epoxide–CO2 copolymers due to their high cost and low
thermal stability. Therefore it will be necessary to develop
catalyst systems that are capable of producing these polymers
economically. In addition, methods for producing polymers
with increased thermal stability are needed. Surprisingly, only
Cr, Co, and Zn compounds have shown significant activity for
the copolymerization of CO2 and epoxides. The unusual
reactivity of these metals must be further exploited, and other
metals such as Mg, Mn, Fe, and Ni should be explored.

Alternative comonomers, including lactones, isocyanates,
aziridines, as well as new epoxides, such as limonene oxide
and styrene oxide, could be promising reagents in the
production of unique copolymers. By utilizing homogeneous
living catalysts, there are infinite possibilities of new, exciting
copolymer microstructures. Living systems allow for precise
control of molecular weights, low PDIs, copolymer synthesis
by sequential monomer addition, and the ability to function-
alize chain ends. Because only one chain is produced by each
metal center in homogeneous catalyst systems, the develop-
ment of strategies related to Inoue7s “immortal polymer-
ization” may lead to more productive systems. Although the
enantioselective copolymerization of CO2 and epoxides has
been accomplished, much higher levels of stereocontrol as
well as regiocontrol are required for improved physical
properties.
Undoubtedly, the future will witness continued research at

this exciting interface of inorganic and polymer chemistry to
the benefit of both fields. Homogeneous catalysts will lead to
epoxide–CO2 copolymers with unprecedented levels of archi-
tectural control, providing many new opportunities in poly-
mer science.

Abbreviations

bdi b-diiminate
CHC cyclohexene carbonate
CHO cyclohexene oxide
CPO cyclopentene oxide
EC ethylene carbonate
EO ethylene oxide
PC propylene carbonate
PCHC poly(cyclohexene carbonate)
PEC poly(ethylene carbonate)
PO propylene oxide
PPC poly(propylene carbonate)
PPO poly(propylene oxide)
SO styrene oxide
tpp tetraphenylporphyrin
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Contrary to what was previously believed, water molecules do not
adsorb intact on the surfaces of zinc oxide, but dissociate by an
autocatalytic process and form a complex superstructure consisting of
intact water molecules and hydroxy species. For more details, see the
Communication by B. Meyer, C. W�ll et al. on the following pages.
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Water Structure

Partial Dissociation of Water Leads to Stable
Superstructures on the Surface of Zinc Oxide**

Bernd Meyer,* Dominik Marx, Olga Dulub,
Ulrike Diebold, Martin Kunat, Deler Langenberg, and
Christof W�ll*

Understanding wet surfaces and water/solid interfaces is of
crucial importance in such diverse fields as corrosion,
catalysis, mineralogy, and geology. For H2O, the delicate
interplay between chemical bonding, van der Waals forces,
and hydrogen bonding gives rise to complex phenomena such
as complete dissociation, partial dissociation at defects,
multilayer formation, and wetting.[1] Recently, an intriguing
intermediate scenario was advanced, in which the interaction
between the water molecules results in a partial dissociation
of water on perfect surfaces, leading to superlattices with
long-range order.[2–5] In view of possible failures of common
theoretical approaches and severe experimental difficulties[5]

this proposal has become the subject of a highly controversial
debate.[5–9] For a given surface a consistent picture can only be
obtained by using a broad array of experimental and
computational tools in concert. Applying such a strategy, we
unambiguously demonstrate that water forms a simple,
unusually stable two-dimensional superstructure on defect-
free zinc oxide surfaces. Diffraction (He-atom scattering
(HAS), low-energy electron diffraction (LEED)), real-space
(scanning tunneling microscopy (STM)), and thermodynamic
(He thermal desorption spectroscopy (He-TDS)) data show
that water forms a (2 4 1) superstructure with long-range
order that exists up to temperatures close to the boiling point
of water. Car–Parrinello ab initio simulations[10] reveal a
superlattice in which every second water molecule is disso-
ciated. The unusual thermal stability of this superstructure is a
result of a favorable “key–lock” type structural arrangement
in conjunction with hydrogen bonding. The computed struc-

ture and binding energy are in excellent agreement with those
found in the experiment.

Zinc oxide is a material for which significant progress in
understanding its surface properties was achieved
recently,[11–17] stimulated by its importance for a number of
applications ranging from cosmetics and medicine to paints
and heterogeneous catalysis. The nonpolar ZnO (101̄0)
surface chosen for the present study is, in contrast to its
polar counterparts,[13, 16] electrostatically stable and as such
now well understood.[12] Briefly, this Wurtzite-type surface
consists of layers containing slightly tilted ZnO “dimers”,
which are formed by three-fold coordinated Zn and O ions.
These ZnO dimers, in turn, assemble to form characteristic
rows separated by trenches (Figure 1). For the adsorption of

water on this surface one would expect that the oxygen atoms
of the water molecules bind to the coordinatively unsaturated
Zn ions on the surface. In a previous photoelectron spectros-
copy study[18] it was indeed concluded that H2O chemisorbs at
the Zn sites of the ZnO(101̄0) surface. Since the distance
between the Zn sites is fairly large (3.25 B versus 2.78 B
between H2O molecules in ice Ih), one would predict the
formation of a simple water (1 4 1) monolayer.

In contrast to this prediction, we find that water on such a
ZnO surface forms an ordered superstructure with a (2 4 1)
periodicity. The He atom angular distributions (Figure 2) as
well as LEED data clearly show sharp and well-defined half-
order diffraction peaks. Also high-resolution STM measure-
ments revealed a (2 4 1) periodicity of the adlayer. These
findings effectively rule out that water is adsorbed on the
ZnO(101̄0) surface as a full monolayer of equivalent H2O
molecules as assumed previously. A (2 4 1) structure would
come about if water would only occupy every other Zn site,
with a total coverage of half a monolayer. If the water
molecules were separated by two lattice constants, no hydro-

Figure 1. Side and top view of the atomic structure of the molecular
adsorbed water monolayer with (1�1) symmetry (left) and the opti-
mized half-dissociated H2O/ZnO(101̄0) adsorption geometry (right).
The surface unit cells are shown by dashed lines. Zn, O, and H atoms
are represented by grey, red, and white spheres, respectively, the O
atoms of the water molecules are in blue. In the top views, the atoms
in the second surface layer are indicated by lighter colors.
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gen bonds between the water molecules would be present.
However, the STM measurements show that for low water
coverages the adsorbates form ordered two-dimensional
islands (Figure 3), which implies a strong lateral attraction
between adsorbed species. In addition, a quantitative deter-
mination of the H2O coverage using X-ray photoelectron
spectroscopy (XPS) shows that, at full coverage, the surface

contains one H2O molecule per surface Zn ion (see Exper-
imental Section), so that a (2 4 1) structure caused by only
every second Zn site being occupied can be ruled out.

Important additional information about the adsorption of
water can be gained from the binding energy of the molecules
on the surface. The reliable determination of this quantity on
metal oxide surfaces is, however, generally hampered by the
presence of defects. In fact, most controversies on the
question whether water adsorbs in a molecular form or
dissociatively on a perfect surface stem from the problem that
water may dissociate at defect sites, in particular at oxygen
vacancies, which contributes to the overall signal.[1] To rule
out contributions of defects, a technique tailored to studying
adsorbates on well-defined solid substrates was employed,
namely the scattering of thermal energy He atoms. When
monitoring the reflectivity of the ZnO(101̄0) surface for
thermal energy He atoms as a function of surface temperature
(He-TDS) the desorption from perfect areas can be studied
exclusively, allowing a precise determination of the adsorbate
binding energies.[13] He-TDS has been used previously to
detect the desorption of water from oxide surfaces such as
MgO[19,20] or of CO and H2 from ZnO surfaces.[13, 21] The He-
TDS data (Figure 2) reveal a sharp, well-defined desorption
maximum close to the boiling point of water at a temperature
of 367 K. This corresponds to a binding energy of 1.02 eV, in
excellent agreement with a value reported previously.[18] This
desorption temperature is astonishingly high. In general, such
high desorption temperatures were only observed for a few
other metal oxide surfaces for which it is known that water
dissociates upon adsorption, for example, the Cr2O3 (0001)[22]

and the (2 4 1) a-Fe2O3(011̄2) surface.[23] It therefore appears
to be likely that also on this ZnO surface H2O dissociates,
hydroxylating a substrate O atom and adding an OH species
on top of a Zn–substrate atom. Such a dissociation may in fact
lead to a (24 1) structure. Interestingly, we observed the
formation of the (2 4 1) phase already at temperatures as low
as 200 K, a fact which would imply a very low activation
energy for dissociation.

The precise value for the binding energy of H2O adsorbed
on defect-free regions of the ZnO(101̄0) surface (the coher-
ence length in the He-TDS measurement was of the order of
150 B) opens the pathway for a direct comparison to and
validation of theoretical calculations, which then in turn will
provide the basis to rationalize the different experimental
findings. To this end density functional theory (DFT)
calculations were carried out within a periodic slab setup
using six to eight ZnO layers. Special care was taken to
electrostatically decouple the slabs to suppress artificial
interactions.[24] However, applying DFT to subtle molecule/
surface interactions is often questionable in view of possible
deficiencies for describing hydrogen bonding and van der
Waals interactions. Thus, the gradient-corrected Perdew,
Burke, and Ernzerhof (PBE) functional used here in con-
junction with ultrasoft pseudopotentials and a 25 Rydberg
plane wave cutoff (see ref. [12] for further details) was
thoroughly tested for the system of interest. It is well known
that the PBE functional describes very accurately the
equilibrium structure and binding energy of water in isolated
dimers and ice Ih.

[4,26] However, to probe the reliability of PBE

Figure 2. He-atom specular reflectivity of a ZnO(101̄0) surface satu-
rated with water at a temperature of 280 K (solid line) recorded for a
heating rate of 1 Ks�1. The dashed line shows the corresponding deriv-
ative, revealing a desorption maximum at 367 K. Inset: He-atom dif-
fraction patterns for the clean (top) and water-saturated (bottom)
ZnO(101̄0) surface recorded along the [011̄0] azimuth. The (2�1)
periodicity of the water adlayer is clearly revealed by the prominent
half-order diffraction peaks.

Figure 3. Left: STM image of a ZnO(101̄0) surface after dosing 1 Lang-
muir of water at room temperature (tunneling conditions: +1.6 V
sample bias and 4.7 nA tunneling current). The water molecules form
well-ordered two-dimensional islands with a (2�1) periodicity (bright
spots) on the ZnO substrate (faint rows). The solid line shows the
position where the line profile was taken. Right: Simulated STM
images for the (hypothetical) molecular water monolayer with (1�1)
symmetry (top) and the half-dissociated H2O/ZnO(101̄0) structure
(bottom). The height of the tip above the surface increases from blue
through green to red. Bands in the energy range of 1 eV above the
band gap are taken into account, mimicking positive sample bias and
tunneling into the conduction band.
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for water separations and orientations that are relevant here,
we have calculated the binding energy of nearest and next-
nearest water pairs as they appear in the undissociated (1 4 1)
water monolayer on the ZnO(101̄0) surface (see below). For
these pairs with O�O separations of 3.25 and 5.21 B, dimer
binding energies of 0.085 and 0.011 eV, respectively, were
found. This is in astonishing agreement with the results of
0.085 and 0.016 eVof very accurate coupled cluster-type (MC-
CEPA[25]) calculations. A similar accuracy was also previously
demonstrated to hold for weakly bound molecules and
adatoms on small ZnO clusters.[13, 14,27] Finally, the structure
of bulk ZnO including its low-index surfaces has been
calculated reliably within the described DFT/PBE setup.[12]

Based on all these gauges, it can be concluded that the PBE
functional should capture the relevant interactions.

The adsorption properties of water on the ZnO(101̄0)
surface was studied for various coverages starting from a full
monolayer and reducing to 1/2, 1/4, and 1/6 of a monolayer. In
a first set of calculations, (1 4 1), (2 4 1), (2 4 2), and (3 4 2)
surface unit cells containing one water molecule were used.
This implies that the water molecules are kept equivalent by
imposing translational symmetry. Under this constraint, only
molecular adsorption of water is found for all coverages with
a very similar orientation of the molecules (Figure 1).
Dissociative adsorption, which may have been expected
from the experimentally observed high desorption temper-
ature, is not stable within this constraint. At a coverage of 1=4
and 1=6 monolayer the H2O molecules basically do not
interact, and the binding energy is 0.94 eV per molecule. It
increases to 0.97 and 1.03 eV at half and full coverage,
respectively. Despite the molecular adsorption, the binding
energies are large and in good general agreement with the
experimental value. This unexpectedly strong binding is due
to a “key–lock” type interaction between the water molecules
and the ZnO surface. The water molecules are stabilized by
three different types of attractive interactions to both the
substrate and neighboring adsorbate molecules. 1) The O
atoms of the water molecules occupy the O sites of a
hypothetical next ZnO layer on the ZnO(101̄0) surface so that
the surface Zn ions regain their four-fold tetrahedral coordi-
nation as in the underlying bulk, which leads to a strong Zn�
O and thus ZnO/H2O bonding. 2) One of the H atoms forms a
hydrogen bond across the ZnO trench of the surface to a
neighboring substrate O atom. 3) In the case of a monolayer
coverage, a water–water hydrogen bond to a neighboring
adwater is formed by the second H atom. Thus, the full
monolayer water film is significantly more stable than the half
monolayer, in agreement with the XPS and STM data.

Although the key–lock configuration of a full monolayer
of molecular water is a low-energy structure, it does not
exhibit the (2 4 1) symmetry observed experimentally. Thus,
in a second set of calculations, we explored the possibility that
the (2 4 1) structure appears because of differently oriented
water molecules. Two water molecules were randomly
displaced in a (2 4 1) surface unit cell and a structural
relaxation was performed. In all cases the adsorbed water
molecules moved back toward the (1 4 1) monolayer structure
and none of the modifications yielded an energy per water
molecule lower than that obtained for the (1 4 1) coverage.

This picture changed when we explicitly considered the
dynamics of the water molecules in full ab initio Car–
Parrinello molecular dynamics (CPMD) simulations.[10] In this
approach, the system can evolve to a more stable structure, if
there is any, without much bias. We set up slabs with (3 4 2)
and (4 4 2) surface unit cells containing six and eight water
molecules, respectively. Starting from the fully relaxed water
monolayer structure with (1 4 1) symmetry, spontaneous
dissociation of a subset of water molecules was observed at
a simulation temperature of 300 K. After the initial dissoci-
ation the structures were stable and no further proton
transfers occurred. Since the dissociation starts immediately
after the beginning of the CPMD simulations, the activation
energy has to be very low, which explains why the (2 4 1)
phase already appears at temperatures below 200 K in the
experiment.

Upon further structural optimization, the most stable
structure turned out to be a configuration in which every
second water molecule is dissociated, leading to a (2 4 1)
superstructure (Figure 1). Interestingly, the undissociated
water molecules remain in the stabilizing key–lock position
akin to the molecular (1 4 1) structure described above. The
molecules tilt a bit more toward the surface and thereby
strengthen the hydrogen bond to their neighboring molecules.
In every second water molecule one OH bond is cleaved and
the H atom is transferred to a substrate O atom. Thus, two
hydroxy groups are formed, one built from an adwater O
atom and the second one originating from a substrate O atom.
For this half-dissociated (2 4 1) structure, the overall binding
energy per H2O molecule is found to be slightly, but
significantly, increased with regard to that of the molecular
(1 4 1) structure (from 1.03 to 1.13 eV, respectively). This is
one of the highest binding energies for water on structurally
well-defined solid substrates.[1] It is noteworthy that the
interaction between the water molecules themselves “cata-
lyzes” the dissociation reaction. As pointed out above,
isolated water molecules do not dissociate on the
ZnO(101̄0) surface. However, calculations show that putting
a second water molecule at a neighboring lattice site is
already sufficient to trigger the dissociation. Between the two
water molecules a hydrogen bond is formed that weakens the
already activated OH bond across the ZnO trences in the
acceptor molecule. The molecule becomes unstable and the
proton is transferred to a substrate O atom without noticeable
activation energy.

To investigate if the half-dissociated monolayer structure
is consistent with the observations in the STM experiments,
STM images for both, the half-dissociated (2 4 1) and the
molecular monolayer (1 4 1) were calculated by using the
Tersoff–Hamann approximation.[28] The experimental STM
image in Figure 3 was recorded with a positive sample bias
voltage, that is, under conditions where electrons tunnel into
the conduction band (i.e. the LUMO). Under these con-
ditions, the clean ZnO(101̄0) surface is characterized by faint
stripes that are attributed to the ZnO dimers (see Figure 1).
The bright spots in the (2 4 1) superstructure of the H2O
islands are in registry with these stripes. The theoretical STM
images reveal easily distinguishable differences between the
two different adsorbate structures (Figure 3). The pattern
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stemming from the half-dissociated superstructure matches
the experimental STM image, which is clearly not the case for
the molecular adlayer. The bright features in the image of the
partially dissociated water layer are due to the OH groups of
the dissociated water molecules, with a contrast that is
predominantly geometric in nature.

Based on this consistent evidence, it can be concluded
convincingly that half of the water molecules on the fully
covered perfect ZnO(101̄0) surface self-dissociate resulting in
a well-defined (2 4 1) superlattice. This superstructure is
characterized by long-range order and structural simplicity
but in particular by an unusually large stability range
extending from 200 K up to the boiling point of liquid
water. Transcending the specific case, these findings imply
that when ionic materials such as minerals come in contact
with water the possibility of water auto-dissociation has
always to be considered both in experiment and theory—
without necessarily invoking defects! This is of particular
relevance to heterogeneous catalysis so that a number of
reactions, such as methanol synthesis on ZnO or Cu/ZnO in
which water is a side product, have to be reanalyzed.

Experimental Section
The measurements were carried out with an ultrahigh vacuum (UHV)
molecular beam system that was described in detail in reference [21].
The mixed terminated ZnO(101̄0) substrates were oriented to within
0.28 and polished mechanically. After installation in the UHV
chamber the samples were first cleaned by cycles of Ar+ sputtering
(800 V, � 1 mA, 4–12 h, T= 650 K). After about 20 preparation cycles
the XP spectra revealed contamination levels of less than 0.05 ML for
carbon-containing species, and the surfaces exhibited (1 4 1) diffrac-
tion peaks in HAS and LEED. The surface was exposed to water
either by backfilling the UHV chamber using a leak valve or by
dosing water through a capillary that ended about 5 cm in front of the
ZnO substrate.

The STM experiments were carried out in a separate UHV
chamber equipped with low-energy He+-ion scattering, LEED, and
an STM operating at room temperature. The sample was prepared by
sputtering (1 keVAr+, 30 min) and annealing (1000 K, 15 min) cycles.
Water was dosed by backfilling the UHV chamber.

Coverage calibration was carried out by ratioing the O1s signal
seen for the H2O monolayer at 533.5 eV to that measured for a (2 4 1)
CO2 adlayer (with each (2 4 1) unit cell containing one CO2 molecule)
at the same energy. The intensity ratio O1sOH/O1sCO2

was consistent
with the presence of three OH species and one CO2 molecule per
(2 4 1) unit cell. The activation energy for desorption was determined
by using the Redhead formula with the experimental heating rate of
1 Ks�1 and assuming first-order desorption with a preexponential
factor of 1013 4 1s�1.
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Single-Molecule Studies

Absolute Optical Cross Section of Individual
Fluorescent Molecules**

Lars Kastrup and Stefan W. Hell*

Besides having revealed transitions masked in the bulk,[1,2]

optical spectroscopy of single molecules has enabled the
observation of elementary molecular quantum events, such as
the absorption and emission of a photon.[3–6] Single photon
transitions are quantified by a cross section that can be
regarded as the photon capture area of a molecule. Therefore,
absolute optical cross sections can readily be measured in the
bulk from the decrease (by absorption) or the gain (by
stimulated emission) of the number of photons in a beam.[7]

Unfortunately, this method is not applicable to individual
molecules, because the resulting change in intensity is
negligible. If the fluorescence quantum efficiency Qem is
known, the molecular absorption cross section can be
calculated from the fluorescence emission.[8] However, this
method re-introduces the hallmark of ensemble averaging,
because Qem is known only from the bulk. As a result, the
absolute photon capture area of a specific molecule has
remained elusive.

Here we report on the measurement of absolute cross
sections of stimulated emission at room temperature. No a
priori information about the individual molecule is needed. In
addition, we demonstrate the instant control of a molecule.s
excited state by light and thus, as a matter of fact, also the
viability of pump–probe experiments[9] with individual mol-
ecules at room temperature.

Molecular optical absorption usually takes place from the
vibrationally relaxed ground state S0 to a hot Franck–Condon
state S1* of the first excited singlet state (Figure 1a). After
vibrational relaxation, which occurs on a (sub)picosecond
time scale, organic fluorophores emit within a few nano-
seconds with a probability given by the fluorescence quantum
yield. Alternatively, the S1!S0 transition can be enforced by
light, that is by stimulated emission.[10] Stimulated emission
has been employed to probe the temporal evolution of the
excited state in a pump–probe fashion, as well as to alter the
fluorescence lifetime and anisotropy[11,12] of organic fluoro-
phores in solution. Furthermore, stimulated emission deple-
tion (STED) of the excited state has been introduced in
fluorescence microscopy[13,14] to break the diffraction reso-

lution barrier,[15,16] but has recently also been used to measure
cross sections in the bulk.[17]

We attained single molecule sensitivity with a scanning
confocal setup fed by two synchronized pulse trains: a first
pulse at a wavelength of l = 565 nm for excitation was
followed by a red-shifted pulse at l = 778 nm for STED,
both adapted to the spectrum (Figure 1b) of the xanthene dye
JA 26 (1). Efficient STED demands a STED pulse duration t

of about 15 ps,[13,15] because this is significantly shorter than
the nanosecond lifetime of S1, but much longer than the sub-
picosecond vibrational decay of S0

*. Thus the S1$S0
* system is

effectively depleted.
Figure 2 illustrates the ability of the STED pulse to

“switch off” single fluorescent molecules embedded in a
poly(vinyl alcohol) film. The image was acquired with
constant excitation intensity but with the STED beam
intercepted at 250 Hz. The on- and off-periods of 4 ms were
about three times shorter than the time span required for
scanning the molecule through the focal spot along the x
direction. As a result, the molecules appear as diffraction-
limited fluorescence spots featuring dark, vertically (y)
oriented stripes resulting from the on-times of the STED
beam, during which the spontaneous emission is obviously
suppressed. Importantly, fluorescence recovers with the
interruption of the STED beam. Note that, besides STED,
the image of individual molecules exhibits blinking and binary
bleaching, as expected for individual molecules.[18] Although
depletion requires a much higher laser power than excitation
(with pulse peak intensities of up to 1–2 GWcm�2), only a
minor increase in photobleaching was observed during the
action of the STED beam. In general, the dependence of the
photobleaching rate on the STED intensity follows a higher

Figure 1. a) Jablonski diagram showing the transitions of the organic
fluorophore involved: 1) excitation by the short-wavelength pulse,
2) stimulated emission and re-excitation by the STED pulse, and
3) fluorescence emission. The time axis indicates the succession of the
pulses. b) Excitation and fluorescence spectrum of JA 26 showing the
excitation and STED wavelengths, and detection regions.
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power law,[19] that is the photobleaching increases strongly
with the pulse peak intensity, but much less so if the power is
elevated by extending the pulse duration.

If STED dominates over the other de-excitation channels,
the normalized probability of a molecule to fluoresce after an
excitation/STED pulse pair depends on the number of
photons per unit area in the STED pulse and on the S1!S0

*

cross section sxy. Hence, measuring the fluorescence proba-
bility as a function of the STED laser power yields the S1!S0

*

cross section of a specific molecule in absolute terms. This
evaluation relies on a three-level photokinetic model (Fig-
ure 1a, levels drawn in bold) that applies once the molecule
has arrived in the S1 state. Starting at t= 0, the STED pulse
acts with an intensity ISTED for the time span t of about 15 ps.
Besides the spontaneous and stimulated decay of S1, we also
consider (re-)excitation by the STED pulse from S0

* as well as
the vibrational decay of the latter. Singlet–singlet absorption
due to the STED pulse may, in principle, occur as well.
However, since the subpicosecond decay of the higher singlet
states is much shorter than t (Kashas rule), this mechanism is
not expected to affect the efficiency of STED appreciably.
Thus, our model is well described by two coupled differential
equations. Under the assumption of a rectangular pulse shape,
the solution to these equations is straightforward (see
Supporting Information).

Further simplifications are obtained if one considers that
the fluorescence rate kfl� (4 ns)�1 is much slower than the
STED rate kSTED(t)= sSTEDISTED(t), which in turn is much
slower than the vibrational relaxation kvib> (1012 s�1, that is,
kfl ! kSTED !kvib. If these conditions are fulfilled, the level S0

*

remains virtually unpopulated. Moreover, the probability
P1(ISTED) of finding a molecule in S1 after the STED pulse
action is solely determined by the number of photons per
pulse and unit area rather than by the intensity as a function
of time. Hence, the pulse shape is insignificant. Under these
conditions, the measured fluorescence follows a monoexpo-
nential decay [Eq. (1)]. Here, Dt denotes the integration time,

FðISTED;tÞ ¼ DtfQemQdetP1ð0Þexpð�sxyISTEDtÞ ð1Þ

Qem is the quantum efficiency of emission, and Qdet the
detection sensitivity of the instrument. To determine absolute
sxy values, Qem and Qdet need not necessarily be known, since
sxy is obtained from the simple ratio given in Equation (2).

sxy ¼
1

ISTEDt
ln½ Fð0;tÞ

FðISTED;tÞ
	 ð2Þ

Higher precision is obtained by fitting the full decay with the
exact analytical solution (see Supporting Information) that
we actually pursued.

For each measurement, a single molecule was positioned
in the overlapping foci of the two beams. Repetitive line scans
across the molecule were performed while the STED beam
was linearly ramped up from zero to a time-averaged focal
power of P̄STED = 3–10 mW (Figure 3a and b). After each
power ramp, the STED beam was interrupted to verify the

Figure 2. Stimulated emission of single JA 26 molecules. While scan-
ning a 5C5 mm2 area in the focal plane (xy) with continuous excitation,
the STED beam was periodically interrupted as indicated by the red-
black bar above the image. Synchronized with the x scan, stimulated
emission is imprinted on the diffraction-limited fluorescence spot left
by a molecule in the image: while the STED beam is effective, fluores-
cence is inhibited and, vice versa, fluorescence recovers within the
time resolution of the measurement (i.e. the dwell time of a pixel of
125 ms). This is highlighted in the inset, which displays the fluores-
cence intensity I of a selected molecule integrated in the y direction.
The envelope of the fluorescence trace represents the spatial profile of
the excitation spot along the x axis.

Figure 3. Measurement of saturated depletion of the excited state by
stimulated emission of a single molecule. a) Sketch of the linear ramp
of the average power P̄STED. b) Fluorescence of a single molecule that
was repeatedly scanned through the focus in the y direction during the
power ramp. Return to P̄STED=0 leads to an instant recovery of the
fluorescence intensity I, proving that the decrease in the signal was
not due to irreversible photobleaching. c) Profile extracted from the
center of gravity of the data shown in b), displaying the decrease and
sudden onset of fluorescence intensity I as well as the final bleaching
of the molecule.
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recovery of the fluorescence. The fluorescence trace along the
dotted line in Figure 3b is shown in Figure 3c, which exhibits
a largely exponential decrease. A total of 65 traces on
different molecules were acquired. Three representative
traces are displayed in Figure 4a–c. Fitting with Equation (1)

yields cross sections sxy of 0.44 E 10�16, 0.23 E 10�16, and 0.99 E
10�16 cm2, respectively, whereas application of the exact
solution of the rate equations gives the values 0.53 E 10�16,
0.26 E 10�16, and 1.20 E 10�16 cm2. By varying the parameters
entering our model, we estimated the total precision to be
about 10%, which is at least comparable, if not superior, to
that usually reached in the bulk.

For a molecule that includes an angle q with the focal
plane, only sxy = scos2q of the total cross section s is effective
in optical interactions. Figure 4d shows the sxy of all the
molecules measured. The process of spin coating and
arbitrary selection of the molecules is expected to introduce
a certain bias in their orientational distribution. Nonetheless,
the largest value s = 1.7 E 10�16 cm2 is an absolute lower limit
for the total molecular cross section of JA 26. The molecular
orientational distribution is equally required when absolute
absorption cross sections are to be determined from ensemble
measurements, but in most of these cases, a random distribu-
tion can safely be assumed.

Scaling with the ensemble emission spectrum (Figure 1b)
or even better with the individual fluorescence spectrum of
the molecule, yields the cross section for values other than at
778 nm. If the spectra are mirror symmetric, sxy allows one to
extrapolate the cross section of absorption.[20] This is interest-

ing because there is no purely analogous
access to the absolute cross sections of
absorption. If Qem and Qdet are unknown,
the absolute absorption cross sections must
be extracted from the saturation of the
excitation (see Supporting Information),
which is heavily challenged by photobleach-
ing.[21]

In summary, we have demonstrated
“instant fluorescence quenching and recov-
ery” of a single molecule by light. The
opportunity to repeatedly modify the prob-
ability of the same molecule to be in its
excited state should disclose tangible new
information. The values of the absolute
optical cross sections of a molecular species
have been given as a first example.

Recently, novel schemes were proposed
to determine the full orientation of the
molecular transition dipole moment in
space. The synergistic combination with
our method may finally also reveal the
total radiative decay rate of each molecule
in question. In conjunction with an excited
state lifetime measurement by time-corre-
lated single photon counting, this informa-
tion could disclose the non-radiative rates as
well, and could thus contribute to the full
spectroscopic characterization of individual
molecules at room temperature.

Experimental Section
Excitation at l = 565 nm of the dye JA 26 was
accomplished by a frequency-doubled optical

parametric oscillator (APE, Berlin, Germany) which was synchro-
nously pumped by a femtosecond mode-locked titanium:sapphire
laser (Coherent, Santa Clara, CA) operating at a pulse repetition rate
of approximately 76 MHz. The fundamental mode of the latter was
used for stimulated emission depletion at a wavelength of l = 778 nm.
The laser power was adjusted with two liquid crystals (Cambridge
Research& Instrumentation,Woburn,MA). The pulses of both lasers
were stretched to 12 ps (excitation) and 15 ps (STED) with gratings
and were temporally matched for maximal efficiency of STED.
Quarterwave retardation plates ensured circular polarization of the
beams which were coupled into a stage-scanning confocal microscope
using dichroic beamsplitters (628dclpxr, 720drspxr, Chroma Technol-
ogy, Rockingham, VT). The collected fluorescence was filtered by a
bandpass filter (D680/60, Chroma Technology) and detected by a
photon counting module (SPCM-AQR-13-FC, PerkinElmer,
Canada). The samples were prepared by spin coating an aqueous
solution of the dye JA 26 (~ 1 nm) containing 0.1% poly vinyl alcohol
onto a cleaned glass coverslip and were purged with argon gas.

Received: July 16, 2004
Published online: November 19, 2004

Figure 4. a–c) Typical fluorescence traces as a function of the average power P̄STED of the STED beam,
which demonstrates saturated de-excitation. The curves fitted to the experiment yield the indicated
cross sections. d) Histogram of 65 cross sections of individual JA 26 molecules in a PVA matrix. The
largest values are attributed to molecules with transition dipole moments parallel to the focal plane.
N =number of occurrences.
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Biomaterials

Improving Implant Materials by Coating with
Nonpeptidic, Highly Specific Integrin Ligands**

Claudia Dahmen, J�rg Auernheimer, Axel Meyer,
Anja Enderle, Simon L. Goodman, and Horst Kessler*

Surface modification for enhanced cell adhesion to improve
the properties of the critical interphase between an implant
material and the biological tissue is an ongoing issue. Despite
considerable improvements there is still a challenge to
optimize the following criteria: the efficiency in stimulating
cell adhesion, the selectivity for a specific cell type (e.g.
osteoblast vs. platelet adhesion), the stability under physio-
logical conditions, the stable covalent attachment to the
material, the ease of handling under sterile conditions, and
reasonable costs for the coating. Herein we present a new
solution to these problems by using anchored nonpeptidic,
highly av-selective integrin ligands to coat titanium, a
common implant material.
Osteoblast adhesion can be stimulated by extracelullar

matrix (ECM) proteins (e.g. fibronectin, collagen, laminine,
and bone sialo protein),[1] their fragments, or by RGD
peptides[2] which bind to avb3 integrin on osteoblast cells
but bind to the platelet integrin aIIbb3 as well.[3] Selectivity
for avb3 integrin could be achieved by using optimized cyclic
pentapeptides.[4–6] Coating poly(methyl methacrylate)
(PMMA) with suitable modified cyclic pentapeptides stim-
ulates osteoblast adhesion in vitro[7] and bone formation in
PMMA granulates in vivo (rabbit).[8]

A number of nonpeptidic av-selective RGD mimics have
been developed by us and others[9–12] as potential drugs to
treat cancer, osteoporosis, acute renal failure, restenosis,
arthritis, and retinopathy.[13–18] Recently the X-ray structure of
the avb3 head group containing the cyclic peptide cilengi-
tide[5] was reported.[19] Modeling studies on the nonpeptidic
avb3 ligands elucidated their binding mode.[20] We used this
data to identify suitable positions for anchor groups (linkers)
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that could be used to attach ligands to the
surface without interfering with integrin
binding. The guanidine and carboxy
groups of the ligand are essential for binding
to the integrin subunits a and b, respec-
tively.[21] Therefore we chose the two aro-
matic rings of our highly avb3-selective
diacylhydrazine scaffold[10] to position the
anchor groups (Scheme 1). By using the
AutoDock3 program[22,23] two mimetics with
different anchors at R1 and R2 were mod-
eled into the X-ray structure of the avb3–
cilengitide complex[19] after removal of the
peptide ligand. The binding modes were
identical to those of the anchor-free mimetic
(R1=R2=H; Figure 1),[20] and the linkers
showed no disturbing interaction with the
integrin, hence we synthesized both variants
with different linker groups.

Synthesis was performed on solid support (trityl chloride
polystyrene resin=TCP-resin) by an Fmoc strategy (Fmoc=

9-fluorenylmethoxycarbonyl) similar to that described else-
where.[9,10,24] Starting from substituted b-amino acid immobi-
lized on the resin, carbonylated Fmoc-protected hydrazine as
the aza-glycine precursor[24] and 3-(N-Fmoc)aminobenzoic
acid were coupled. Guanidine was successfully incorporated
using an excess of N,N’-bis(Boc)guanylpyrazole (Boc= tert-
butoxycarbonyl; Scheme 2). After cleavage (hexa-
fluoroisopropanol (HFIP)/CH2Cl2) the resulting Boc/OtBu-
protected compound was coupled in solution on position R1

with two thiol linkers of different length—cysteamine and 6-
aminohexanoyl-6’-aminohexanoyl-6’’-aminohexanoyl cys-
teine—and deprotected by trifluoroacetic acid (TFA). Puri-
fication was done by reverse-phase (RP) HPLC. The high
avb3 affinity of all the mimetics, with linkers (2, 3) or not (1),
was demonstrated in an established IC50 assay.

[10, 25] Whereas
the dicarboxy compound 1 is only active for the avb3 integrin
in the nanomolar range, the linked molecules are biselective

Scheme 2. Synthesis of R1 substituted diacylhydrazines on a solid
phase. a) NH4OAc (2 equiv), malonic acid mono-tert-butyl ester
(1 equiv), EtOH; b) Fmoc-Cl (1.05 equiv), NaHCO3, dioxane; c) TCP-
resin, CH2Cl2, DIEA; d) 20% piperidine in NMP; e) COCl2 (3 equiv;
1.9m solution in toluene), sat.NaHCO3, CH2Cl2;

[24] f) 5-(9-H-fluoren-9-
ylmethoxy)-1,3,4-oxadiazol-2-(3H)-one (4 equiv), DMF; g) 20% piperi-
dine in NMP; h) 3-(N-Fmoc)-aminobenzoic acid (2 equiv), HATU
(1.94 equiv), collidine (22 equiv), NMP; i) 20% piperidine in NMP;
k) N,N’-bis(Boc)guanylpyrazole (10 equiv), CHCl3, 50 8C; l) 20% HFIP
in CH2Cl2; m) linker molecule (1 equiv), HATU (0.97 equiv), HOAt
(1.1 equiv), collidine (11 equiv), DMF; n) 50% TFA, 2% triisopropyl
silane,[30] 2% water in CH2Cl2. DIPEA= N,N-diisopropylethylamine.

Figure 1. Results of the docking studies: Two diacylhydrazine mole-
cules with anchors on the aromatic rings (stylized as yellow spheres)
modeled into the crystal structure of the avb3 integrin head group.[19]

Scheme 1. Substituted nonpeptidic diacylhydrazines with possible linker
positions R1 and R2 for anchoring to surfaces.
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for avb3 and avb6 integrins (Table 1) as described for other
nonpeptides of the diacylhydrazine type.[9]

Steric effects cannot be the reason for the high avb3
selectivity of compound 1 as compounds 1–3 are equally

sterically demanding. Consistent with our theoretical studies
on avb5 homology models,[26] the residues Lys180 and
Asp252 of the SDL (selectivity determining loop) near the
MIDAS region could effect an unfavored reorien-
tation of ligand 1 in the binding pocket through
electrostatic interactions with the carboxylate.
There are uncharged residues at these positions in
the b3 subunit and this could explain the strong
impact of the carboxylic group in compound 1 for
inhibiting the binding in avb5.
R2-linked compound 4 was synthesized by a

combined solution and solid-phase strategy
(Scheme 3). p-Chlorophenyl-substituted b-alanine
was chosen as the C-terminus of the molecule
because it is found in very potent avb3 integrin
ligands.[10] A complete solid-phase strategy could
not realized, because after coupling of 3-amino-5-
(N-Fmoc)aminomethylbenzoic acid stabilized with
4-methylbenzenesulfonic acid the coupling of e-(N-
Fmoc)-aminohexanoic acid after Fmoc deprotec-
tion (only possible with 2% 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU)/2% piperidine in N-
methylpyrrolidone (NMP)) did not work (probably
caused by steric hindrance) even though different
coupling reagents have been used. Therefore 3-
aminomethyl-5-guanidinobenzoic acid was coupled
with 3-(S-Trt)-mercaptopropionyl-Ahx-Ahx-Ahx-
OH (Trt= trityl) in solution. The product was
activated with O-(7-azabenzoictriazol-1-yl)-1,1,3,3-
tetramethyluroniumhexafluorphosphate (HATU)
and coupled on resin-bound 3-(4-chlorophenyl)-3-
[(hydrazinocarbonyl)-
amino] propionic acid. Cleavage from the resin with
HFIP/CH2Cl2, complete deprotection (TFA/
CH2Cl2), and subsequent purification by RP-
HPLC gave in the integrin ligand 4 that is biselec-
tive for avb3/avb6 with an affinity in the sub-
nanomolar range (Table 1).

Substances 2–4 were tested for their cell adhesion proper-
ties on surfaces, the thiol linkers enable irreversible immobi-
lization on titanium (an implant material). MC3T3E1 mouse
osteoblasts, expressing the avb3 integrin,[8] were seeded onto

the modified titanium discs
(Ti6Al4V, 11 cm), after 1 h the
number of adherent cells was mea-
sured by detecting the hexamini-
dase activity.[27] Our study indicates
that mouse osteoblasts bind to
surfaces coated with compounds 2
or 3 (Figure 2). The plating effi-
ciency was increased up to 42.9%
(100 mm compound 3 in coating
solution) compared to 9.4% on
the unmodified titanium. Com-
pound 3 stimulates cell adhesion
as efficiently as the cyclo-
(-RGDfK[3-mercaptopropionyl]-)
peptide.[28] Compound 2 is slightly
less potent, probably caused by the

significant shorter linker, which makes the integrin ligand less
accessible to the integrin. Compound 4, although having
comparable activity in the binding assay of isolated avb3

Table 1: Ligand affinities of unanchored (free) nonpeptidic RGD mimetics to different integrins.

Compound IC50 [nm][a] ; inhibition at ligand concentration [nm]
R1 R2 avb3 avb5 avb6 aIIbb3

1 COOH H 16 104 (65%) 103 (54%) 104 (22%)
2 CONH-(CH2)2-SH H 5.7 200 0.24 3.20H103

3 COAhx3Cys
[b] H 0.72 310 2.35 3.15H103

4 Cl CH2NHAhx3-
CO-(CH2)2-SH

[a]
0.84 245 0.089 4.15H103

5[10] H H 0.8 n.m.[c] n.m.[c] 8500
6[10] Cl H 0.1 n.m.[c] n.m.[c] 5500
cyclo(-RGDfK[3-mercaptopropionyl]-)[28] 0.4 n.m.[c] n.m.[c] >104

[a] The data shown represent the mean of at least 2 independent IC50 determinations. As previously
documented the typical variation in such receptor–ligand inhibition measurements is routinely in the
order of the measured value itself.[29] [b] Ahx: 6-Aminohexanoic acid. [c] n.m.: not measured.

Scheme 3. Synthesis of R2 substituted diacylhydrazine 4. a) SO2(NH2)2 (1.2 equiv), SOCl2
(3.6 equiv), sulfalone, 42 h reflux; b) Pd/C, H2, MeOH; c) SC(NHBoc)2 (1 equiv), NEt3
(4 equiv), HgCl2 (1.3 equiv), MeOH; d) Pd/C, H2 20 bar, 2m NH3/EtOH, 50 8C; e) LiOH
(3 equiv), MeOH/H2O; f) 40% aqua.TFA (v/v); g) linker molecule (1 equiv), HATU
(1 equiv), HOAt (1 equiv), collidine (10 equiv), DMF; h) HATU (1 equiv); i) 20% HFIP in
CH2Cl2; k) 40% TFA, 2% triisopropyl silane,[30] 2% water in CH2Cl2.
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integrin (Table 1), yielded no stimulation of osteoblast
adhesion when bound to the titanium surface in repeated
testing. An explanation could be that in spite of its huge linker
the immobilized ligand has an unfavored orientation for
integrin binding; the possibility that compound 4 does not
immobilize on titanium is unlikely since we have investigated
many peptidic derivatives of cyclo(-RGDfK[3-mercaptopro-
pionyl]-) in the past (unpublished data) and all of them coated
well on the titanium surfaces (checked by ELISA and cell
adhesion assays, data not shown). In the case of the RGD
mimic, immobilization could not be directly measured by
ELISA because the antibody used recognizes only the cyclic
RGD peptide and not the mimetics.
In conclusion, compounds 2 and 3 are the first nonpeptidic

av-selective integrin ligands for surface coating which exhibit
a potency for stimulated osteoblast adhesion similar to that of
cyclo(-RGDfK[3-mercaptopropionyl]-) when immobilized on
titanium. Compounds 2 and 3 are more stable to enzymatic
degeneration, pH variations, and heat and their synthesis is
much cheaper than that of the cyclic peptide.
Spectroscopic and analytical data for compounds 1–4 are

included in the Supporting Information.
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Lewis Acids

Amorphous Aluminum Bromide Fluoride
(ABF)**

Thoralf Krahl and Erhard Kemnitz*

Dedicated to Professor Gerd-Volker R�schenthaler
on the occasion of his 60th birthday

Amorphous aluminum chloride fluoride (ACF; AlClxF3�x, x=

0.05–0.3), which is of high interest for catalytic reactions,[1]

was discovered at DuPont in 1992.[2] It exhibits an extraordi-
narily high Lewis acidity similar to the acidity of SbF5, and in
some cases, has even higher acidity. ACF is prepared by mild
fluorination of AlCl3 with chlorofluorocarbons such as CFCl3.
However, the fluorination is never carried out to completion;
the solid phase always contains some chlorine. The high Lewis
acidity is surprising since pure aluminum chloride and phases
of aluminum fluorides prepared in other ways are much
weaker Lewis acids. We recently reported the investigation of
ACF by several spectroscopic methods[3] and presented our
initial findings on the structure of this amorphous compound.
However, the role of the residual chlorine in ACF is still
unclear, but it has been shown that the structures of ACF and
AlCl3 differ with respect to the chlorine atoms.

Herein we report on the synthesis of amorphous alumi-
num bromide fluoride ABF (AlBrxF3�x, with x= 0.13), which
is very similar to ACF. EXAFS measurements on the
Br K edge of ABF enabled a more detailed study of the
structure than for ACF. Partially fluorinated samples of AlBr3

with the nominal composition AlBr2F and AlBrF2 were also
investigated. From the analysis of the data measured by
19F MAS NMR spectroscopy and Br K EXAFS, together with
that gained during the investigation of ACF,[3] a basic
structural model of the compounds ABF and ACF is
introduced for the first time.

Solid AlBr3 is built up of discrete Al2Br6 molecules,[4a]

whereas AlCl3 has a layered structure.[4b] The fluorination of
AlBr3 with CFCl3 is highly exothermic and can be performed
similar to that of ACF [Eq. (1)] to initially give CBrCl3 and
ABF.

AlBr3 þ ð3�xÞCFCl3 ! AlBrxF3�x þ ð3�xÞCBrCl3 ð1Þ

The primary reaction product CBrCl3 is not stable in the
presence of a very strong Lewis acid such as ABF (see
Experimental Section). Thus, it undergoes dismutation and
slowly forms CCl4, CBr2Cl2, CBr3Cl, and CBr4. These products

have been observed by 13C NMR spectroscopy. ABF is
amorphous and shows no reflections in the XRD pattern.
During heating, it crystallizes suddenly at 400 8C, forms
crystalline b-AlF3 and AlBr3, and looses its very high Lewis
acidity.

The Lewis acidity of ABF is very high. It catalyzes the
isomerization reaction of 1,2-dibromohexafluoropropane to
2,2-dibromohexafluoropropane at room temperature
[Eq. (2)], which requires an extremely strong Lewis acid.[1d]

CF3�CFBr�CF2Br! CF3�CBr2�CF3 ð2Þ

We chose this particular reaction because it can be carried out
relatively easily. The acidity of certain Lewis acids has been
recently expressed quantitatively by calculation of the
fluoride ion affinity (FIA) at the MP2 level of theory. From
this point of view, molecular SbF5 is the strongest Lewis acid
with the highest FIA.[5] Molecular aluminum chloride and
molecular aluminum fluoride have just slightly lower acidities.
However, the acid strength of solid acids such as AlF3, ACF,
and ABF cannot be expressed in such terms, but a ranking of
the acid strengths can be done in terms of their reactivity.
Reaction (2) requires a highly acidic catalyst; it runs easily at
room temperature with the very strong Lewis acids SbF5,
ACF, and ABF but not with the strong acids AlCl3 and AlBr3.

The IR spectrum of ABF (Figure 1) is typical for a
network of corner-sharing AlF6 octahedra,[3] which has the
nominal composition of AlF3. Two intensive bands at around
665 and 350 cm�1 are attributed to the valence and deforma-

tion vibrations of the AlF6 octahedron, respectively. The large
width of the band indicates the high degree of amorphicity of
ABF. Interestingly, there is no significant difference between
the IR spectra of ABF and ACF.[3]

The 19F MAS NMR spectra of ABF, partially fluorinated
AlBr3, and ABF exposed to air are given in Figure 2. All
spectra show the main signal between d =�160 and
�170 ppm, which is typical for the m-F atoms of corner-
sharing AlF6 octahedra and is also observed in amorphous
and crystalline phases of AlF3.

[3, 7] The spectrum of ABF
shows an additional weak signal in the region from d =�200

Figure 1. IR spectrum of ABF (AlBr0.13F2.87; CsI pellet).
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to �210 ppm. According to the superposition model for the
19F chemical shift, this signal is caused by terminal fluorine
atoms bound to only one aluminum atom at a distance of
around 1.7 ? (t-F).[6a] The appearance of such types of
fluorine atoms has only been observed in ACF before and
recently also in alumina fluorinated with CHClF2.

[7c] Decon-
volution of the 19F NMR spectrum of ABF with the program
DMFIT[6b] using Gaussian line shapes and two lines for each
of the signals shows that the m-F:t-F ratio of intensities of the
fluorine signals is 92.3:7.7 (Figure 3 and Table 1). The small
and narrow signals at chemical shifts of about d =�80 and
�120 ppm can be assigned to the CF3 and CF2 groups of the
organic residue. The signals of the terminal fluorine atoms
disappear when the sample is exposed to atmospheric
moisture (Figure 2d), and the structure of ABF changes
irreversibly.

The fingerprint region of the X-ray absorption near edge
spectra (XANES) of the Br K edge of AlBr3, AlBr2F, AlBrF2,
and ABF are shown in Figure 4. The spectra of ABF and
AlBr3 differ from each other, whereas the spectra of AlBr2F
and AlBr3 are almost the same. The spectrum of AlBrF2 is a
superposition of the spectra of AlBr3 and ABF—a linear
combination of both data sets delivers the best fit result at
29% AlBr3 and 71% ABF. From these results, it is evident
that the bromine atoms in ABF and AlBr3 differ from each
other—the only partially fluorinated compound AlBrF2

contains two different types of bromine atoms: one similar
to the bromine in AlBr3 and another similar to the bromine in

ABF. Thus, the measurements confirm that AlBrF2 is a
mixture of the two phases, AlBr3 and ABF, and that the
remaining bromine in ABF does not derive from unreacted
AlBr3.

The FT EXAFS spectra of the Br K edge of AlBr3 and
ABF (Figure 5) clearly show that the mean distance between
bromine and the surrounding atoms in AlBr3 is smaller than

Figure 2. 19F MAS NMR spectra of a) AlBr2F, b) AlBrF2, c) ABF
(AlBr0.13F2.87), and d) ABF exposed to air for 18 h.

Figure 3. Measured (a) and simulated (b) 19F MAS NMR spectrum of
ABF. The fit (b) is the sum of the components (b1) to (b4). The
parameters of the lines are shown in Table 1. b1) Main signal, lines 5
and 6; b2) shoulder, lines 7 and 8; b3) spinning side bands, lines 2, 3,
9, and 10; b4) organic residue, lines 1 and 4; c) difference between (a)
and (b). The same scale was used for all components.

Table 1: Deconvolution of the 19F MAS NMR spectrum of ABF.[a]

No. Amplitude
[a.u.]

Position
[ppm]

Width
[kHz]

Irel
[%]

Comment

1 1.04 �81.31 1.06 – organic
2 8.72 �80.18 8.60 – s.s.b.
3 3.34 �89.80 6.18 – s.s.b.
4 3.72 �122.64 0.35 – organic
5 51.30 �161.41 8.89 48.8

bridging fluorine, 92.3%6 45.81 �169.84 6.56 43.5
7 6.75 �200.00 6.02 6.4

terminal fluorine, 7.7%8 1.38 �210.00 1.19 1.3
9 5.33 �243.32 7.34 – s.s.b.
10 4.56 �252.38 5.15 – s.s.b.

[a] The parameters of the Gaussian line fit are given. Only the lines 5 to 8
were considered for relative intensity. (Irel) (s.s.b.= spinning side band).
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that found in ABF, that is the Al�Br bonds lengthen during
the fluorination. The long Al�Br distances are surprising, but
can be explained with the model established in the following.

The results gained from catalysis studies as well as IR and
19F NMR measurements, and thermoanalysis show that the
solid phases ABF and ACF are very similar to each other.
Nevertheless, there are some spectroscopic methods, which
could only be used with one of the phases (EXAFS for ABF,
ESR for ACF[3]). The combination of the results of work on
ACF[3] and the work on ABF presented here allows us to
propose a simple geometric model for the structure of such
compounds. It is assumed that ACF and ABF are built up of
the same basic units; the structure is explained with a model
based on linked polyhedra.

The following assumptions are made:
1) The aluminum atoms are octahedrally coordinated.
2) Three different types of octahedra are present (see

Scheme 1):
2a) [Al(m-F)6=2

]0 octahedra (1), in which all fluorine atoms link
two octahedra,

2b) [Al(m-F)5=2
(t-F)]

1=2� octahedra (2), in which five fluorine
atoms link two octahedra and one fluorine atom is
terminal,

2c) [Al(m3-X)1=3
(m-F)5=2

]
1=6+ octahedral (3), in which one atom X

(Cl or Br) links three octahedra and five fluorine atoms
link two octahedra.

To ensure charge balance, the ratio between 2 and 3 must
be 1:3. The overall sum formula can be formulated as [Al(m-
F)5=2

(t-F)]·3[Al(m3-X)1=3
(m-F)5=2

]·n[Al(m-F)6=2
] , where n is a var-

iable parameter. This formula can be simplified to Al4+nX(t-
F)(m-F)10+3n. Substitution of n as 1

x�4 yields AlXx(t-F)x(m-
F)3�2x, or AlXxF3�x. For the ABF investigated in this
publication n equals 3.69.

This model can explain the 19F NMR and Br K EXAFS
spectroscopic data. The following conclusions can be drawn:
1) The formal charge of the octahedra of type 3 is higher than

that of the normal octahedra 1 found in AlF3. Thus, the

Figure 4. Br K-edge XANES spectra of a) AlBr3, b) AlBr2F, c) AlBrF2,
and d) ABF (AlBr0.13F2.87). The dashed lines indicate characteristic fea-
tures. EP=photon energy.

Figure 5. Fourier-transformed EXAFS spectra of the Br K-edge of a)
AlBr0.13F2.87 (ABF) and b) AlBr3. The transformed spectra are not phase-
corrected. The original EXAFS function is shown in the insets.

Scheme 1. Structural octahedral units proposed in ABF and ACF
(X=Cl, Br). Al atoms in the middle of the octahedra are not shown.
The sinuous lines indicate the bond to the next aluminum atom.

Angewandte
Chemie

6655Angew. Chem. Int. Ed. 2004, 43, 6653 –6656 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


electron deficiency of the central Al atom of 3 is higher
than that of the Al atoms in AlF3. Thus, ABFand ACFare
more Lewis acidic than AlF3.

2) From n� 0 follows x� 0.25. AlX0.25F2.75 is the limiting
composition for a compound called “ABF” or “ACF”.
This agrees quite well with the value 0.3 both given by
duPont[2] and determined by 19F NMR spectroscopy for
ACF.[3]

3) The ABF structure investigated contains 7.7% terminal
fluorine atoms with chemical shifts between d =�200 and
�210 ppm in the 19F NMR spectrum (Table 1). The
amount of t-F and Br should be the same. Its formula
can then be formulated as AlBr0.13(t-F)0.22(m-F)2.65. The
amount of t-F is a little higher than that of bromine.

4) The mean distance between a m3-bridging halogen atom X
and aluminum should be comparatively high. The EXAFS
spectra (Figure 5) show clearly that the mean distance of
bromine to its nearest neighboring atoms is higher in ABF
than in crystalline AlBr3—the m2-bridging Br atoms have
an Al�Br distance of 2.38 ? and the terminal Br atoms
have a Al�Br distance of 2.19 to 2.20 ?.[4a]

5) Al�Br bonds are very sensitive to moisture. During
exposure to air, not only are the acidic centers on the
surface blocked, but the relevant structural elements
explained above are destroyed. The resulting compound
can be formulated approximately as Al(OH)yF3�y. In the
19F NMR spectrum no signals for terminal fluorine are
seen, and the signals are shifted to slightly lower field
(Figure 2D). The latter is also observed on comparing the
spectra of AlF3 and AlF3·3H2O.[3]

Experimental Section
Solid-state NMR spectra were measured with a Bruker AVANCE
400 MHz spectrometer equipped with a 2.5-mm Bruker MAS probe
head at a rotation frequency of 30 kHz and a resonance frequency of
376 MHz for the 19F nucleus.

Measurements of X-ray absorption spectra were carried out at
HASYLAB on the beamline X1 (DESY, Hamburg, Germany) in
transmission mode. The edge energy of the Br K-shell (13474 eV) was
calibrated with gold foil (Au L2-edge energy 13733 eV). Samples
were mixed with hexagonal boron nitride and pressed into pellets in a
dry box.

All preparations were carried out under standard Schlenk
conditions. Solvents were dried by condensing over molecular
sieves (4 ?) before use. AlBr3 (Reakhim, p.a.), CFCl3 (Fluka,
99.5%), and perfluorooctane (ABCR, 95%) were used for the
syntheses. The composition of the samples was checked by Br, C, and
F analysis.

Synthesis of ABF: The reaction between AlBr3 and CFCl3 is
strongly exothermic and should not be carried out at room temper-
ature. AlBr3 (11.0 g, 41.4 mmol) was placed with a magnetic stirrer in
a 250-mL round-bottomed flask equipped with a dry ice condenser.
The flask was evacuated and cooled with liquid nitrogen. Six
equivalents of CFCl3 (248 mmol) were condensed on the solid. The
flask was warmed up to around 200 K (dry ice/2-propanol) and stirred
at this temperature for 1 h. The start of the reaction was indicated by
the yellow color of the solid. The flask was warmed to room
temperature and refluxed for one more hour. The liquid was then
evaporated in vacuum, and a fine orange-yellow powder was

obtained. The sample had a composition of AlBr0.13F2.87 and contained
0.8% carbon.

AlBr2F and AlBrF2: The reaction was carried out similarly.
Perfluorooctane was added until the solid AlBr3 was totally immersed
before the reaction. After mixture had been frozen, the desired
amount of CFCl3 (for AlBr2F 1 equiv, for AlBrF2 2 equiv) was
condensed on the solid and then the workup proceeded as described
for ABF.
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DNA Adducts

Mass Spectrometric Studies of DNA Adducts
from a Reaction with Terpenoids**

Wolfgang Schrader,* Sven D�ring, and Werner Joppek

The phenomenon of blue haze above forests was described in
the 1960s by Went,[1] who correlated the formation of organic
aerosols with biogenic plant emissions. Biogenic emissions,
especially of mono- and sesquiterpenes, react with atmos-
pheric oxidants to form a large number of products,[2] which
are thought to undergo a gas-to-particle conversion to form
the organic aerosol. These particles in the atmosphere behave
differently than the gaseous compounds, because they absorb
or scatter the solar radiation, serve as cloud condensation
nuclei, and are involved in multiphase atmospheric chemis-
try.[3]

In addition to their atmospheric impact, terpenes and
terpenoids are considered to be involved in plant–insect
interactions.[4] Indoor emissions of terpenes from furniture[5]

have been investigated as well as their impact on the nasal and
respiratory system, and the risks of respiratory cancer for
exposed woodworkers.[6] The implication of terpenes and
terpenoids in the generation of chronic pulmonary disease
and acute bronchitis is well established.[7] Their impact on the
human organism is otherwise still unclear. Even pharmoco-
kinetic data are not specific, and systematic studies on the
metabolism have not been reported.[7]

One marker used to observe the impact of xenobiotic
compounds on organisms is the formation of DNA adducts,
which in theory can lead to tumor development.[8] Studies on
DNA damage caused by oxidative stress or other natural
compounds are of great interest to scientists.[9] Randerath
et al.[10] were studying DNA modifications caused by poly-
cyclic hydrocarbons using a 32P-postlabeling assay when they
found a significant number of DNA modifications in control
samples from untreated animals. The authors suggested that
these adducts arose from indigenous compounds and there-
fore called them “i-spots”. The pattern of these i-spots is
dependent on tissue, species, gender, and diet,[11] and the
number of i-spots increases with age.[12] Recently, i-spots have
been associated with cancer development.[13] Unfortunately,
the causes are still not fully understood. Some results indicate
that compounds responsible for oxidative stress could cause
some of the i-spots,[9] although this does not sufficiently
explain the complex pattern of the indigenous DNA mod-
ifications. Therefore other chemical compounds must be
responsible for these lesions. One source that could have a
substantial influence on base-level DNA damage is unsatu-

rated biogenic hydrocarbons, because they are ubiquitous.
The only biogenic hydrocarbon that has been investigated in
detail with regard to DNA-adduct formation is ethylene.[14]

Ethylene metabolizes to ethylene oxide, which is considered a
strong carcinogen. Until now, there have been no studies on
the impact of unsaturated hydrocarbons with regard to DNA
adducts. Here, we report on a new class of xenobiotics and
their effect in terms of base-level DNA damage.

Identification of xenobiotics contributing to base-level
DNA damage is difficult, because the level is very low (about
one adduct per 108 nucleotides),[15] which presents a challenge
for analytical methods. The most sensitive technique is the
32P-postlabeling assay, which allows detection of one adduct
per about 108–1010 bases.[16] Since the adducts are detected by
cochromatography, a synthetic standard is required and
unknown adducts cannot be identified.

We have been studying the reactivity of terpenoids
tentatively identified as products of the gas-phase ozonolysis
of monoterpenes with regard to their reactivity with DNA
and DNA constituents in vitro by applying enzymatic
digestion followed by mass-spectrometric analysis to charac-
terize the reaction products. Mass spectrometry is not as
sensitive as 32P-postlabeling, but the DNA adducts can be
detected in small quantities and information about the
structure of the adduct molecule can be extracted.[17] For
this purpose we use both an ion trap and a Fourier transform
ion cyclotron resonance mass spectrometer (FTICR-MS) to
study the reaction of a-pinene oxide with calf thymus DNA.
While the ion trap MS can be used for fragmentation
experiments induced through collision activation (CAD),
FTICR-MS provides high-resolution mass data for the
reaction products, which can be used to calculate the
empirical formulas of the products in complex reaction
mixtures.

Enzymatic DNA degradation is a standard tool for the
study of these macromolecules. For a better understanding of
the reaction, the DNA was digested using two different
approaches: with the enzyme nuclease P1 and, alternatively,
with a combination of the enzymes benzonuclease with an
alkaline phosphatase. While nuclease P1 digests DNA to form
mononucleotides, the benzonuclease produces a number of
oligonucleotides of different chain lengths. The alkaline
phosphatase removes the 5’-phosphates from the oligonu-
cleotides, leading to oligonucleotides composed of n nucleo-
sides and n�1 phosphate groups.[17] Because MS provides only
mass information about a nucleotide, the sequence specificity
cannot be determined. Together, the two approaches provide
an overview of possible DNA adducts resulting from the
reaction with terpenoids.

Here, we report the first results obtained from the
reaction of DNA with a-pinene oxide, an early product of
a-pinene oxidation. Epoxides are reactive towards DNA,[17]

and their generation, by enzymatic oxidation through the
cytochrome P 450, is often the first metabolic step in the
removal of insoluble xenobiotics from the organism. A
number of strong carcinogens are also activated in this way.[18]

In addition to the DNA experiments we studied reactions
of the four mononucleotides with a-pinene oxide in order to
compare the results and facilitate the interpretation. The
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reaction of a-pinene oxide with DNA leads to a number of
different adducts. Although their abundance is rather low,
some specific DNA adducts could be detected and charac-
terized. The DNA was detected as mononucleotides after
nuclease P1 digestion; besides the not alkylated mononucleo-
tides two adducts were detected. A signal at m/z= 498 was
recorded for the deoxyguanylmonophosphate (dGMP)
adduct and one at m/z= 482 for the deoxyadenylmonophos-
phate (dAMP) adduct. The other two bases did not form
adducts under these conditions. MS/MS experiments with
these adducts indicate that a-pinene oxide is coupled directly
to the nucleobase. Corresponding results from FTICR-MS
experiments confirm the findings and make it possible to
obtain the empirical formulas of the respective adducts. When
the reaction was conducted at 60 8C rather than at 37 8C, the
dCMP and dTMP adducts with signals at m/z= 473 and 458,
respectively, were observed. In comparison, pure mononu-
cleotides showed adduct formation at 37 8C for all four
nucleotides.

Spectra of the products of DNA degradation with
benzonase and alkaline phosphatase show signals of oligonu-
cleotides with different chain lengths. The most intensive
signals were those of the dinucleotides, some of which also
formed adducts. A total of seven different adducts with a-
pinene oxide were characterized (Figure 1), and they are
listed with the mononucleotide adducts in Table 1.

MS/MS and MS3 spectra obtained from collision activa-
tion revealed that the adduct formation occurs primarily at
the purine bases within the dinucleotides. No fragment ion
could be detected that would indicate a reaction of a-pinene
oxide with a pyrimidine base, while the fragments at m/z=

286 and m/z= 302 are characteristic for the adenine and
guanine adducts, respectively. All the adducts were also
characterized by FTICR-MS; the spectra confirmed the
results from the ion trap measurements and the empirical
formulas of the adducts were also determined (see Table 1).
The results indicate that a-pinene oxide reacts with DNA at
more or less random positions. The reaction seems to occur
primarily with purine bases, while pyrimidine bases are less
frequently involved.

In addition to the exocyclic sites in DNA, such as the N2
and O6 positions of guanine, the N7 position of guanine seems
to be especially reactive. The FTICR spectrum in Figure 2

shows the four unreacted mononucleotides as well as the
guanine adduct at m/z= 302.16225 (0.6 ppm). The accurate
mass measurement led to a formula of C15H20N5O2, which
corresponds to the a-pinene oxide/guanine adduct.

The enzymatic digestion used here should result in
mononucleotides or oligonucleotides depending on the
enzymes. The a-pinene oxide/guanine adduct in Figure 2
presumably results from reaction at the N7 position of
guanosine, because alkylation at this site weakens the N-
glycosidic bond, subsequently leading to bond cleavage and
removal of the alkylated base from the DNA strand. This
effect has been reported previously in studies of styrene oxide
alkylation.[19] Reaction at any other position of guanosine
would not weaken the N-glycosidic bond and but would lead
to either the corresponding mono- or oligonucleotide adduct
depending on the enzyme. As a result of the hydrolytic
cleavage of DNA, the very viscous reaction solution becomes
fluid. A possible reaction mechanism is suggested in
Scheme 1. No cleavage products could yet be identified for
this hydrolysis of the remaining DNA. In addition to the
guanine adduct, an adenine adduct could be found at m/z=

286.16733 (0.46 ppm), but the signal has lower intensity.

Figure 1. FTICR mass spectrum of enzymatically digested DNA. DNA
adducts of a-pinene oxide shown as their dinucleotides are shown;
seven of the possible ten dinucleotides are alkylated. The empirical for-
mulas can be calculated from accurate mass determinations.

Table 1: DNA adducts resulting from the reaction with a-pinene oxide.

DNA adduct m/z Formula[a] Accuracy [ppm]

dAMP 482.18072 C20H29N5O7P 0.6
dGMP 498.17611 C20H29N5O8P 0.38
dApdC 691.26342 C29H40N8O10P 3.4
dApdT 706.26088 C30H41N7O11P 0.23
dGpdC 707.25712 C29H40N8O11P 1.6
dApdA 715.27209 C30H40N10O9P 0.26
dGpdT 722.25681 C30H41N7O12P 1.6
dApdG 731.26880 C30H40N10O10P 2.2
dGpdG 747.26350 C30H40N10O11P 1.9

[a] Calculated formulas are based on the negatively charged ions
[M�H]� .

Figure 2. FTICR mass spectrum of enzymatically digested DNA show-
ing the mononucleotides and the N7 guanine/pinene oxide adduct.
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The results reported here clearly indicate a reaction
between a-pinene oxide and DNA. Although the concen-
trations used here are higher than in natural circumstances,
the aim was to observe DNA adducts and provide sufficient
structural information about a new class of xenobiotics that
could have an effect on base-level DNA damage.

Experimental Section
Reaction: DNA (4–5 mg) was dissolved in 1 mL triply distilled water,
combined with a-pinene oxide (25–100 mL), and then incubated at
37 8C for 24–72 h. The reaction mixture was enzymatically digested
using a) a combination of benzonase (25 Umg�1 DNA; Merck,
Darmstadt, Germany) and alkaline phosphatase (1.75 Umg�1 DNA;
Roche Diagnostics, Mannheim, Germany) or b) nuclease P1
(6 Umg�1 DNA; Roche Diagnostics, Mannheim, Germany) and
incubated for 24 h at 37 8C. The mononucleotides (c= 1 mgmL�1)

were dissolved in triply distilled water, combined with a-pinene oxide
(75 mL), and also incubated at 37 8C for 24 h. All reaction mixtures
were analyzed without additional purification.

Mass spectrometric detection: A Bruker Esquire 3000 ion trap
mass spectrometer was used. The mass range was scanned fromm/z=
50 to 2000, and two scans were added for each spectrum. MS/MS and
MS3 experiments were carried out inside the ion trap after the desired
ion had been isolated; helium was used as the collision gas. Ions were
isolated using a width of 0.5 Da. All samples were dissolved in
acetonitrile in a ratio of 1:2 (v/v) and were introduced into the mass
spectrometer using the direct-infusion mode with a flow rate of
2 mL s�1. In general, scans were recorded for 2 min and afterwards
averaged for a better signal-to-noise ratio. High-resolution mass
measurements were obtained from a Bruker APEX III FTICR-MS
employing a 7 T magnet. The instrument was equipped with an
Agilent electrospray ion source. After ionization ions were stored
inside of a hexapole for sampling times between 0.3 and 0.8 s and
afterwards transferred to the cyclotron cell. The mass range was
scanned fromm/z= 80 to 2000 with 512k data points. For detection of
DNA adducts up to 100 scans were accumulated for a better signal-to-
noise ratio.
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Organocatalysis

A Metal-Free Transfer Hydrogenation:
Organocatalytic Conjugate Reduction of
a,b-Unsaturated Aldehydes**

Jung Woon Yang, Maria T. Hechavarria Fonseca, and
Benjamin List*

Hydrogenations of double-bond-containing compounds such
as carbonyls, imines, and olefins are crucial for living
organisms as well as for the industrial production of
chemicals. While chemical hydrogenations require metal
catalysts or the use of stoichiometric amounts of metal
hydrides, nature typically relies on organic cofactors such as
nicotinamide adenine dinucleotide (NADH) in combination
with metalloenzymes. Metal-free catalytic hydrogenations of
olefins have been unknown both in nature and in chemical
synthesis.[1] Herein we disclose a highly efficient and remark-
ably chemoselective but completely metal-free catalytic
transfer hydrogenation of a,b-unsaturated aldehydes.

The hydrogenation of a,b-unsaturated carbonyl com-
pounds is a useful but challenging transformation. As both
1,2- and conjugate reductions readily occur, low selectivity for
either of the two pathways is common. Catalytic hydro-
genations of a,b-unsaturated aldehydes are possible, but the
chemoselectivity is often low, and additional functional
groups that are sensitive to hydrogenation conditions such
as the benzyloxy, nitro, and nitrile groups are usually not
tolerated.[2] Alternative conjugate reductions have been
realized with various substrate classes,[3] but a mild, general,
highly chemoselective, and catalytic variant that is applicable
to a,b-unsaturated aldehydes has not been described.

Reported conjugate reductions of aldehydes are either non-
catalytic and require stoichiometric amounts of an (organo)-
metallic hydride source,[4] require elevated temperatures,[5] or
show only modest selectivity.[6] Clearly, a mild, catalytic, and
highly chemoselective variant is highly desirable.

Recently iminium catalysis emerged as a powerful method
for the asymmetric catalysis of cycloadditions and conjugate
additions to enals and enones.[7] We reasoned that this
catalysis strategy might be applicable to the conjugate
reduction of a,b-unsaturated carbonyl compounds if a
suitable hydride donor could be identified.[8] Such a process
would constitute the first metal-free catalytic transfer hydro-
genation.

We found that several ammonium salts (5 mol%) readily
catalyze the conjugate reduction of o-nitrocinnamaldehyde
(3a) to the corresponding saturated analogue 4a when the
Hantzsch ester 1 (1.1 equiv) is also added at room temper-
ature [Eq. (1), Table 1]. No reduction was observed in the

absence of catalyst after 48 h at room temperature. Cyclic as
well as acyclic ammonium salts could be used, and the highest
rate and yield was obtained with dibenzylammonium trifluor-
oacetate (2a). Interestingly, this catalyst was introduced in the
1970s by Corey et al. as an efficient catalyst for intramolecular
aldol reactions of aldehydes.[9] Under our reaction conditions
aldolization did not occur to any measurable extent. In
addition to catalyst 2a, the corresponding pyrrolidinium,
morpholinium, and piperidinium salts as well as the Weinreb
salt 2b can be used as catalysts.[10] Ammonium salt 2b has
been used previously in the iminium catalysis of the Diels–
Alder reaction.[11]

After identifying an efficient and chemoselective iminium
catalyst for the conjugate reduction of enal 3a, we decided to
explore the scope of this new process with a variety of

Table 1: Catalyst screening for the iminium catalytic conjugate reduction
of a,b-unsaturated aldehydes.

Entry Catalyst 2 Yield [%]

1 2a 94

2 2b 65

3 2c 81

4 2d 92

5 2e 90

6 2 f 35
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different aldehydes [Eq. (2), Table 2)]. The reduction works
extremely well with a diverse set of unsaturated aldehydes,
including substituted aromatic and aliphatic ones, and the

yields exceed 90% in almost all cases. Both b-mono- and b,b’-
disubstituted enals can be reduced, although so far we have
been unable to use enals with an additional substituent at the
a-position. Besides the carbonyl group of aldehydes and
ketones, a variety of functional groups that are sensitive to
standard hydrogenation conditions are tolerated in the

process. These include the nitro, nitrile, benzyloxy, and
alkenyl functional groups, which all survive the reaction
conditions, illustrating the remarkable chemoselectivity of
this novel organocatalytic reaction.

In terms of the mechanism we assume the reaction to
proceed by the iminium catalysis cycle illustrated in
Scheme 1. Accordingly, after an initial reversible formation

of iminium ion 5 (which effectively lowers the LUMO energy
of the substrate), conjugate hydride and proton transfer from
dihydropyridine 1 follows. This step generates pyridine 7
along with iminium ion 6. Hydrolysis then releases saturated
aldehyde product 4 and regenerates catalyst 2a. We suggest
the hydride transfer to proceed via transition state A.

We are also developing an asymmetric variant of this
reaction. For example, treating aldehyde 3 i with dihydropyr-
idine 1 in the presence of catalyst 8 furnished (R)-4 i in good
yield and in 81% ee [Eq. (3)].

In summary, we have developed the first metal-free
catalytic transfer hydrogenation. This novel iminium catalytic
conjugate reduction of a,b-unsaturated aldehydes is highly
efficient and chemoselective. It requires low catalyst loadings
and tolerates various functional groups that are sensitive to
the conditions of standard hydrogenations and alternative
conjugate reductions. Current work in our laboratory focuses
on a) expanding the scope of the reaction even further to
include other substrate classes such as ketones and a-
substituted a,b-unsaturated aldehydes, b) improving the over-
all atom economy, potentially by regeneration of the cofactor
in situ,[12] c) including the reaction in tandem sequences

Table 2: Organocatalytic conjugate reduction of a,b-unsaturated alde-
hydes.

Entry Substrate Product Yield [%][a]

1 94

2 96

3 93

4 81[b]

5 92

6 92

7 92[c]

8 90

9 94

10 90[b,c]

11 86[b,c]

12 92

[a] Yield of isolated product. [b] Reaction time of 15 h. [c] Yield
determined by GC.

Scheme 1. Proposed mechanism of iminium catalysis.
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utilizing the presumed enamine intermediate,[13] and d) devel-
oping an efficient catalytic asymmetric variant. First results
will be reported shortly.

Experimental Section
General procedure for the transfer hydrogenation reaction: Synthesis
of aldehyde 4a : To a solution of o-nitrocinnamaldehyde (3a, 88.6 mg,
0.5 mmol) and catalyst 2a (7.8 mg, 0.025 mmol, 5 mol%) in dry THF
(2 mL) was added dihydropyridine 1 (140 mg, 0.55 mmol, 1.1 equiv).
The reaction mixture was stirred at room temperature for 5 h under
argon, after which the solvent was removed and the residue was
chromatographed on silica gel (30% diethyl ether/n-hexane) to give
84 mg (94%) of 4a as an oil. All aldehydes 3 and 4 are commercially
available or have been described previously, and their analytical data
match literature values.
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Metallosupramolecular chemistry has developed over the last
twenty years to an important and still growing field of
research.[1] Supramolecular aggregates of different shapes
were obtained by the use of well-designed organic ligands in
combination with appropriate metal ions or metal complex
fragments. Although a series of different approaches have
been discussed about how the formation of supramolecular
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coordination compounds can be controlled,[2] additional
knowledge on the elementary processes of self-assembly is
still required.

“Dynamic combinatorial chemistry” is a concept that uses
the formation of dynamic combinatorial libraries (or virtual
libraries) followed by a selection step which at the end ideally
produces only one compound.[3] A dynamic combinatorial
library can be either formed by the introduction of labile
covalent bonds or by noncovalent interactions between the
molecular building blocks.[4] In coordination chemistry it is
relatively simple to obtain libraries (mixtures!) of com-
pounds[5] and some examples are known, for which it was
possible to select and enhance one species from such a
library.[6] However, the selection of different species from the
same library was described only in a few cases and still
remains a challenge.[7]

Recently we described the formation of the supramolec-
ular tetrahedron [(1)4Ti4]

8� from the rigid tris(catechol)
ligand 1-H6 (Scheme 1). The tetrahedron [(1)4Ti4]

8� possesses

a huge internal cavity for guest binding.[8] A few similar
molecular tetrahedra from rigid ligands were already known,
which, however, did not possess internal cavities.[9] We were
interested to test if flexible ligands are also able to form M4L4

tetrahedra.
The well-known flexible tris(catechol) ligand 2-H6 does

not form a molecular tetrahedron, instead mononuclear
complexes [(2)M]n� are obtained with metal ions.[10–12] The
conformation of flexible catechol amide ligands such as 2 is

dominated by intramolecular hydrogen bonding. In the free
ligand, hydrogen bonds are formed between catechol-OH
groups and the amide oxygen atom (A ; Scheme 2) Deproto-

nation and metal complexation of the ligand leads to rotation
of the Ccatechol�Camide bond, and hydrogen bonding occurs
between the amide-NH and the catecholato-oxygen atom (B).
This supports the formation of the mononuclear complex
[(2)M]n�.[11,13] With catechol imines (e.g. 3) the orientation of
the catechol-C-N spacer moiety is opposite to that of the
amides. In the free ligand, hydrogen bonding occurs between
the catechol and the imine (C); in this case deprotonation and
metal complexation lead to repulsion between the electron
pairs at oxygen and nitrogen, and the conformation D is
adopted.[14] The difference in the conformation of coordi-
nated catechol amides (B) and catechol imines (D) makes the
imines superior ligands for the formation of molecular
containers, if a huge cavity is desired.[8] The cavity of the
corresponding catechol amides will always be smaller. In
addition, conformation E has to be discussed for the catechol
imines. A templating metal ion M’ binds to the internal
catecholato oxygen atom as well as to the imine nitrogen
atom, thus compensating the repulsion of the free O and N
electron pairs.[15]

The tris(catechol) derivative 3-H6 with flexible connecting
alkyl units was introduced by Vigato et al. to coordinate as an
N3O3-Schiff base ligand to a series of metal ions.[16] We were

Scheme 1. C3-symmetric ligands 1-H6–3-H6, which form either tetranu-
clear [(1)4Ti4]

8� or mononuclear [(2)M]n� coordination compounds.

Scheme 2. Comparison of the preferred conformation at catechol
amides with that of the corresponding catechol imines.
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interested in using 3-H6 as an O6 ligand for transition metal
ions (e.g. titanium(iv)).[12] In our case, it should be possible to
obtain different coordination compounds depending on the
coordination mode (D or E) of the catechol imine unit. A
conformation of type D should disfavor the formation of a
mononuclear transition-metal complex and it is expected that
the formation of a molecular tetrahedron is more likely. The
conformation E with the bound cation M’, which acts as a
template and is encapsulated in the cavity of [(3)Ti]2�, should
stabilize the mononuclear complex (Scheme 3)

A coordination study of 3-H6 (1 equiv) with [TiO(acac)2]
(1 equiv; acac= actylacetonate) was performed in the pres-
ence of lithium, sodium, and potassium carbonate (1 equiv) in
DMF. Immediately after removal of the solvent and volatiles
in vacuum, 1H NMR spectra were measured in [D6]DMSO
(see the Supporting information for the NMR spectra
discussed). The spectra show that with lithium and potassium
carbonate no defined coordination compounds could be
obtained, but mixtures of different species are formed.
Similar undefined spectra were obtained by recording the
1H NMR spectrum of the mixture of complexes with potas-
sium cations in [D7]DMF. On the other hand, the use of
sodium carbonate results in a nicely resolved NMR spectrum,
in which the signal of the imine-hydrogen atom is shifted to
d = 8.14 ppm—this is typical for conformation E. Orientation
of the proton towards the catecholato oxygen atom (like inD)
would result in an anisotropic shift and the resonance would
be expected at d = 8.5 ppm or lower.[14] This spectroscopic
finding already supports the presence of a mononuclear
complex of the type Na2[(3)Ti]. The

23Na NMR spectrum
shows two signals at room temperature, indicating binding of
one of the Na+ ions to the titanium complex [(3)Ti]2�. The
signal of the solvated sodium ion is observed at d = 0 ppm,
that of the other at d = 10.4 ppm, which is indicative for an
OxNy coordination environment.[17] At low temperature the
signal at d = 10.4 ppm splits into two, a process which is not
understood yet. As a hypothesis it is assumed that two
diastereomers are formed with a homochiral or heterochiral
relation between the sodium and titanium complex units. The
epimerization barrier for the titanium(iv) complex can be
estimated from 1H NMR measurements in [D7]DMF at
variable temperature to be DG� = 46.0 kJmol�1.

The presence of a mononuclear titanium complex was
shown by the X-ray structure analysis of Na[Na�{(3)Ti}]·
3DMF (Figure 1).[18] Ligand 3 and titanium(iv) form a
mononuclear complex in which the imine-nitrogen atoms

are orientated towards the interior. The cavity seems to be
ideal for the uptake of a sodium ion which acts as a template.
Lithium or potassium ions are not the correct size for this
purpose. However, addition of sodium perchlorate to the
mixture of oligomeric complexes, which is formed in the
presence of Li+ or K+ ions, results in the quantitative
formation of the metallacryptate [Na�{(3)Ti}]� .[19]

The cavity of [(3)Ti]2� is too small for the uptake of K+

ions. However, we were able to crystallize a titanium(iv)
complex of ligand 3, namely K2[K2�{(3)2(Ti3O2)}], from
DMF/diethyl ether in the presence of potassium ions.[18] The
complex was formed by K+ templating and possesses two
cryptand-type units that are suitable for binding two of the
potassium ions. Two ligands 3 coordinate to a tris(titanium-
dioxo) cluster[20] from its upper and lower side, respectively.
One of the potassium ions coordinates to three imine-
nitrogen and three catecholato-oxygen atoms of the first
ligand 3 and additionally binds to the central oxygen atom of
the Ti3O2 cluster. A second potassium ion binds to three
catecholato oxygen atoms of the second ligand 3, but to only
two of the imine nitrogen atoms. In the solid state the
coordination sphere at this potassium ion is completed by a
water molecule, which functions as a bridge to a further
potassium ion. Owing to the templating of the big potassium
ions a trinuclear titaniumoxo cluster is stabilized by ligand 3,
providing an appropriate cavity for the template. The five
catechol imines, which coordinate through their imine-nitro-
gen atoms to the potassium ions, possess conformation E,

Scheme 3. Formation of a mixture of titanium(iv) complexes
(“library”) of ligand 3 from which different coordination compounds
can be obtained by selection or separation.

Figure 1. Representation of [Na�{(3)Ti}]� (a) and [(H2O)-
K2�{(3)2(Ti3O2)}]

2� (b) as found in the solid state. c) The central
tris(titaniumdioxo) cluster moiety of [(3)2(Ti3O2)]

4�. C: black; O: red;
N: green; Ti: yellow; Na: pink; K: blue.

Communications

6664 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6662 –6666

http://www.angewandte.org


while, as expected, the non-coordinating unit is orientated as
shown in D.[16]

A few crystals of K2[K2�{(3)2(Ti3O2)}] (ca. 0.1 mg) were
dissolved in [D7]DMF and a 1H NMR spectrum was mea-
sured. The resonances of the ethylene units of 3 are not
resolved. However, the signals of the aromatic moieties as
well as of the imines are very informative. Five of the six imine
protons are observed as singlets at d = 8.49, 8.42, 7.98, 7.60,
and 7.56 ppm (1H each). The sixth -CH=N is probably hidden
under the peak of the resonance of the DMF proton at d =

8.06 ppm. The protons of the aromatic groups in
K2[K2�{(3)2(Ti3O2)}] appear at d = 6.94 (d, J= 7.5 Hz, 1H),
6.81 (d, J= 6.9 Hz, 1H), 6.63 (d, J= 7.8 Hz, 1H), 6.56 (t, J=

7.8 Hz, 1H), 6.49 (m, 2H), 6.37 (m, 3H), 6.26 (t, J= 7.5 Hz,
2H), 6.18 (t, J= 7.6 Hz, 1H), 5.98 (m, 5H), and 5.67 ppm
(t, J= 8.3 Hz, 1H). The spectrum shows that
K2[K2�{(3)2(Ti3O2)}] possesses the same low symmetry
in solution as was observed in the solid state. Attempts
to synthesize K2[K2�{(3)2(Ti3O2)}] in higher yield by choice
of the correct ligand-to-metal stoichiometry did not result
in the formation of a specific complex. Therefore
K2[K2�{(3)2(Ti3O2)}] has to be considered as a side product
of the reaction of 3 with titanium(iv) ions in the presence of
potassium ions and can be separated by crystallization.

The NMR spectrum of a solution of the oligomeric
complexes “{K2[(3)Ti]}n” in [D7]DMF does not change over a
period of several days. However, keeping a [D6]DMSO
solution of the mixture for some hours at room temperature,
leads to a simplification of the 1H NMR spectrum. Finally,
besides the signals for trace amounts of side products, one
dominating set of signals can be observed at d = 8.58 (s, imine-
H), 6.86 (d, J= 8.1 Hz), 6.27 (t, J= 8.1 Hz), and 6.08 ppm (d,
J= 8.1 Hz). Owing to the high symmetry associated with this
spectrum, it can not be assigned to an unsymmetric species
such as K2[K2�{(3)2(Ti3O2)}]. In addition, the signals at d =

8.6 and 6.85 ppm indicate that an “outward” orientation of
the imine-nitrogen atoms occurs (D). The imine proton
hereby approaches the free electron pairs of the catecholato-
oxygen atoms and experiences a low-field shift. A similar
effect is observed for the aromatic proton of the catechol unit,
which is located close to the imine-nitrogen atom. Owing to
the electron pair at the N atom this aromatic proton is shifted
to low field. From the orientation of the imine groups and the
high symmetry of the compound, we deduce that the complex
adopts the structure of a supramolecular tetrahedron
K8[(3)4Ti4] (Figure 2). Negative-ion FT-ICR-MS (Fourier
transform ion cyclotron resonance mass spectrometry) in
DMSO shows peaks with the correct isotopic pattern at m/z
1213.5 {K6[(3)4Ti4]}

2�, 795.6 {K5[(3)4Ti4]}
3�, 783.3 {HK4-

[(3)4Ti4]}
3�, 770.6 {H2K3[(3)4Ti4]}

3�, 587.7 {K4[(3)4Ti4]}
4�, and

577.8 {HK3[(3)4Ti4]}
4�, which confirm the presence of the

molecular tetrahedron K8[(3)4Ti4].
Addition of NaClO4 to a solution of K8[(3)4Ti4] in

[D6]DMSO leads to a fast transformation of the tetrahedron
into the mononuclear compound [Na�{(3)Ti}]� , which can be
nicely monitored by 1H NMR spectroscopy. This shows that
this sodium ion stabilized mononuclear titanium(iv) complex
is the thermodynamically most stable species in the presented
system.

The described results represent a nice example for
dynamic combinatorial chemistry, in which a dynamic library
of complexes is formed in DMF solution in the presence of
potassium ions. From this library three different coordination
compounds [Na�{(3)Ti]� , [(H2O)K2�{(3)2(Ti3O2)}]

2�, or
[(3)4Ti4]

8� can be obtained by addition of an appropriate
template, by crystallization, or by equilibration of the mixture
in DMSO. Competition experiments show that the mono-
nuclear complex [Na�{(3)Ti}]� seems to be the thermody-
namically most favored species. For the assembly of a M4L4

complex, sodium ions have to be excluded. We intend to
extend this concept further, and to use it for the assembly of
other large supramolecular aggregates.
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Cyclizations

Synthesis of Stereohomogeneous
Cyclopropanecarbaldehydes and Cyclopropyl
Ketones by Cycloalkylation of 4-Hydroxy-1-
alkenyl Carbamates**

Rainer Kalkofen, Sven Brandau, Birgit Wibbeling, and
Dieter Hoppe*

Only a few methods are known for the synthesis of optically
active cyclopropanecarbaldehydes and cyclopropyl ketones
by ring-forming reactions.[1–3] Taylor et al.[4] very recently
described the synthesis of several racemic, disubstituted
cyclopropanecarbaldehydes by intramolecular cycloalkyla-
tion of (Z)-4-hydroxy-2-alkenyl N,N-diisopropylcarbamates 1
by activation of the hydroxy group with trifluoromethanesul-
fonic anhydride (Tf2O; Scheme 1).

We found in our initial studies that this method can be
extended to the synthesis of optically active, trisubstituted
cyclopropanecarbaldehydes and cyclo-
propyl ketones 8 starting from compounds
4, which in turn are readily obtained by
enantioselective homoaldol reaction in the
presence of (�)-sparteine[5–7] (Scheme 2).
According to Taylor et al. , the (Z)-anti
homoallylic alcohols 4 are converted into
the corresponding triflates 5, which
undergo immediate intramolecular attack
by the weakly nucleophilic enol carbamate
moiety.[8] The substitution step (Scheme 3,
Method A) proceeds with complete ster-
eoinversion, leading to a cis arrangement
of R2 and R3 and placing the acyl residue
into the trans position to both of them via
transition state 5.

During the course of our work we made a surprising
observation: simply treating the homoaldol adducts 4 with
sodium hydride furnished the cyclopropanes 8 with excellent
diastereoselectivity and complete chirality transfer (Meth-
od B, Scheme 3, Table 1). When alcohols 4 and sodium
hydride were heated in THF or DMF for several hours, the
cyclopropanes 8a–p formed smoothly with the same effi-
ciency as that observed for Method A. Apparently the N,N-
diisopropylcarbamoyl group in alkoxide 6 migrates to the O4
atom,[9] forming the (Z)-enolate 7, which undergoes cyclo-
alkylation by nucleophilic substitution of the carbamate
group with strict stereoinversion. The enolate moiety occu-
pies an anti position in transition state 7 in order to avoid
steric repulsion with R2 and R3. Method B also works well

even when a formyl group is generated (Table 1, entries 3
and 5).

The relative configuration of 8h was confirmed by a
single-crystal X-ray analysis.[10] The absolute configuration of
the precursor 4 is retained at C3, and the ee values of the
products 8 correspond to those of the starting compounds 4
(Table 1). The combination of the cycloalkylation with the
(�)-sparteine-mediated homoaldol reaction results in a two-
step stereoselective route to cyclopropyl ketones.[11] The N,N-
diisopropylcarbamoyl group is required for the activation in
the deprotonation step of the homoaldol reaction. Moreover,

Scheme 1. Cyclopropane formation according to Taylor et al.
Cb=CONiPr2, Tf = triflate.[4]

Scheme 2. Enantioselective synthesis of 4-hydroxy-1-alkenyl carbamates
4. 4g–p : R1 = Ph, 4a–f : R1 = H, R2, and R3 in Table 1.

Scheme 3. Synthesis of highly enantioenriched disubstituted cyclopropanes.
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through the carbamoyl migration both the nucleophilic and
the electrophilic properties of the stable precursors 4 are
activated. These features fulfill in an exemplarily manner one
demand of modern organic synthesis, namely minimizing the
number of steps in a synthetic sequence.[12]

Experimental Section
Synthesis of cyclopropanecarbaldehydes and cyclopropyl ketones:

Method A: A flame-dried flask was charged with 4b (199 mg,
0.3 mmol, 1 equiv) in 10 mL CH2Cl2 under an argon atmosphere. 2,6-
Lutidine (140 mg, 1.3 mmol, 4 equiv) was added by syringe, the
solution was cooled to �78 8C, and then freshly distilled triflic
anhydride (314 mg, 1.1 mmol, 3 equiv) was injected. The reaction
mixture was stirred for 1 h, quenched with 1 mL water, and allowed to
warm to room temperature. The mixture was diluted with 25 mL
CH2Cl2, the aqueous phase was separated, and the organic layer was
washed with saturated NaHCO3 solution (1 > 10 mL). The organic
phase was dried over MgSO4 and the solvent evaporated in vacuum.
The crude product was purified by flash chromatography on silica gel
(diethyl ether/n-pentane 1:10).

Method B: To the anti-homoaldol adduct 4 i (169 mg, 0.37 mmol,
1 equiv) was added sodium hydride (60% in mineral oil; 20 mg,
0.5 mmol, 1.35 equiv). The flask was placed under argon, THF (2 mL)
was injected, and the resulting solution was heated for 14 h at 60 8C.
When DMF was used as the solvent the solution was stirred 1 h at
room temperature and then heated for 2–12 h at 60 8C (tlc control).
For workup 10 mL saturated sodium chloride solution was added. The
aqueous phase was separated and extracted with diethyl ether (3 >
25 mL). The combined organic extracts were dried over MgSO4 and
the solvents evaporated in vacuum. The crude product 8 i was purified
by flash chromatography on silica gel (diethyl ether/n-pentane 1:5).
For yields and enantiomeric excesses see Table 1.
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Cyclopropanes

Enantioselective Synthesis of Cyclopropanes by
Aldehyde Homologation**

Christina A. Risatti and Richard E. Taylor*

The prevalence of cyclopropane-containing compounds with
biological activity, whether isolated from natural sources or
rationally designed pharmaceutical agents, has inspired
chemists to find novel and diverse approaches to their
synthesis.[1] We recently reported an efficient two-step
homoaldol/activation sequence that resulted in the isolation
of racemic 1,2-disubstituted cyclopropyl aldehydes.[2] Herein
we demonstrate the successful preparation of enantiomeri-
cally enriched and diastereomerically pure 1,2,3-trisubstituted
cyclopropyl aldehydes by asymmetric metalation chemistry.
In essence, this two-step procedure provides a three-carbon
homologation of an aldehyde to give a nonracemic, stereo-
chemically rich cyclopropyl aldehyde, [Eq. (1)].

Hoppe et al. have elegantly demonstrated that homoaldol
adducts are readily available from (E)-butenyl N,N-diisopro-
pylcarbamates 1 through deprotonation with nBuLi/(�)-
sparteine complex and transmetalation with Ti(OiPr)4.

[3]

Condensation with an aldehyde was shown to provide O-
enecarbamates 2 with high diastereoselectivity and good
enantioselectivity [Eq. (2)].

Carbamate 1 is readily prepared through condensation of
N,N-diisopropyl carbamyl chloride with crotyl alcohol in
refluxing pyridine. A series of aldehydes were applied to the
described homoaldol conditions using the crotyl substrate as a

representative example. Aliphatic aldehydes, including steri-
cally hindered substrates, resulted in high yields of (Z)-
homoaldol adducts 3–5 with high anti selectivity as expected
(Table 1). In addition aromatic aldehydes, including benzal-
dehyde and tolualdehyde, performed well in the coupling
reaction to provide 6 and 7, respectively (Table 1). In each
case, the diastereoselectivity was > 95:5 by crude 1H NMR
analysis.

Exposure of homoaldol adducts 3–7 to triflic anhydride
and 2,6-lutidine provided good to excellent yields of 1,2,3-
trisubstituted cyclopropyl aldehydes 8a–12a (Table 1). In
contrast to our previous study[2] these cyclization substrates
were more sensitive to the reaction conditions. When our
standard activation conditions were employed, in CH2Cl2,
multiple products were observed. However, when the reac-
tion solvent was conducted in toluene, the inherent rate and
alternative reaction pathways could be reduced such that the
reaction was driven toward the formation of the desired
cyclopropyl aldehyde products 8a–12a. The enantiomeric
purity of the cyclopropane derivatives was determined by
reduction of the aldehyde with lithium aluminum hydride and
analysis of the Mosher esters.[4] The observed enantiomer
ratios corresponded well with expected enantioselectivity of
the starting homoaldol adducts,[3] suggesting the cyclization
step proceeds in a stereospecific manner.

The aliphatic systems provided high yields and diaster-
eoselectivity for the cyclopropyl aldehyde products 8a–10a.
In each case, the ring closure takes place with inversion of
configuration at the alcohol center.[5] In contrast, reduced
diastereoselectivity was observed upon activation of homo-
aldol adduct 7. The inductively donating methyl group
appears to promote equilibration of the oxonium ion
intermediate 13 through the homoallylic cation 14 [Eq. (3)].
Under these conditions no products resulting from elimina-
tion were observed.

Table 1: Trisubstituted cyclopropanes from O-enecarbamates.[a]

Homoaldol adduct Yield [%] Cyclopropane Yield [%], e.r.

92 91, 93:7

85 82, 92:8

84 96, 93:7

87 92, 83:17

89 73, 90:10[b]

[a] Reaction conditions: Tf2O, 2,6-lutidine, toluene, �78 8C to �50 8C.
[b] Two minor diastereomers were also observed in this case (5:1:1
ratio).
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Ideally one would like access to both enantiomers of the
cyclopropyl aldehyde products. In fact, Beak et al. have
demonstrated that N-(tert-butoxycarbonyl)-N-(p-methoxy-
phenyl)cinnamyl amine 15 and N-(tert-butoxycarbonyl)-N-
(p-methoxyphenyl)-3-cyclohexylallylamine 16 undergo asym-
metric deprotonation by an nBuLi/(�)-sparteine complex
[Eq. (4)].[6] However, in this case, transmetalation with
Ti(OiPr)3Cl followed by quenching with an aldehyde fur-
nished the enantiomeric, complementary homoaldol adducts.

The aldehydes used previously to generate the O-enecar-
bamates were subjected to the Beak homoaldol protocol. To
complement the earlier work, the substrates were preformed
with crotylamine 17, and the yields and selectivities corre-
sponded nicely with those observed by Beak for the
cyclohexyl and cinnamyl systems. The (Z)-N-enecarbamates
18–22 were isolated with predominantly anti stereochemistry
and the diastereoselectivity was > 95:5 by crude 1H NMR
analysis (Table 2). Homoaldol adducts 18–22 were activated
with triflic anhydride and 2,6-lutidine to provide aldehydes

8b–12b in good to excellent yield. Again, the enantioselec-
tivity of the cyclopropane products corresponded well with
the expected enantiomer ratios from the homoaldol coupling,
suggesting the cyclization step proceeds with complete
stereospecificity.

In this system, cyclization of the aliphatic substrates 18–20
proceeded cleanly in CH2Cl2. However, care was taken with
the activated aryl systems, and toluene was used as the
reaction solvent. It is notable that, in contrast to O-
enecarbamate substrate 7, activation of N-enecarbamate 22
provided 12b as a single diastereomer. The iminium ion
intermediate, present in solution prior to quenching, is
apparently more stable than the corresponding oxonium ion
intermediate, and therefore, an equilibrium with its homo-
allylic cation is not relevant (Figure 1). Although the method

has been applied to 1,2,3-trisubstituted cyclopropyl aldehydes
containing a methyl substituent, alternative allylamine deriv-
atives are expected to provide diversely substituted cyclo-
propanes and broaden the scope of this two-step three-carbon
homologation procedure.

In conclusion we have demonstrated the stereospecific
cyclization of enantiomerically enriched homoaldol adducts.
This chemistry is a remarkably efficient method for the
homologation of readily available aldehydes to give non-
racemic, stereochemically rich 1,2,3-trisubstituted cyclo-
propyl aldehydes.[7] Application of this method to the
preparation of biologically relevant cyclopropanes is cur-
rently underway in our laboratories and will be reported in
due course.

Received: June 28, 2004
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Table 2: Trisubstituted cyclopropanes from N-enecarbamates.[a]

Homoaldol adduct Yield [%] Cyclopropane Yield [%], e.r.

69 91, 90:10

66 70, 94:6

73 86, 91:9

67 96, 94:6

68 70, 92:8

[a] Reaction conditions: Tf2O, 2,6-lutidine, toluene, �78 8C to �50 8C.
R1 = para-methoxyphenyl, R2 = tert-butoxycarbonyl.

Figure 1.
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Natural Products

Total Synthesis of Apoptolidinone**

Bin Wu, Qingsong Liu, and Gary A. Sulikowski*

Dedicated to Professor Amos B. Smith, III
on the occasion of his 60th birthday.

Polyketide-derived secondary metabolites have long served
as a source of structurally diverse and biologically active
natural products.[1] In the course of screening soil micro-
organisms for cell-specific apoptosis-inducing agents, Hay-
akawa and co-workers isolated the polyketide natural product
apoptolidin (2) from Nocardiopsis sp.[2] Apoptolidin induces

programmed cell death in E1A-transformed
cells but not in normal cells.[2a] Khosla, Salomon,
and co-workers later correlated this cell-specific
activity to the inhibition of mitochondrial F0F1-
ATPase by apoptolidin as well as other polyke-
tide natural products.[3] Structurally, apoptolidin
features an unsaturated 20-membered macro-
lide, a six-membered hemiketal, and three
hexose sugars.[2b] In 2001 Koert and co-workers
reported the synthesis of apoptolidinone (1) and
later the same year Nicolaou and co-workers
described the total synthesis of apoptolidin.[4–6]

The latter total synthesis and other recent work
has demonstrated that apoptolidin is a rather
labile compound that undergoes a base-induced
acyl migration from the C19 to C20 hydroxy group to produce
isoapoptolidin,[7] a compound that is less active against

mitochondrial F0F1-ATPase.[7a] Although evaluation of the
cytotoxicity of select analogues has suggested the three
hexose sugars of apoptolidin to contribute significantly to
the overall cytotoxicity of 2,[3c,5e,8] biological evaluation of the
aglycone, apoptolidinone (1), has not been reported. We
describe herein the total synthesis of apoptolidinone.

Besides the synthetic approach to apoptolidin (2) de-
scribed by Toshima and co-workers,[6a] all previous synthetic
strategies directed towards apoptolidin have relied on a linear
approach in which the seco acid was assembled and sub-
sequently subjected to a macrolactonization. To develop a
more convergent assembly we retrosynthetically divided
apoptolidinone into four fragments (4–7, Scheme 1). We
planned to couple the four fragments through a combination
of two diastereoselective aldol reactions, a Grubbs cross-
metathesis reaction, and an intramolecular Suzuki–Miyaura
cross-coupling reaction.

Construction of fragment 4 started from (S)-malic acid
(8), which was converted into 3-methoxy-g-butyrolactone (9)
through a known four-step reaction sequence.[9] Reduction of
lactone 9 with DIBAL-H afforded lactol 10, which on
condensation with 1,3-propanedithiol afforded dithiane 11.
Swern oxidation of primary alcohol 11 provided aldehyde 12
in near quantitative yield. A five-carbon unit was introduced
to aldehyde 12 by chelation-controlled addition of the
Grignard reagent derived from bromide 13 to provide
secondary alcohol 14 as a single isomer (Scheme 2). Bromide
13 was prepared from dihydrofuran according to the Kocien-

ski procedure described by Koert and co-workers in their
reported synthesis of apoptolidinone.[4a, 10] A solution of 14 in
dichloromethane was treated sequentially with iodine, trie-
thylchlorosilane, and imidazole in one pot to provide vinyl
iodide 16 in 90% overall yield from 14. The dithiane group of
16 was hydrolyzed efficiently by using the Fetizon–Jurion
procedure to provide aldehyde 17 in 68% yield (as well as
recovered 16 (19%)).[11]

Homoallylic silyl ether 18 was produced by the asymmet-
ric addition of the diisopropyl tartrate ester derived (Z)-
crotylboronate reagent developed by Roush et al.[12] to the
pinacol ester of 3-boronoacrolein,[13] followed by silylation
(TESOTf, 2,6-lutidine) of the crude crotylation product. The
syn homoallylic ether 18 (single diastereomer, 80% ee) was

Scheme 1. Retrosynthetic analysis of apoptolidinone (1). TES= triethylsilyl, TBS= tert-butyl-
dimethylsilyl.
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obtained in 43% yield over two steps. Suzuki–Miyaura cross-
coupling between vinyl iodide 17 and vinyl boronate 18
provided diene 4 in 70% yield (Scheme 2).[14]

The stereochemical relationship between C19 and C20
(see 20) was established by a diastereoselective Mukaiyama
aldol condensation between aldehyde 4 and enol silane (Z)-19
(derived from 1,2-butanediol in three steps) to afford ketone
20 as the major product with a 4:1 ratio of isomers
(Scheme 3). The assigned C19–C20 relative stereochemistry
rested on the observed coupling constant of the aldol product
(J19,20 = 3.5 Hz) and the 1,3-asymmetric induction model
proposed by Evans and co-workers for b-methoxyalde-
hydes.[15] Yamaguchi esterification of 20 with carboxylic acid
5 led to isolation of dienoate 21 in 83% yield.[16] Kinetic
deprotonation (LHMDS, HMPA, THF, �78 8C) of 21 fol-
lowed by aldol condensation with aldehyde 6[17] afforded syn
aldol product 22 as a single isomer in 41% yield (plus 30%
recovered 21).[18] After silylation of 22 to give 23 we examined
a series of cross-metathesis reactions with propenyl boronate
to provide vinyl boronate 25.[19] The Grubbs second-gener-
ation catalyst 24 provided 25 in up to 30% yield (plus 30%
recovered alkene 23). Remarkably, this reaction provided 25
as a single isomer that was immediately subject to an
intramolecular Suzuki–Miyaura cross-coupling to give macro-
lactone 3 in 47–60% yield. Exhaustive desilylation of 3
provided apoptolidinone (1) in 61% yield. Our synthetic
apoptolidinone matched, in all respects, the spectral data
reported by Koert and co-workers for their synthetic sam-
ple.[4a]

Scheme 2. Synthesis of fragment 4. a) DIBAL-H, THF, �78 8C; b) 1,3-
propanedithiol, BF3·OEt2, CH2Cl2, 28 8C, 60% from 9 ; c) (COCl)2,
DMSO, iPr2NEt, �78!0 8C, 98%; d) 13, Mg, 1,2-dibromoethane, Et2O,
�78 8C, 68%; e) I2, CH2Cl2, 0 8C; f) TESCl, ImH, CH2Cl2, 28 8C, 90%
from 14 ; g) MeI (excess), K2CO3, MeCN/pH 7 buffer (4:1), 28 8C, 68%
(plus 19% recovered 16); h) 18, [Pd(Ph3P)4], TlOH, THF/H2O (3:1),
28 8C, 70%. DIBAL-H=diisobutylaluminum hydride, DMSO=dimethyl
sulfoxide, ImH= imidazole.

Scheme 3. Synthesis of apoptolidinone (1). a) BF3·OEt2, CaH2, CH2Cl2, �94 8C, 50% (plus 34% recovered 4); b) 5, 2,4,6-trichlorobenzoyl chloride,
Et3N, DMAP, toluene, �78!28 8C, 83%; c) LHMDS, THF, HMPA, �78 8C, 2 h; then 6, THF, 41% (plus 30% recovered 21); d) TESOTf, 2,6-luti-
dine, CH2Cl2, 0 8C, 81%; e) 24, isopropenyl pinacol boronic ester (18 equiv), CH2Cl2, reflux, 6 h, 30% (plus 30% recovered 23); f) [Pd(Ph3P)4],
Tl(OEt), THF/H2O (3:1), 28 8C, 30 min, 60%; g) HF·py, THF, �10 8C, 12 h; then �5 8C, 5 h, 61%. DMAP=4-(dimethylamino)pyridine,
LHMDS= lithium hexamethyldisilazide, HMPA=hexamethylphosphoramide, Tf= trifluoromethanesulfonyl.
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In summary, apoptolidinone was synthesized from 3-
methoxy-g-butyrolactone (9) in 14 steps (longest linear
sequence). Key steps of the synthesis include two diastereo-
selective aldol reactions, a cross-metathesis reaction, and two
Suzuki–Miyaura cross-coupling reactions. We anticipate that
this synthesis will provide access to modified derivatives of
apoptolidin for utilization in studies on the cell-specific
cytotoxicity of the parent natural product.[20]
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Binary Group 15 Azides

Polyazide Chemistry: Preparation and
Characterization of As(N3)5, Sb(N3)5, and
[P(C6H5)4][Sb(N3)6]**

Ralf Haiges,* Jerry A. Boatz, Ashwani Vij, Vandana Vij,
Michael Gerken, Stefan Schneider, Thorsten Schroer,
Muhammed Yousufuddin, and Karl O. Christe*

The binary arsenic and antimony azide species As(N3)3,
[1–3]

[As(N3)4]
+,[4] [As(N3)4]

� ,[4] [As(N3)6]
� ,[4,5] Sb(N3)3,

[3,6]

[Sb(N3)4]
+,[4] [Sb(N3)4]

� ,[4] and [Sb(N3)6]
� [4] have been

reported, and the crystal structures of As(N3)3,
[3] Sb(N3)3,

[3]

and [As(N3)6]
�[4,5] determined.[7] In addition, the Lewis base

stabilized species M(N3)5·LB (M=As, Sb; LB= pyridine,
quinoline, NH3, N2H4, NH2CN) are known.[8] However,
previous attempts[4] to obtain the neat pentaazides of arsenic
and antimony were not successful. Even at low temperatures,
attempted syntheses resulted in explosions that were de-
scribed as “so intense that only pulverized glass remained”.[4]

Furthermore, As(N3)5 was predicted[4] to be a “highly
unstable compound”, based on its analogy to AsCl5.

[9]

Herein, we communicate the synthesis and characterization
of neat As(N3)5 and Sb(N3)5, and their conversion into the
[As(N3)6]

� and [Sb(N3)6]
� ions, respectively. We also report

the crystal structure of [P(C6H5)4][Sb(N3)6].
The reactions of AsF5 or SbF5 in SO2 with excess

(CH3)3SiN3 result in facile and complete fluoride–azide
exchange and yield clear yellow solutions of As(N3)5 or
Sb(N3)5, respectively, [Eq. (1); M=As, Sb].

MF5 þ 5 ðCH3Þ3SiN3
SO2��!MðN3Þ5 þ 5 ðCH3Þ3SiF ð1Þ

Removal of the volatile compounds (SO2, (CH3)3SiF, and
excess (CH3)3SiN3) results in the isolation of the neat
pentaazides.

As expected for highly endothermic, covalent polyazides,
As(N3)5 and Sb(N3)5 are highly shock sensitive and can

explode violently when touched with a metal spatula or by
rapid change in temperature (e.g. freezing with liquid nitro-
gen). As(N3)5 was obtained as a yellow liquid. Its identity was
established by the observed material balance, through 14N
NMR and vibrational spectroscopy, and its conversion with
[N3]

� into the known[4,5] [As(N3)6]
� ion. The observed low-

temperature Raman spectrum of As(N3)5 is shown in Figure 1.

In contrast to a previous prediction,[4] neat arsenic pentaazide
was found to be kinetically stable at ambient temperature, but
highly explosive. The presence of covalent azido
ligands[1–8,10–14] was confirmed by the observed 14N NMR
shifts of d =�149 ppm (Nb, Dn1/2 = 42 Hz), �160 ppm (Ng,
Dn1/2 = 96 Hz), and �282 ppm (Na, extremely broad) in
DMSO solution at 25 8C.

Sb(N3)5 was obtained as a pale yellow solid. It is even
more sensitive than As(N3)5 and must be handled at reduced
temperature. Warming the compound to ambient temper-
ature results in violent decomposition and can cause serious
damage. The identity of antimony pentaazide was established
by the observed material balance, its Raman spectrum
(Figure 2), and its reaction with [N3]

� to give the [Sb(N3)6]
�

ion. The calculated and observed vibrational frequencies and
intensities for As(N3)5 and Sb(N3)5 are listed in Table 1. The
agreement between the observed frequencies and those
calculated for pentacoordinate trigonal-bipyramidal struc-

Figure 1. Low-temperature Raman spectrum of As(N3)5.

Figure 2. Low-temperature Raman spectrum of Sb(N3)5. The band
marked by an asterisk is due to the Teflon-FEP sample tube.
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tures is good. However, it must be kept in mind that
distinction between slightly different geometries based on
the skeletal modes in these types of polyazido compounds is
generally difficult, because the vibrational spectra are com-
plex and not very sensitive to minor changes in the ligand
arrangement.

The reactions of As(N3)5 and Sb(N3)5 with ionic azides,
such as [PPh4]

+[N3]
� , produce the corresponding

[As(N3)6]
�[4,5] and [Sb(N3)6]

� salts, respectively, [Eq. (2);
M=As, Sb].

MðN3Þ5 þ ½PPh4�N3
SO2��!½PPh4�½MðN3Þ6� ð2Þ

Both tetraphenylphosphonium salts were isolated as

colorless solids. The [PPh4][Sb(N3)6] salt can also be prepared
from the corresponding [SbCl6]

� salt and (CH3)3SiN3 in
CH3CN solution. However, the previously published[4] reac-
tion conditions, that is, one single treatment at 25 8C for 24 h,
were found insufficient. Even after seven prolonged treat-
ments with large amounts of fresh (CH3)3SiN3 only four of the
original six chlorine ligands were replaced by azido groups, as
shown by Raman spectroscopy and single-crystal X-ray
diffraction studies. Heating to 82 8C in refluxing CH3CN was
required to achieve further chloride substitution.

Single crystals of [PPh4][Sb(N3)6] were obtained by
recrystallization from CH3CN solution. Because of the
presence of a large counterion which serves as an inert
spacer and suppresses detonation propagation, these salts are

Table 1: Comparison of observed and calculated[a] vibrational frequencies [cm�1] and intensities[b] for As(N3)5 and Sb(N3)5.

Band Description As(N3)5 Sb(N3)5

obsd Raman calcd (IR) [Raman] obsd Raman calcd (IR) [Raman]

n1 nasN3 2162 [0.4] 2249 (366) [21] 2146 [10.0] 2198 (208) [35]
n2 nasN3 2135 [4.7] 2234 (775) [21] 2194 (936) [21]
n3 nasN3 2114 [2.6] 2210 (182) [35] 2127 [3.8] 2172 (282) [41]
n4 nasN3 2199 (417) [31] 2107 [2.6] 2166 (393) [25]
n5 nasN3 2191 (924) [24] 2097 [2.2] 2160 (941) [26]
n6 nsN3 1262 [0.3] 1310 (48) [36] 1260 [0.7] 1262 (53) [32]
n7 nsN3 1250 [0.3] 1305 (190) [8.8] 1249 [0.5] 1258 (151) [12]
n8 nsN3 1284 (45) [21] 1239 [0.5] 1243 (17) [24]
n9 nsN3 1283 (344) [3.1] 1221 [0.4] 1241 (290) [1.5]
n10 nsN3 1276 (172) [9.3] 1238 (134) [7.9]
n11 dN3 699 [0.8] 727 (91) [2.6] 661 (8) [1.5]
n12 dN3 682 [1.0] 718 (16) [2.9] 667 [1.0] 658 (40) [3.9]
n13 dN3 712 (29) [1.0] 653 (14) [1.9]
n14 dN3 703 (59) [15] 646 [2.2] 647 (28) [15]
n15 dN3 666 [1.7] 686 (9) [18] 630 [0.7] 634 (4) [28]
n16 dN3 559 (9) [0.7] 540 (4) [1.3]
n17 dN3 552 (3) [0.9] 532 [0.5] 529 (3) [0.9]
n18 dN3 548 (5) [1.2] 525 (2) [1.2]
n19 dN3 547 (4) [0.2] 524 (3) [1.3]
n20 dN3 547 (12) [0.9] 522 (4) [1.1]
n21 nasMN 514 (114) [3.1] 434 [7.5] 458 (74) [5.3]
n22 nasMN 500 (100) [4.6] 421 [6.0] 452 (74) [5.8]
n23 nasMN 488 (113) [4.6] 446 (69) [5.3]
n24 nsMN 437 [10.0] 463 (10) [49] 404 [3.8] 424 (4) [89]
n25 nasMN 397 [0.8] 416 (6) [10] 382 [1.0] 400 (3) [14]
n26 dMN 333 (73) [0.7] 255 (62) [0.9]
n27 dMN 322 (47) [0.9] 291 [1.1] 250 (41) [1.6]
n28 dMN 314 (43) [2.6] 253 [2.5] 242 (11) [10]
n29 dMN 303 [0.8] 298 (6) [5.2] 239 [1.4] 234 (15) [5.2]
n30 dMN 284 [1.6] 291 (5) [9.4] 207 [1.6] 222 (29) [5.8]
n31 t 194 [1.7] 183 (1) [4.2] 183 [2.3] 151 (2) [5.5]
n32 t 173 (3) [1.5] 171 [2.6] 143 (4) [1.8]
n33 t 167 (1) [4.4] 136 (1) [5.6]
n34 t 148 (0.3) [0.7] 126 (1) [0.6]
n35 t 112 (2) [3.2] 92 (2) [3.7]
n36 t 95 (0) [8.5] 82 (1) [12]
n37 t 92 (0.3) [9.5] 81 (0) [12]
n38 t 83 (1) [4.4] 69 (1) [2.8]
n39 t 53 (0) [4.6] 49 (0) [4.7]
n40 t 45 (0) [6.3] 43 (0) [5.4]
n41 t 43 (0) [7.7] 34 (0) [8.8]
n42 t 31 (0) [4.5] 24 (0) [4.8]

[a] Our calculated MP2 minimum energy structures for As(N3)5 and Sb(N3)5 are derived from trigonal bipyramids and are very similar to those
obtained at the B3LYP level.[4] [b] Observed Raman intensities are relative intensities; calculated IR intensities [kmmol�1] and calculated Raman
[H4 amu�1] .
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much less shock sensitive than neat As(N3)5 and Sb(N3)5, and
are thermally surprisingly stable. Thus, a crystalline sample of
[PPh4][Sb(N3)6] could be heated to its melting point at 104–
106 8C without decomposition.

[PPh4][Sb(N3)6] crystallizes in the monoclinic space group
C2/c. Its X-ray structure (Figure 3)[15] revealed the presence of

[PPh4]
+ and [Sb(N3)6]

� ions without significant cation–anion
interaction. The closest Sb···N and N···N contacts between
neighboring anions are 5.0 C and 3.2 C, respectively. The
structure of the [Sb(N3)6]

� ion is only slightly distorted from
perfect S6 symmetry and is analogous to those of
[As(N3)6]

� ,[4, 5] [Si(N3)6]
2�[16] [Ge(N3)6]

2�[17] and [Ti(N3)6]
2�,[18]

and contrary to that of [Te(N3)6]
2�.[19] The structure of the

[Sb(N3)6]
� ion consists of an asymmetric SbN9 unit with three

azido groups covalently bonded in a trigonal pyramidal
fashion to the antimony center. The remaining three coordi-
nation sites at the metal center are occupied by three
symmetry related azido groups (symmetry operation �x+ 3/
2,�y+ 3/2,�z+ 1). All three Sb�N bond of 2.064(2), 2.079(2),
and 2.084(2) C are significantly shorter than the 2.119(4) C
found for Sb(N3)3.

[3]

Further support for the presence of the [Sb(N3)6]
� ion is

provided by the NMR spectrum. The 14N NMR spectrum in
DMSO shows resonances at d =�141 ppm (Nb, Dn1/2 =

63 Hz), �185 ppm (Ng, Dn1/2 = 103 Hz), and �287 ppm (Na,
Dn1/2 = 580 Hz), that are characteristic for covalent
azides.[1–8, 10–14] Our spectrum differs, particularly in the Ng

region, significantly from that previously reported[4] (Nb : d =

�141 ppm, Dn1/2 = 45 Hz; Ng : d =�154 ppm, Dn1/2 = 120 Hz,
d =�163 ppm, Dn1/2 = 45 Hz, d =�173 ppm, Dn1/2 = 110 Hz;
Na : d =�244 ppm, Dn1/2 = 580 Hz), for the [N(C2H5)4]

+ salt in
the same solvent and at the same temperature. We have
observed similar shifts and multiple resonances for Ng (Nad =

�245 ppm; Ngd =�150, �160, �168, and �169 ppm) in
samples, prepared from [SbCl6]

� , in which chlorine substitu-
tion was incomplete, as shown by Raman spectroscopy and

their crystal structures. This result is in accord with our finding
that, under the previously reported conditions,[4] the chloride/
azide exchange is incomplete.

The observed Raman and IR spectra of [P(C6H5)4]
[Sb(N3)6] are shown in Figure 4, and the observed frequencies
and intensities are listed in the Experimental Section.

Assignments of the observed spectra were made by compar-
ison with those calculated at the MP2/SBK+ (d) level of
theory and are given in the Experimental Section. The good
agreement between the observed and calculated spectra
confirms the results from the crystal-structure determination
that, in its [PPh4]

+ salt, the [Sb(N3)6]
� ion closely approx-

imates ideal S6 symmetry.

Experimental Section
Caution! Arsenic and antimony azides are toxic, potentially hazard-
ous, and can decompose explosively under various conditions! They
should be handled only on a scale of less than 2 mmol with appropriate
safety precautions (safety shields, safety glasses, face shields, leather
gloves, protective clothing, such as leather suits, and ear plugs).[3,18,19]

Teflon containers should be used, whenever possible, to avoid hazard-
ous shrapnel formation. Rapid changes in temperature of As(N3)5 and
Sb(N3)5 (whether pure or in SO2 solution) can result in violent
explosions. The manipulation of these materials is facilitated by
handling them, whenever possible, in solution to avoid detonation
propagation, the use of large inert counterions as spacers, and anion
formation which increases the partial negative charges on the terminal
Ng atoms and thereby reduces the Nb�Ng triple-bond character and the

Figure 3. ORTEP drawing of the anionic part of the crystal structure of
[PPh4][Sb(N3)6]. Thermal ellipsoids are set at 50 % probability. Selected
bond lengths [H] and angles [8]: Sb-N1 2.065(2), Sb-N4 2.079(2), Sb-N7
2.085(3), N1-N2 1.220(3), N2-N3 1.120(3), N4-N5 1.222(4), N5-N6
1.127(4), N7-N8 1.222(3), N8-N9 1.128(4); N1-N2-N3 175.1(3), N4-
N5-N6 175.1(3), N7-N8-N9 174.7(4), N1-Sb-N4 92.00(9), N1-Sb-N7
88.33(11), N4-Sb-N7 88.45(11), Sb-N1-N2 116.7(2), Sb-N4-N5
116.4(2), Sb-N7-N8 116.6(2).

Figure 4. IR (top) and Raman (bottom) spectra of [P(C6H5)4][Sb(N3)6] .
The bands belonging to the [Sb(N3)6]

� ion are marked with asterisks.
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tendency for N2 elimination. Ignoring safety precautions can lead to
serious injuries!

All reactions were carried out in Teflon-FEP ampules (FEP=

perfluoro ethylene propylene polymer) that were closed by stainless
steel valves. Volatile materials were handled in a Pyrex glass vacuum
line. All Teflon reaction vessels were passivated with ClF3 prior to use.
Nonvolatile materials were handled in the dry argon atmosphere of a
glove box.

Raman spectra were recorded at �80 8C in the range 4000–
80 cm�1 on a Bruker Equinox 55 FT-RA spectrophotometer using a
Nd-YAG laser at 1064 nm with power levels of 200 mWor less and a
1808 geometry. Pyrex melting-point tubes that were baked out at
300 8C for 48 h at 10 mTorr vacuum or Teflon-FEP tubes with stainless
steel valves that were passivated with ClF3 were used as sample
containers. IR spectra were recorded in the range 4000–400 cm�1 on a
Midac, M Series, FT-IR spectrometer using KBr or AgCl pellets. The
pellets were prepared inside the glove-box using an Econo press
(Barnes Engineering Co.).

14N NMR spectra were recorded unlocked at 36.13 MHz on a
Bruker AMX 500 spectrometer using solutions of the compounds in
DMSO in sealed standard glass tubes. Neat CH3NO2 (d = 0.00 ppm)
was used as the external reference.

The starting materials AsF5 (Ozark Mahoning) and [P(C6H5)4]I
(Aldrich) were used without further purification. (CH3)3SiN3

(Aldrich) was purified by fractional condensation and SbF5 (Ozark
Mahoning) by distillation prior to use. Solvents were dried by
standard methods and freshly distilled before being used.
[P(C6H5)4]N3 was prepared from [P(C6H5)4]I and AgN3.

As(N3)5: (CH3)3SiN3 (3.91 mmol) was condensed at�196 8C onto
a frozen solution of AsF5 (0.570 mmol) in SO2 (1 mL). The reaction
mixture was kept at �25 8C for 30 min and then slowly warmed to
ambient temperature over a period of 4 h resulting in a yellow
solution. Removal of all volatile material at ambient temperature in a
dynamic vacuum resulted in the isolation of a colorless liquid (0.170 g,
weight calculated for 0.570 mmol of As(N3)5 = 0.162 g). The obtained
liquid was characterized by Raman and NMR spectroscopy.

Sb(N3)5: (CH3)3SiN3 (4.84 mmol) was condensed at�196 8C onto
a frozen solution of SbF5 (0.609 mmol) in SO2 (14 mmol). The
reaction mixture was warmed to�25 8C and kept between�25 8C and
�15 8C for 10 h resulting in a bright yellow solution. Removal of all
volatile material at �15 8C in a dynamic vacuum resulted in the
isolation of an intense yellow solid (0.216 g, weight calculated for
0.609 mmol of Sb(N3)5 = 0.202 g).

[PPh4][M(N3)6] (M=As, Sb): Neat PPh4N3 (0.43 mmol) was
added to a cooled solution ofM(N3)5 (0.43 mmol) in SO2 (15 mmol) at
�64 8C. The reaction mixture was kept at �25 8C and occasionally
agitated. After 2 h, all volatiles were removed at ambient temper-
ature in a dynamic vacuum, leaving behind solid [PPh4][M(N3)6].
([PPh4][As(N3)6]: 0.285 g, weight calculated for 0.43 mmol= 0.288 g;
[PPh4][Sb(N3)6]: 0.313 g, weight calculated for 0.43 mmol= 0.307 g).
Colorless single crystals of [PPh4][Sb(N3)6] were grown from a
solution in CH3CN by slow evaporation of the solvent in a dynamic
vacuum. Raman spectrum of the [As(N3)6]

� ion (50 mW, 20 8C): ñ =

2125(4.9)/2085(3.0) (nasN3), 1331(0.6)/1269(1.0)/1251(0.6) (nsN3),
666(1.5)/631(0.5) (dN3), 418(10.0) (nsAsN), 379(1.1) (nasAsN),
278(1.4) (dAsN), 165 (5.0) cm�1. [Sb(N3)6]

� : IR (KBr): ñ =

3329(mw)/2583(w)/2522(w) (combination bands), 2086(vs)/2016(s)
(nasN3), 1337(m)/1318(m)/1264(s) (nsN3), 663(m)/580(w) (dN3),
424(s) cm�1 (nSbN). Raman (50 mW, 20 8C): ñ = 2116(4.1)/2087
(1.4)/2075(1.1)/2018(0.3) (nasN3), 1319(0.5)/1275(0.5) (nsN3), 653(1.4)
(dN3), 412(10.0) (nsSbN), 386(1.0) (nasSbN), 229(2.5) (dSbN), 147
(3.0) cm�1.

Optimizations of all structures were performed using second-
order perturbation theory.[20,21] For the arsenic azides, the Binning and
Curtis double-zeta valence basis set,[22] augmented with a d polariza-
tion function[23] was used for the arsenic and the 6-31G(d) basis
set[24, 25] for the nitrogen atoms. For the antimony azides, the Stevens,

Basch, and Krauss (SBK) effective core potentials and the corre-
sponding valence-only basis sets were used.[26] The SBK valence basis
set for nitrogen was augmented with a d polarization function[25] and a
diffuse s+p shell,[27] whereas only a d polarization function[28] was
added to the antimony basis set. Hessians (energy second derivatives)
were calculated for the final equilibrium structures to determine if
they are minima (positive definite hessian) or transition states (one
negative eigenvalue). All calculations were performed using the
electronic structure code GAMESS.[29]

Unscaled calculated frequencies (cm�1) and (infrared, kmmol�1)
and [Raman, C4amu�1] intensities for the [Sb(N3)6]

� ion (C2h

symmetry): Ag: 2219 (0) [82], 2200 (0) [48], 1273 (0) [77], 1267 (0)
[41], 659 (0) [6.0], 645 (0) [23], 596 (0) [18], 409 (0) [121], 385 (0)
[8.8], 236 (0) [5.2], 215 (0) [12], 128 (0) [9.3], 68 (0) [20], 30 (0) [17];
Bg: 2202 (0) [33], 1267 (0) [42], 652 (0) [0.9], 590 (0) [0.1], 549 (0)
[0.4], 372 (0) [5.4], 225 (0) [4.6,] 128 (0) [8.4], 41 (0) [12], 24 (0) [9.9];
Au: 2216 (1299) [0], 1268 (171) [0], 659 (5.8) [0], 590 (2.2) [0], 547
(5.8) [0], 424 (135) [0], 257 (122) [0], 195 (9.2) [0], 152 (1.0) [0], 68
(0.3) [0], 36 (1.1) [0], 19 (0.2) [0]; Bu: 2204 (1493) [0], 2193 (914) [0],
1271 (147) [0], 1268 (148) [0], 663 (25) [0], 650 (34) [0], 596 (7.0) [0],
429 (97) [0], 416 (112) [0], 247 (88) [0], 244 (52) [0], 166 (3.5) [0], 79
(4.1) [0], 71 (2.5) [0], 24 (0.5) [0].
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Carbohydrate Chemistry

Synthesis of gem-Difluorocarba-d-glucose: A Step
Further in Sugar Mimesis**

Aur�lie Deleuze, Candice Menozzi,
Matthieu Sollogoub,* and Pierre Sinaÿ*

Chemical modifications of carbohydrates have been used
extensively to understand the origin of the specificity in the
recognition processes by sugar-binding proteins in aqueous
solution. A classical example is the work by Lemieux, wherein
chemoselective removal of hydroxyl groups from oligosac-
charides led to the concept of key polar interactions.[1] Along
the same lines, the replacement of the endocyclic oxygen
atom by a methylene group has provided hydrolytically stable
glycoside mimetics called carbasugars, whose biochemical
properties have been studied (Figure 1).[2–8] Such a replace-

ment has the inherent disadvantage to suppress any possible
hydrogen bond formation that involved this electronegative
atom. This drawback clearly appeared in the case of
carbalactoside, a close mimic of lactoside, which is no
longer recognised by a b-galactosidase.[9] A model has
shown that the endocyclic oxygen atom (O-5) of the d-
galactose moiety is involved in the interaction with hydrogen-
donating groups of the active site of the enzyme.[10] One way
to circumvent this problem and to enlarge the probing
spectrum of carbasugars is to replace the oxygen atom by
other hydrogen-bond acceptors. Ideally, to fully understand
the role of the endocyclic oxygen requires the two lone pairs
to be discriminated so that they can be probed to see which of
them, if any, is involved in hydrogen bonding in the active site
of the enzyme. Fluorine atoms are not as strong hydrogen-
bond acceptors as oxygen, but they still exhibit this prop-
erty,[11–13] and more interestingly they have been used as
reporter groups of the active site of enzymes through
19F NMR spectroscopy.[14] It is therefore foreseeable that

Figure 1. Glucopyranose and its carbocyclic congeners.
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replacement of the endocyclic CH2 group by a CF2 moiety in a
carbasugar would constitute a step further in the utilization of
this family of sugar mimetics by enhancing their ability to be
accepted by enzymes involving O-5 and allowing the study of
their complexation by NMR spectroscopy.

We recently reported a novel sugar-to-carbocycle rear-
rangement promoted by triisobutylaluminum (TIBAL)[15] or
Cl3TiOiPr.[16] The proposed key step in this transformation is
the opening of the ring to give a carbocationic intermediate.
Indeed, this reaction is favored when this putative carbenium
species can be stabilized by an electron-donating group
(EDG).[17] This is generally applicable to acyclic non-sugar-
derived enol ethers (Scheme 1).[18]

As an example, we recently synthesized a carbasugar with
furanyl as the EDG which was easily introduced at the
anomeric centre of d-glucose through a glycosylation process.
In this synthesis, the anomeric center of the carba congener is
derived from the C-5 carbon atom of d-glucose.[19] Given the

accessibility of ynopyranosides[20] and the recent results of
Harrity and co-workers[21] who showed that dicobalt hexa-
carbonyl clusters[22] could act as EDGs in a similar situation,
we anticipated that our TIBAL-mediated reductive rear-
rangement applied to the difluoroalkene 2 might provide a
convenient entry to our target molecule 1 (Scheme 2).

Synthesis of the ynopyranose 6, the precursor of com-
pound 2, is depicted in Scheme 3. The known[20] gem-
dibromoalkene 3 was first converted into alkyne 4 through
methylation of the acetylenic anion generated in situ. Ace-
tolysis,[23] followed by hydrolysis of the generated anomeric
acetate, and oxidation of the hemiacetal afforded the
corresponding lactone 5. Difluoromethylenation according
to Motherwell et al.[24] provided the desired gem-difluoroal-
kene precursor 6.

As anticipated and much to our delight, the key rear-
rangement was performed through a two-step one-pot
procedure that involved first, the complexation of the
alkyne 6 by dicobalt octacarbonyl,[25] followed by the reduc-
tive TIBAL-induced rearrangement of 2.[17] Decomplexation

with CAN (ceric ammonium nitrate)[26] of the
crude compound 7 afforded alcohol 8 in 75%
yield over three steps and only one purification
step by chromatography. The 5a-gem-difluoro-
carba-a-d-glucopyranose 1[27] was then easily
obtained by controlled reduction of the triple
bond, reductive ozonolysis, and debenzylation
(Scheme 4). As previously observed,[15] the
rearrangement occurs with retention of config-
uration. The reduction of the putative transient

Scheme 1. General rearrangement of EDG-substituted vinyl ethers. EDG=
electron-donating group, LA=Lewis acid, TIBAL= triisobutylaluminum.

Scheme 2. Synthetic strategies for carbasugars through TIBAL-promoted
rearrangements. Bn=benzyl.

Scheme 3. Synthesis of the gem-difluoro-exo-glucal 6. Reagents and
conditions: 1) a) nBuLi (2.1 equiv), THF, �78 8C, 2 h; b) MeI (6 equiv),
THF, �78 8C, 30 min; c) HMPT (4 equiv), �78 8C!RT, overnight, 75%
over three steps; 2) H2SO4 (1 equiv), Ac2O, 0 8C, 3 min, 75%;
3) MeONa (4 equiv), MeOH, 0 8C!RT, 2 h, 90%; 4) PCC (3 equiv), 4-
D molecular sieves (3 equiv), CH2Cl2, room temperature, 4 h, 74%;
5) a) HMPT (5 equiv), THF, �40 8C!RT; b) CBr2F2 (5 equiv), HMPT
(5 equiv), THF, RT!reflux, 1 h, 95%. THF= tetrahydrofuran,
HMPT=hexamethylphosphoric triamide, PCC=pyridinium chlorochro-
mate.

Scheme 4. Synthesis of the 5a-gem-difluorocarba-a-d-glucopyranose 1.
Reagents and conditions: 1) a) [Co2(CO)8] (1.5 equiv), CH2Cl2, room
temperature, 2 h; b) TIBAL (5 equiv), toluene, room temperature,
2.5 h; c) CAN (5 equiv), NEt3 (1 equiv), acetone, 30 min, 65% over
three steps; 2) a) Pd/CaCO3, H2, MeOH, room temperature, 4 h;
b) O3, CH2Cl2, �78 8C, 5 min; c) NaBH4, CH2Cl2, room temperature,
1 h, 76% over three steps; 3) Pd/C, H2, MeOH, room temperature,
1 h, 90%. CAN= ceric ammonium nitrate.
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ketone is stereoselective and is classically explained by the
attack of the hydride ion, which is attached to the isobutyl
group, on the less-hindered face of the molecule to provide
the axial hydroxyl group (Scheme 5).

The reduction step described proceeds under steric
control, whereas the electronic control admitted in such a
case, the Ahn–Eisenstein effect,[28] gives the opposite stereo-
selectivity. According to this model, the most stable transi-
tion-state structure has the axial C�F[29,30] bond in the
antiperiplanar position with respect to the forming H�C

bond. This model implies, as shown in
Figure 2, which depicts the late transition
state of the reduction step, a selective
attack of the hydride ion to form the
equatorial hydroxyl group.

Once again, a one-pot procedure was
developed: After reaction of the alkyne 6
with dicobalt octacarbonyl to give cluster
2, the rearrangement was, this time,
induced by Cl3TiOiPr[16] to yield cyclo-
hexanone 10. The Lewis acid was then

quenched with THF, and the ketone was reduced by means of
the super hydride. The triple bond in the crude product 11was
decomplexed, and the expected equatorial alcohol 12 was
obtained in 73% yield over five steps and only one
purification step by column chromatography. The 5a-gem-
difluorocarba-b-d-glucopyranose 14[31] was then obtained as
described above (Scheme 6).

The observed stereoselectivity of this reduction process is
in sharp contrast to the case in which the fluorine atoms are
absent from the molecule. Indeed, when the unsaturated
sugar 15[32] was submitted to the same reaction conditions,
only the axial alcohol 16[15] was obtained in 75% yield
(Scheme 7). This result supports the directing role of fluorine
in the reduction of the ketone.

In summary, we have synthesized, for the first time, two
gem-difluorinated carba analogues of a- and b-d-glucopyra-
noses by using a rearrangement strategy and by taking
advantage of the Anh–Eisenstein effect to obtain the b

analogue. They are attractive candidates for probing the role
of endocyclic oxygen atoms in carbohydrates in sugar–protein
interactions. This strategy is currently being extended to other
carbohydrates.

Received: July 8, 2004
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Cluster Compounds

Carbon Dioxide Fixation by the Cooperative
Effect of Organotin and Organotellurium Oxides

Jens Beckmann,* Dainis Dakternieks, Andrew Duthie,
Naomi A. Lewcenko, and Cassandra Mitchell

Dedicated to Professor Alwyn G. Davies

The recent interest in carbon dioxide fixation by organo-
metallic species has occurred for two reasons:[1] First, the
increasing industrial emission of the “greenhouse gas” CO2

into the atmosphere has been widely accepted as one of the
main causes for global warming and climate changes, and
therefore efficient solutions for the recovery of CO2 are
highly sought after. Second, being an inexpensive, nontoxic
commodity, CO2 holds considerable potential as a C1 feed-
stock for the preparation of key intermediates required by the
chemical industry on a multitonne scale, such as urea and
dimethyl carbonate (DMC). In this regard, organometallic
complexes play a vital role for the activation of the
comparatively inert C�O bonds in CO2. Whilst a vast variety
of transition-metal compounds are able to form complexes
with CO2, main-group organometallic species known to bind
CO2 are rare.[1] Notable exceptions include triorganotin
oxides, (R3Sn)2O, and triorganotin hydroxides, R3SnOH,
which react with gaseous CO2 to give rise to the formation
of polymeric triorganotin carbonates, (R3Sn)2CO3 (R=

alkyl).[2] Industrially, triorganotin carbonates are used as
catalysts for the preparation of organic carbonates from alkyl
halides and potassium carbonate.[1c] Di- and triorganotin
alkoxides, RnSn(OR’)4�n (R= alkyl, R’= alkyl, aryl; n= 2, 3)
react with gaseous or supercritical CO2 to give di- and
triorganotin (alkoxy) carbonates, R3Sn(O2COR’) and
R2Sn(OR’)(O2COR’), some of which produce DMC upon
thermolysis.[3]

We have now found that solutions containing of di-tert-
butyltin oxide, (tBu2SnO)3,

[4] and di-p-anisyltellurium oxide,
(p-MeOC6H4)2TeO,

[5] (Sn/Te ratio= 1:1) readily absorb gas-
eous CO2 to produce a unique molecular tellurastannoxane,

[6]

[{(p-MeOC6H4)2TeOSn(tBu2)CO3}2] (1) as an air-stable crys-
talline material [Eq. (1)]. The formation of this material is
rapid (less than 15 min) at room temperature and almost
quantitative when the solution is purged with an excess of
CO2. Smaller amounts of the same material were also formed
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serendipitously, for the first time, when such a (tBu2SnO)3/(p-
MeOC6H4)2TeO solution was exposed for several days to air.

2=3ðtBu2SnOÞ3 þ 2 ðp-MeOC6H4Þ2TeO 2CO2���!
½fðp-MeOC6H4Þ2TeOSnðtBu2ÞCO3g2	 ð1Þ

ð1Þ

The molecular structure of 1 (Figure 1),[7] displays an
almost planar inorganic Sn2Te2C2O8 core (largest deviation
from the ideal plane: 0.393(2) ?), which lies across a
crystallographic center of inversion. The geometry of the tin

atom is best described as a distorted trigonal bipyramid, in
which two oxygen atoms are situated in the axial positions and
two carbon atoms and one oxygen atom occupy the equatorial
positions. The distortion seems to originate from the chelating
coordination mode of the carbonate.

Taking into account the stereochemically active lone pair,
the geometry of the tellurium atom may be described as a
distorted octahedron with two carbon atoms mutually cis and
two oxygen atoms mutually trans, and a deficiency in the
primary coordination sphere along the vector defined by the
two tellurium atoms (Te1···Te1a 4.875(1) ?). The O-Te-O
linkage is rather asymmetric (Te1-O1 1.921(2), Te1-O2
2.481(2) ?) as opposed to the O-Te-O linkage in the
polymeric parent compound, (p-MeOC6H4)2TeO (Te1-O1
2.100(2) ?, Te1-O1a 2.025(2) ?). Differences are also found

in the secondary bonding; while (p-MeOC6H4)2TeO lacks
such interactions, two significant intramolecular secondary
Te···O bonds are observed for the tellurium atoms of 1, which
involve O4 of the carbonate moiety.[8]

Consistent with the molecular structure established by X-
ray crystallography and the pentacoordinate geometry of the
tin atoms, the 119Sn magic angle spinning (MAS) NMR
spectrum of 1 shows an isotropic chemical shift at diso=

�262.4 ppm, which differs from that of (tBu2SnO)3 (diso=

�84.3 ppm), which has tetracoordinate tin atoms.[9] The
125Te MAS NMR spectrum of 1 reveals an isotropic chemical
shift at diso= 1179 ppm similar to that of the dimeric Ph2TeO
(diso= 1103/1133 ppm), but rather different to that of the
polymeric (p-MeOC6H4)2TeO (diso= 903 ppm), which is appa-
rently a reflection of the asymmetric O-Te-O linkage and the
presence of secondary Te···O interactions in 1 and Ph2TeO, as
opposed to the rather symmetric O-Te-O linkage and the
absence of secondary interactions in (p-MeOC6H4)2TeO.

[5] At
a MAS frequency of 9 kHz, both the 119Sn and the 125Te
isotropic chemical shifts were accompanied by a set of
spinning sidebands that were indicative for large shielding
anisotropies (SA) and utilized for tensor analyses.[10]

For solutions of 1 in CDCl3, the
119Sn and 125Te NMR

spectra show signals at d =�258.3 and 1194.3 ppm, respec-
tively, which suggest, by comparison with the respective solid-
state NMR chemical shifts, that the molecular structure is
retained in solution. Both signals show two identical pairs of
satellites giving rise to two 2J(119Sn-O-125Te) couplings of 113
and 66 Hz, which unambiguously supports the idea that the
secondary Te···O interactions also exist in solution.[8] Inde-
pendent evidence for the configurational stability of 1 in
solution stems from osmometric molecular-weight determi-
nation in CHCl3 at 40 8C (1282 Da found, 1301 Da calcu-
lated). The presence of the carbonate moiety is evident from
the 13C NMR spectra which show a signal at d = 165.4 ppm (in
CDCl3) and diso= 165.6 ppm (in the solid state), which
increases significantly in intensity when using 13C-labeled
carbon dioxide for the preparation.

Solutions of (tBu2SnO)3 and (p-MeOC6H4)2TeO were
treated separately with gaseous CO2. While the (p-
MeOC6H4)2TeO was recovered unchanged, solutions of
(tBu2SnO)3 also absorb CO2 to produce tBu2SnCO3 (2),
albeit at a slower rate than in the formation of 1. Owing to the
virtual insolubility in all common organic solvents, we
tentatively assign 2 a polymeric structure, thus acknowledging
the fact that all known triorganotin carbonates, (R3Sn)2CO3

(R= alkyl) are also polymeric.[2] This assignment is supported
by 119Sn MAS NMR spectroscopy of 2, which shows an
isotropic chemical shift at diso=�285.5.[10]

Applications of organometallic species for the fixation
and recovery of CO2 require the reversibility of the absorp-
tion process, preferably at a low temperature to save energy
costs.[1] A thermographic analysis of 1 indicates mass loss
between 90–145 8C (7.0% found, 6.8% calculated) associated
with the liberation of CO2. It is well known that inorganic
bases, such as aqueous KOH also absorb CO2 from air,
however these absorption processes are generally irreversible
(e.g. K2CO3 is stable up to more than 900 8C).

[11] A bulk
sample of 1 (300 mg) was heated at 145 8C for 60 min and the

Figure 1. The X-ray crystal structure of 1, thermal ellipsoids set at 30%
probability. Selected interatomic separations [B] and angles [8]: Te1-O1
1.921(2), Sn1-O3 2.307(2), Te1-O2 2.481(2), Sn1-O4 2.094(2), Te1···O4
3.279(2), Sn1-C31 2.166(3), Te1···O4a 3.059(2), Sn1-C41 2.166(3), Te1-
C11 2.112(2), C1-O2a 1.259(3), Te1-C21 2.107(2), C1-O3 1.278(3), Sn1-
O1 2.043(2), C1-O4 1.329(3); O1-Te1-O2 170.25(7), O1-Sn1-C31
102.18(9), O1-Te1-O4 59.32(7), O1-Sn1-C41 98.06(9), O1-Te1-O4a
138.14(7), O3-Sn1-O4 59.47(7), O1-Te1-C11 91.16(8), O3-Sn1-C31
97.27(9), O1-Te1-C21 93.11(9), O3-Sn1-C41 92.60(8), O2-Te1-O4
126.00(6), O4-Sn1-C31 113.94(9), O2-Te1-O4a 46.52(6), O4-Sn1-C41
115.82(8), O2-Te1-C11 84.55(8), C31-Sn1-C41 126.96(10), O2-Te1-C21
78.83(8), O2a-C1-O3 124.7(2), O4-Te1-O4a 79.51(5), O2a-C1-O4
120.9(2), O4-Te1-C11 149.18(7), O3-C1-O4 114.4(2), O4-Te1-C21
93.01(8), Te1-O1-Sn1 128.28(9), O4a-Te1-C11 130.67(7), C1-O2a-Te1a
110.26(15), O4a-Te1-C21 81.01(8), C1-O3-Sn1 88.94(14), C11-Te1-C21
97.62(9), C1-O4-Sn1 97.20(14), O1-Sn1-O3 145.36(7), C1-O4-Te1
172.53(16), O1-Sn1-O4 86.35(7), Sn1-O4-Te1a 171.65(9) (Symmetry
operation used to generate equivalent atoms: a=�x, �y, �z).
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released CO2 was determined gravimetrically as BaCO3

(recovery 80%). The residual material was free of carbonate
by indication of 13C NMR spectroscopy and the related 119Sn
and 125Te MAS NMR spectra exhibit signals at diso=�228.3
and 834 ppm, respectively, which are significantly different
from those of 1 and the starting materials. The residual
material was completely soluble in CDCl3 and was used for
the reabsorption of CO2, after which the

119Sn and 125Te NMR
spectra of the crude product indicated the renewed quanti-
tative formation of 1.

In summary, we have demonstrated that solutions of
(tBu2SnO)3 and (p-MeOC6H4)2TeO (Sn/Te ratio= 1:1) rap-
idly absorb CO2 to form an air-stable molecular tellurastan-
noxane [{(p-MeOC6H4)2TeOSn(tBu2)CO3}2] (1) showing sig-
nificant intramolecular Te···O interactions in both solution
and the solid state. In contrast, the absorption of CO2 by
(tBu2SnO)3 or triorganotin oxo species[2] provides only
polymeric organotin carbonates. The desorption of CO2

occurs at rather low temperatures, which suggests applica-
tions of 1 for instance as phase-transfer catalyst[12] or as
precursor for the preparation of organic carbonates.[3]

Experimental Section
1: A magnetically stirred solution of (tBu2SnO)3 (995 mg,
1.33 mmol)[4] and (p-MeOC6H4)2TeO (1.43 g, 4.00 mmol)[5] in CHCl3
(30 mL), was slowly purged with CO2 for 15 min at room temper-
ature. The solvent was removed in vacuo and the solid residue
recrystallized from CH2Cl2/hexane to give colorless crystals. These
crystals were dried in vacuum at 50 8C for 1 h to remove cocrystallized
CH2Cl2. Single crystals suitable for X-ray diffraction were grown from
a CHCl3 solution, yield: 2.58 g, 1.98 mmol, 99%. M.p. 198 8C
(decomp.) (crystals turn opaque at 120 8C). Elemental analysis (%)
calcd for C23H32O6SnTe (1301.74): C 42.44, H 4.96; found: C 42.39, H
5.03. 1H NMR (300 MHz, CDCl3): d = 8.02 (d, 3J(1H-1H)= 9 Hz, 8H),
6.92 (d, 3J(1H-1H)= 9 Hz, 8H), 3.81 (s, 12H), 1.18 ppm (s, 3J(1H-
119Sn)= 109 Hz, 36H); 13C NMR (75 MHz, CDCl3): d = 165.4 (CO3),
161.5 (p-C), 133.6 (o- or m-C), 129.5 (1J(13C-125Te)= 323 Hz; i-C),
114.7 (o- or m-C), 55.3 (OCH3), 39.4 (

1J(13C-119Sn)= 562 Hz; CCH3),
29.3 ppm (CCH3).

2 : A solution of (t-Bu2SnO)3 (249 mg, 0.33 mmol)
[4] in CHCl3

(20 mL), was slowly purged with CO2 for 30 min at room temper-
ature. The colorless amorphous precipitate formed was collected by
filtration and air dried. Yield: 228 mg, 0.78 mmol, 78%. M.p. 250 8C
(decomp.) Elemental analysis (%) calcd for C9H18O3Sn (292.97): C
36.90, H 6.19; found: C 36.91, H 6.20.
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Cluster Compounds

Complete Chalcogenation of Tin(ii) Centers in an
Imidotin Cluster**

Tristram Chivers* and Dana J. Eisler

The use of inorganic rings or clusters as precursors to
industrially important materials such as inorganic polymers,[1]

nanomaterials,[2] or semiconductors[3] represents an active
area of contemporary inorganic chemistry. In the latter
category the design of suitable precursors for the low band-
gap semiconductors SnE (E= Se, Te), which have applica-
tions in thermoelectric devices and for optoelectronic materi-
als, is of current interest.[4, 5] Suitably chosen complexes
containing terminal Sn=E bonds would appear to be candi-
dates for this purpose.[6] In particular, imidotin chalcogenides
of the type [(ESnm3-NR)4] (E= Se, Te) may act as single-
source precursors of these binary semiconductors by the
energetically favorable elimination of the diazene RN=NR.
However, investigations of the reactions of the neutral cluster
[(Snm3-NtBu)4] with chalcogens have revealed that oxidation
is limited to one tin(ii) center for E=Te (A) or two tin(ii)
centers in the case of E= Se (B).[7] To address this synthetic

challenge, we have adopted a strategy that was successful for
the generation of the previously inaccessible P�Te ligands
[(TePPh2)2N]

� and [Te(NtBu)P(m-NtBu)2P(NtBu)Te]2�.[8]

That approach involved the formation of anionic imidophos-
phorus(iii) reagents by metalation with NaH or nBuLi, prior
to reaction with tellurium.[8]

Application of this methodology to imidotin cages
involves the use of the amido/imido seco-cube [Sn3(m3-
NtBu)(m2-NtBu)(m2-NHtBu)2] (1) reported by Veith et al.[9]

We disclose here that the anionic cluster in [Li(thf)4]
[(thf)LiSn3(m3-NtBu)4] (2a), which is readily generated by
dilithiation of 1 with nBuLi, exhibits a dramatic increase in
the reactivity of the tin(ii) centers towards chalcogens
compared to that of the neutral cluster [(Snm3-NtBu)4].
Complete chalcogenation to give the trichalcogenides

[Li(thf)4][(thf)LiSn3E3(m3-NtBu)4] (3a, E=Se; 4, E=Te)
occurs rapidly under mild conditions and in high yields. The
characterization of these imidotin chalcogenides in the solid
state by X-ray crystallography and in solution by multinuclear
NMR spectroscopy (1H, 7Li, 119Sn, 77Se, and 125Te) is reported.

The reaction of 1with two equivalents of n-butyllithium in
THF produces the anionic heterobimetallic cubane 2a as a
solvent-separated ion pair in 40% yield; complex 2b was
prepared from 2a and [12]crown-4. Wright and co-workers
have reported the formation of the related complex [Li(thf)4]
[Sn3Li(thf)(m3-NtBu)(m3-NC10H7)3] by the reaction of [(Snm3-
NtBu)4] with three equivalents of C10H7NHLi.[10] The
1H NMR spectrum of complex 2a exhibits two resonances
in a 3:1 ratio for the tBu protons, and a single resonance is
observed in the 119Sn NMR spectrum; both of these observa-
tions are consistent with local C3 symmetry for the anion in
2a. The 7Li NMR spectrum of 2a shows two well-separated
resonances, indicating that the [Sn3Li(m3-NtBu)4] cluster
remains intact, even in THF solution.

The reaction of 2a with slightly more than three equiv-
alents of selenium in THF readily produces the tristannase-
lone 3a in essentially quantitative yields within several
minutes at room temperature. Complex 3b was obtained in
a similar manner from 2b and selenium. The tristannatellone
4 can also be synthesized from 2a and a slight excess of
tellurium at room temperature in about 1 h. However, the
reaction proceeds more rapidly with gentle heating (20 min,
40 8C) to give 4 in 73% yield. The mild reaction conditions
necessary to produce the fully chalcogenated complexes 3a,
3b, and 4 are in striking contrast to those used to prepare the
partially chalcogenated complexes A and B, which require
boiling toluene and long reaction times (24–48 h).[7] Clearly,
the negative charge in the anion of 2a results in a dramatic
enhancement of the susceptibility of the SnII centers towards
oxidation. The complexes 3a, 3b, and 4 were characterized by
multinuclear NMR spectroscopy, elemental analyses and, in
the case of 3b and 4, by X-ray crystallography.

X-ray structural determinations of 3b[11] and 4[12] revealed
the presence of three terminal Sn=E bonds in each complex
(3b, E=Se; 4, E=Te) (Figure 1 and 2, respectively). For 3b
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the Sn=Se bond lengths are nearly equal, with a mean value of
2.391(1) A, slightly longer than the average Sn=Se bond
length of 2.367(1) A in the structurally related neutral
complex B.[7] The average Sn=Te bond length of 2.609(1) A
in 4 is significantly longer than the corresponding bond in A
(2.589(1) A),[7] and slightly shorter than the distance of
2.618(1) A observed in the five-coordinate complex [{CH(Si-
Me3)C9H6N-8}2SnTe].

[13] The environments of the four-coor-
dinate SnIV centers are highly distorted from tetrahedral in
both structures, with bond angles in the range 83.6(2)–
129.2(1)8 in 3b and 83.4(3)–129.0(2)8 in 4. The tin–nitrogen
distances in 3b and 4 show similar trends. The unique nitrogen
center, which caps all three tin atoms, exhibits significantly

longer Sn�N distances (3b, 2.174(4)–2.184(4) A; 4, 2.15(1)–
2.18(1) A) in comparison to the nitrogen centers that bridge
two tin atoms and the lithium atom (3b, 2.082(4)–2.105(4) A;
4, 2.07(1)–2.12(1) A).

The solution NMR data for the complexes 3a, 3b, and 4
are consistent with the presence of a single species with local
C3 symmetry in each case. For example, the 1H NMR spectra
show two resonances in a 3:1 ratio for the NtBu protons, as
expected. In the 7Li NMR spectra of the complexes 3a, 3b,
and 4, the resonance in the region d = 1.7–1.8 ppm is shifted
significantly from that observed for the parent clusters 2a or
2b (d = 2.6 ppm), and is therefore attributed to the lithium
cation that is part of the cubane cluster. For the complexes 3a
and 3b, nearly identical NMR data were obtained, and so the
data obtained for 3a will serve as an example. The 119Sn NMR
spectrum of 3a shows a single sharp resonance at d =

�133 ppm, with well-resolved 77Se satellites. The magnitude
of 1JSn,Se (3180 Hz) is comparable to the values in the range
2950–3450 Hz found for five-coordinate complexes.[13, 14] A
single resonance is also observed in the 77Se NMR spectrum,
with well-resolved 117Sn/119Sn satellites. The room-temper-
ature 119Sn NMR spectrum of 4 exhibits a single resonance at
d =�450 ppm, which is considerably broader than that
observed for 3a and no 125Te satellites are observed,
presumably as a result of chalcogen exchange. Consistently,
at 213 K, this resonance becomes sharper, and 125Te satellites
can be detected. The value of the 1JTe,Sn coupling (8400 Hz) is
consistent with an Sn=Te terminal bond.[13] A single reso-
nance at d =�314 ppm was observed in the 125Te NMR
spectrum of 4, however poor solubility at low temperature
prohibited the observation of well-resolved tin satellites.

The facile chalcogen exchange between clusters can be
used advantageously for the synthesis of partially chalcogen-
ated derivatives. Thus, stoichiometric addition of 2a to
solutions of 3a or 4 results in the rapid and clean formation
of the corresponding mono- and dichalcogenated clusters.
This approach produces analytically pure products more
readily than the direct reaction of 2a with elemental
chalcogens. Details of the synthesis and characterization of
the partially chalcogenated complexes will be reported in a
full account of this work.

In summary, we have developed a new, high-yield,
synthetic route to completely chalcogenated imidotin clusters,
which proceeds rapidly under mild conditions. The SnII

centers of the anionic cubane in the solvent-separated ion
pairs 2a or 2b show remarkable reactivity towards chalcoge-
nation. Furthermore, the dilithio complexes 3 and 4 obtained
by this route are potential synthons for the generation of a
variety of heterobimetallic imidotin chalcogenides, which
may serve as a source of ternary semiconductors by the
thermal elimination of the diazene tBuN=NtBu.[15]

Experimental Section
All reactions and the manipulations of products were performed
under an argon atmosphere by using standard Schlenk techniques or
an inert atmosphere glove box. NMR spectra were obtained on
[D8]THF solutions at 298 K (unless otherwise noted) using a Bruker
AMX 300 spectrometer. 77Se, 119Sn, and 125Te NMR spectra were

Figure 1. X-ray crystal structure of the anion in 3b ; selected bond
lengths [8]: Sn1-Se1 2.397(1), Sn2-Se2 2.391(1), Sn3-Se3 2.386(1).
Thermal ellipsoids are shown at the 30% probability level.

Figure 2. X-ray crystal structure of the anion in 4 ; selected bond
lengths [8]: Sn1-Te1 2.613(1), Sn2-Te2 2.605(1), Sn3-Te3 2.610(1). Ther-
mal ellipsoids are shown at the 30% probability level.
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referenced to the external standards (SePh)2, SnMe4, and (TePh)2,
respectively. The reagent 1 was prepared by modification of the
literature procedure.[9]

2a : A solution of 1 (9.00 g, 14.0 mmol) in THF (100 mL) was
cooled to �78 8C to form a yellow slurry, and a cold (�78 8C) THF
solution (60 mL) of n-butyllithium (1.6m in hexane, 17.5 mL,
28.0 mmol) was added dropwise by using a cannula over 40 min.
The resulting clear orange solution was stirred for 30 min at �78 8C,
then allowed to warm slowly to room temperature, and stirred for an
additional 45 min. The solvent was removed under vacuum and the
yellow-orange residue was washed with hexanes (4 F 50 mL). The
remaining solid was dissolved in diethyl ether (200 mL) and the
solution was concentrated to about 100 mL, resulting in the precip-
itation of fine yellow crystals of 2a (5.50 g, 39%). Elemental analysis
calcd (%) for 2a (with loss of one THF) C32H68N4Li2O4Sn3: C 40.76, H
7.27, N 6.79; found: C 40.32, H 7.40, N 6.49; 1H NMR: d = 1.32 (s,
27H; NtBu), 1.35 (s, 9H; NtBu), 1.78 (m, 20H; THF), 3.63 ppm (m,
20H; THF); 7Li NMR: d =�0.62 (s; [Li(thf)4]

+), 2.63 ppm (s;
[(thf)LiSn3(NtBu)4]

�); 119Sn NMR: d = 538 ppm (s).
2b : A solution of [12]crown-4 (0.40 mL, 2.42 mmol) in THF

(25 mL) was added to a solution of 2a (2.50 g, 2.46 mmol) in THF
(50 mL) by using a cannula, and the mixture was stirred for 30 min at
25 8C. The solvent was removed under vacuum and the residue was
washed with cold diethyl ether (50 mL) to give 2b as a pale yellow
solid (1.88 g, 78%). Elemental analysis calcd (%) for 2b (with loss of
0.5THF) C30H64N4Li2O5.5Sn3: C 38.38, H 6.87, N 5.97; found: C 38.14,
H 6.77, N 6.60; 1H NMR: d = 1.34 (s, 27H; NtBu), 1.37 (s, 9H; NtBu),
1.78 (m, 8H; THF), 3.63 (m, 8H; THF), 3.84 ppm (s, 16H; [12]crown-
4); 7Li NMR: d =�0.47 (s; [(thf)Li([12]crown-4)]+), 2.61 ppm (s;
[(thf)LiSn3(NtBu)4]

�); 119Sn NMR: d = 534 ppm (s).
3a : A mixture of 2a (0.600 g, 0.59 mmol) and gray selenium

powder (0.160 g, 2.03 mmol) in THF (20 mL) was stirred for 5 min at
25 8C. The resulting deep yellow solution was filtered though a 0.45mm
pore size filter disk, concentrated to about 5 mL, and 3a was
precipitated as a yellow solid (0.720 g, 97%) by the addition of diethyl
ether. Elemental analysis calcd (%) for C36H76N4Li2O5Se3Sn3: C
34.54, H 6.12, N 4.48; found: C 33.74, H 5.86, N 4.58; 1H NMR: d =
1.47 (s, 27H; NtBu), 1.57 (s, 9H; NtBu), 1.77 (m, 20H; THF),
3.61 ppm (m, 20H; THF); 7Li NMR: d =�0.60 (s; [Li(thf)4]

+),
1.75 ppm (s; [(thf)LiSn3(NtBu)4]

�) ; 77Se NMR: d =�174 ppm (s,
1J119Sn,77Se = 3185 Hz, 1J117Sn,77Se = 3065 Hz); 119Sn NMR: d =�133 ppm
(s, 2J119Sn,117Sn = 305 Hz, 1J119Sn,77Se = 3180 Hz).

3b : This complex was prepared similarly from 2b (0.200 g,
0.21 mmol) and gray selenium powder (0.053 g, 0.67 mmol) and
obtained as a yellow solid (0.228 g, 91%). Elemental analysis calcd
(%) for C32H68N4Li2O6Se3Sn3: C 31.72, H 5.66, N 4.62; found: C 31.84,
H 5.87, N 4.47; 1H NMR: d = 1.50 (s, 27H; NtBu), 1.60 (s, 9H; NtBu),
1.78 (m, 8H; THF), 3.63 (m, 8H; THF), 3.85 ppm (s, 16H; [12]crown-
4); 7Li NMR: d =�0.44 (s; [(thf)Li([12]crown-4)]+), 1.72 ppm (s;
[(thf)LiSn3(NtBu)4]

�) ; 77Se NMR: d =�172 ppm (s, 1J119Sn,77Se =
3174 Hz, 1J117Sn,77Se = 3030 Hz); 119Sn NMR: d =�133 ppm (s,
2J119Sn,117Sn = 312 Hz, 1J119Sn,77Se = 3200 Hz). X-ray quality crystals of 3b
were obtained by slow diffusion of n-hexane into a THF solution.

4 : A mixture of 2a (0.600 g, 0.59 mmol) and tellurium powder
(0.260 g, 2.04 mmol) in THF (30 mL) was stirred for 20 min at 40 8C.
The resulting deep orange solution was filtered though a 0.45 mm pore
size filter disk, concentrated to about 5 mL, and diethyl ether (1 mL)
was added to give 4 as red crystals (0.600 g, 73%). Elemental analysis
calcd (%) for C36H76N4Li2O5Sn3Te3: C 30.93, H 5.48, N 4.01; found: C
30.79, H 5.61, N 4.07; 1H NMR: d = 1.52 (s, 27H; NtBu), 1.62 (s, 9H;
NtBu), 1.78 (m, 20H; THF), 3.62 ppm (m, 20H; THF); 7Li NMR: d =

�0.70 (s; [Li(thf)4)]+), 1.82 ppm (s; [(thf)LiSn3{NtBu}4]);
119Sn NMR

(213 K): d =�439 ppm (s, 1J125Te,119Sn = 8400 Hz); 125Te NMR: d =

�313 ppm. X-ray quality crystals of 4 were obtained by slow diffusion
of n-hexane into a THF solution.
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Allylic Substitution

Regio- and Stereoselective Construction of
g-Butenolides through Phosphine-Catalyzed
Substitution of Morita–Baylis–Hillman Acetates:
An Organocatalytic Allylic Alkylation**

Chang-Woo Cho and Michael J. Krische*

The g-butenolide ring system ranks among the most ubiqui-
tous structural motifs found in naturally occurring organic
molecules.[1] Owing to the prevalence of g-butenolides, their
regio- and stereoselective synthesis has been the focus of
intensive effort.[2] In this regard, the use of 2-silyloxy furans as
nucleophilic partners in Mukaiyama–aldol-,[3] Mukaiyama–
Michael-,[4, 5] and Mukaiyama–Mannich-type additions[6] has
emerged as an effective strategy. Even broader access to
butenolide substructures would be possible through the
development of new electrophilic partners amenable to 2-
silyloxy furan addition. For example, the use of allylic
carboxylates as electrophiles in silyloxy furan addition is
unknown and would provide access to g-butenolides with
vicinal stereogenic centers. Herein we disclose that upon
exposure of Morita–Baylis–Hillman (MBH) acetates 1a–12 a
to substoichiometric amounts of triphenylphosphane
(20 mol%) in the presence of 2-trimethylsilyloxy furan,
regiospecific allylic substitution occurs to provide the prod-
ucts of C-allylation, that is, g-butenolides 1b–12 b (Table 1).
Good to excellent yields, regioselectivities, and diastereose-

lectivities are attained and, in the case of the (�)-8-phenyl-
menthol ester 14a (Scheme 3), the absolute stereochemical
course of the substitution is controlled.

Recently, a two-step protocol for the amination of MBH
acetates mediated by DABCO was reported.[7a,b] A related
two-step transformation employing quinidine subsequently
appeared.[7c] Following reports of these stoichiometric proc-
esses, the DABCO-catalyzed decarboxylative rearrangement
of MBH carbamates was demonstrated.[7d] Finally,
(DHQD)2PHAL was recently shown to catalyze regioreten-
tive allylic substitution of MBH acetates when using sodium
bicarbonate as a nucleophile.[7e] The corresponding MBH
alcohols were produced in 25–42% yield with 54–92% ee. As
part of a program in nucleophilic catalysis based on phosphine
conjugate addition,[8] the first phosphine-catalyzed allylic
substitution of Morita–Baylis–Hillman (MBH) acetates was
reported from our lab.[8e] A key feature of this transformation
appears to involve the generation of an electrophile–nucle-
ophile ion pair, which suppresses direct addition of the
nucleophile to the less substituted enone moiety of the
starting MBH acetate. The enone immediately obtained upon
addition of the phosphine may also benefit from activation
through internal coordination to phosphorus (Scheme 1). In

our initial study, an acid–base reaction between the leaving
group (acetate) and the pronucleophile (4,5-dichlorophthali-
mide) served to generate the requisite electrophile–nucleo-
phile ion pair. Given the propensity of organosilicon com-
pounds to form hypervalent anions or “ate” complexes,[9] the
development of related catalytic C�C bond formations
involving electrophile–nucleophile ion pair intermediates
derived from enol silane based pronucleophiles was deemed
feasible.

To explore this prospect, MBH acetate 1a (100 mol%)
derived from methyl vinyl ketone (MVK) was exposed to 2-
trimethylsilyloxy furan (200 mol%) in the presence of
triphenylphosphane (20 mol%) in THF solvent (0.3m) at
0 8C. Gratifyingly, the desired product of allylic substitution,
g-butenolide 1 b, was isolated in 88% yield as a single syn
diastereomer. The regioisomeric substance 1 c was also
formed in 9% yield. Withstanding changes in reaction
temperature, these conditions proved general across a range

Scheme 1. Postulated catalytic mechanism for g-butenolide synthesis
through tandem SN2’–SN2’ substitution.
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of related MVK-derived MBH
acetates 2a–6a, which bear aro-
matic, aliphatic, cyclopropyl,
vinylic, and acetylenic substituents.
All MVK-derived products 1b–6b
were obtained with diastereomeric
ratios of � 20:1 (syn/anti). Simi-
larly, the corresponding acrylate-
derived MBH acetates 7 a–12 a
provide g-butenolides 7b–12b
with excellent regioselectivity.
Butenolides 7b, 8b, 11b, and 12 b,
which bear aromatic, vinylic, and
acetylenic substituents, were
obtained with excellent diastereo-
selectivity. However, acrylate-
derived MBH acetates 9b and
10b, which bear n-alkyl and cyclo-
propyl substituents, respectively,
were obtained with lower diaster-
eoselectivities (Table 1).

The high levels of diastereose-
lectivity attained in these substitu-
tions do not appear to be consistent
with an open transition state. It is
possible that the high diastereose-
lectivity arises as a consequence of
a mechanism involving endo-selec-
tive Diels–Alder cycloaddition of
the siloxy furan ate complex with
the enone obtained upon the addi-
tion of the phosphine followed by
subsequent Grob-type fragmenta-
tion. Structurally related silyloxy
furan-enone [4+2] cycloadducts
have been isolated. Notably, the
high levels of diastereoselectivity
observed in the formation of 1b–
12b require that the intermediate
phosphine adducts appear as single
enone geometrical isomers, irre-
spective of which mechanism is
operative (Scheme 2).[5b]

Table 1: Diastereoselective phosphine catalyzed allylic substitution of MBH acetates to form g-
butenolides.[a,b]

1b, 88%, >95:5 d.r. 2b, 80 %, >95:5 d.r. 3b, 63%, >95:5 d.r.
1c, 9% 2c, 5% 3c, 7%

4b, 80%, 20:1 d.r. 5b, 45 %, >95:5 d.r. 6b, 88%, 24:1 d.r.
4c, 5% 5c, 10% 6c, 5%

7b, 84%, >95:5 d.r. 8b, 86 %, >95:5 d.r. 9b, 67%, 2.8:1 d.r.
7c, 6% 8c, 1% 9c, not observed

10b, 83%, 3.5:1 d.r. 11b, 62%, >95:5 d.r. 12b, 94%, >95:5 d.r.
10c, not observed 11c, not observed 12c, not observed

[a] Procedure: THF (1.6 mL, 0.3m) was added to a reaction vessel charged with the MBH acetate
(0.5 mmol, 100 mol%), 2-trimethylsilyloxy furan (1.0 mmol, 200 mol%), and PPh3 (0.1 mmol, 20
mol%). The reaction mixture was allowed to stir at 0 8C (1a, 6a, 7a), 25 8C (2a, 4a, 5a, 8a, 12 a), 50 8C
(3a), or 80 8C (9a–11a) until complete consumption of starting material was observed, at which point
the reaction mixture was adsorbed onto silica gel by evaporation of the solvent, and the product was
isolated by silica-gel chromatography. [b] A diastereomeric ratio of >95:5 indicates that the minor
isomer could not be detected by 1H NMR spectroscopy.

Scheme 2. Alternate mechanisms postulated for the phosphine-catalyzed allylic substitution of MBH acetates to form g-butenolides.
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To control the absolute stereochemical course of this
transformation, a chiral auxiliary approach was explored.
Whereas (�)-menthol ester 13a provides the g-butenolides
13b and 13 c in good yield, poor levels of asymmetric
induction are observed. In contrast, the corresponding (�)-
8-phenylmenthol ester 14a provides the g-butenolide 14 b in
excellent yield and with complete levels of stereocontrol
(Scheme 3). The diastereomeric butenolide 14 c was not
observed. The stereochemical assignment of 14b, which is
supported by X-ray diffraction analysis, led to the indicated
model for stereochemical induction.

In summary, upon exposure ofMBH acetates 1a–12 a to 2-
trimethylsilyloxy furan in the presence of substoichiometric
quantities of triphenylphosphine, highly regio- and stereo-
selective substitution occurs to provide g-butenolides 1b–12 b.
Moreover, as demonstrated by the substitution of MBH
acetate 14a, the absolute stereochemical course of these
transformations is controlled through the use of the (�)-8-
phenylmenthol ester. Future studies will focus on the devel-
opment of related transformations, including enantioselective
variants of the transformation described herein.
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Scheme 3. Controlling the absolute stereochemical course of allylic substitu-
tion through the use of (�)-8-phenylmenthol ester 14a.
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Nanotechnology

Preparation of Higher-Order Zeolite Materials by
Using Dextran Templating**

Dominic Walsh, Alexander Kulak, Kensuke Aoki,
Toshiyuki Ikoma, Junzo Tanaka, and Stephen Mann*

The chemical construction of organized inorganic matter by
using nanoparticle or microcrystal building blocks—nano-
tectonics[1,2]—offers a novel approach to hierarchical, multi-

[*] Dr. D. Walsh, Dr. A. Kulak, K. Aoki, Prof. S. Mann
School of Chemistry
University of Bristol
Bristol BS8 1TS (UK)
Fax: (+44) 117 929 0509
E-mail: s.mann@bristol.ac.uk

Dr. D. Walsh, Dr. T. Ikoma, Dr. J. Tanaka
ICYS Centre/Advanced Material Group
National Institute for Material Science
1-1 Namiki, Tsukuba, Ibaraki 305-0051 (Japan)

K. Aoki
Central Technology Laboratory
Asahi Kasei Corporation
2-1 Samejima, Fuji, Shizuoka 416-8501 (Japan)

[**] We thank EPSRC (UK), JST(CREST) and Asahi Kasei Corp. for
financial support.

Angewandte
Chemie

6691Angew. Chem. Int. Ed. 2004, 43, 6691 –6695 DOI: 10.1002/anie.200460146 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



functional materials with complex architectures. The multi-
scale ordering, interlinking, and interfacing of preformed
nanoparticles and small crystals can be directed internally by
programmed assembly or externally by using a variety of
structured organic templates. The former is achieved by self-
coding of the inorganic building blocks with information-rich
connectors, such as DNA duplexes,[3] antibody–antigen com-
plexes[4] and streptavidin–biotin conjugates,[5] complementary
force fields based on electrostatic matching,[6] or shape-
directed hydrophobicity.[7] In contrast, preformed nanoparti-
cles can be organized within porous templates such as silica/
polymer opals,[8] polymer sponges[9] or perfluorohexane
foams[10] to produce ordered macroporous inorganic replicas,
or assembled onto polymer beads to form core–shell or
hollow microspheres.[11] Inorganic nanoparticles have also
been assembled by using miniemulsion droplets,[12] and recent
studies involving sonicated water-in-oil emulsions have shown
that highly complex spheroids can be assembled from silica/
Au nanoparticles.[13]

Exploitation of the above strategies in catalysis and
separation science is timely as the chemical synthesis and
fabrication of self-supported multifunctional materials with
hierarchical porosity, complex formation, and multiscale
ordering remains a significant challenge. Recently, nanoslabs
of the aluminium-free zeolite, silicalite, were assembled into
periodically ordered mesotructures by surfactant templat-
ing.[14] Silicalite nanoparticles, about 50 nm in size, have also
been organized on extended length scales to produce macro-
porous architectures by using multicellular bacterial
threads,[15] starch sponges,[16] or polyurethane foams,[17] or
assembled around latex beads to produce hollow micro-
spheres with hierarchical porosity.[18] Other studies have
demonstrated that zeolite crystals several micrometers in
size can be organized into 2D arrays by using patterned solid
substrates,[19] or arranged into self-supporting complex hollow
microspheres by sonication of aqueous dispersions in tolu-
ene.[20]

Herein we demonstrate two new routes to the formation
of higher-order zeolite materials based on template-directed
processes that use the water-soluble polysaccharide, dextran
and involve preformed zeolite crystals/nanoparticles as inor-
ganic building blocks. In the first approach, which is based on
a recent discovery in the preparation of metal and metal-
oxide sponges,[21] centimeter-sized macroporous framework
monoliths of interconnected filaments composed of NaY
crystals and amorphous silica nanoparticles are prepared by
slow thermal processing of dextran/inorganic pastes. The
zeolite crystals are embedded in the silica matrix to promote
homogeneity in the distribution of active sites within the
filamentous framework, and increase the strength of the
macroporous monoliths. In the second approach, macroscopic
threads of dextran are prepared and used to align linear
chains of 100 nm-sized silicalite crystals to produce inorganic
fibers with an ordered superstructure of crystallographically
oriented prismatic crystals. The silicalite chains, which consist
of up to 20 coaligned crystals, are prepared by a novel process
involving hydrothermal synthesis in the presence of the
cationic polymer, poly(diallydimethylammonium hydroxide).
Our results demonstrate that superstructural ordering of

zeolite crystals within complex macroscopic morphologies
can be achieved, and suggest that further development of
these proof-of-concept studies should provide a range of
novel hierarchical multifunctional materials for potential use
in catalysis and separation science.

Open-framework zeolite monoliths were prepared as
follows. Dextran (Mr= 70000) was dissolved in an aqueous
suspension, consisting of 20:1 wt ratio, respectively, of sub-
micron-sized NaY zeolite crystallites (size range, 0.7–1 mm)
and silica nanoparticles (diameter, 14 nm) to produce a
viscous paste that was air dried for two days. Controlled
heating of the paste resulted in thermal decomposition of the
dextran matrix at around 270 8C with associated outgassing of
steam and carbon dioxide to produce an expanded carbon-
based foam that served as a template for patterning the
thermally induced aggregation of the silica/zeolite particles.
Increasing the temperature slowly to 470 8C at a heating rate
of 2 8Cmin�1 resulted in the gradually destruction and
removal of the carbon foam, and the formation of an intact
inorganic spongelike replica, 1–2 cm in size, that was further
heated to 600 8C to remove residual organic constituents.

In general, the above procedure resulted in the prepara-
tion of self-supporting replicas that were fragile but suffi-
ciently robust to be handled with care. SEM investigations
indicated that the replicas consisted of a continuous open
framework of interconnected filaments, about 15 mm in width
and 100–150 mm in length (Figure 1). The filaments inter-
sected at distinct three-point junctions to produce open cells
that were usually five- or six-sided and 100–300 mm across.
Interestingly, the inorganic frameworks exhibited a gradient
in pore sizes, with cells produced close to the outer surface of
the dextran paste generally larger than those formed deep

Figure 1. SEM micrograph showing open macroporous zeolite/silica
framework prepared by dextran templating; scale bar=100 mm. Inset;
high magnification of a single-wall filament showing NaY crystals
embedded in a continuous silica matrix; scale bar=5 mm.
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within the matrix. High-magnification images indicated that
the filaments were composed of discrete micrometer-sized
zeolite crystals embedded within a continuous matrix of
condensed silica nanoparticles (Figure 1, inset). Significantly,
X-ray diffraction studies showed almost identical reflections
for the NaY crystals before and after heating the dextran
composites to 600 8C, and BET analysis revealed no corre-
sponding change in the type I isotherm, micropore size
distribution, or surface area (650 m2g�1), thus indicating that
no degradation in the zeolite structure occurred during
formation of the spongelike material.

Interestingly, closed-framework structures were obtained
when NaY particles with size distribution of 0.3–0.4 mm were
used in combination with colloidal silica solution at a
respective weight ratio of 20:1. Under these conditions, the
zeolite particles were small enough to stabilize the formation
of thin self-supporting NaY/silica films across the 100–
300 mm-sized apertures of the cellular framework (Figure 2).
The supporting filamentous frame was typically 50 mm in
width, whereas the membranes enclosing each cell were only

about 150 nm in thickness. Although the thin inorganic
membranes were present throughout the framework mono-
lith, they were very fragile and often split or destroyed when
examined by SEM.

The above results indicate that spongelike silica/NaY
composites with porosity at both the nano- and macroscale
can be prepared by sacrificial dextran templating that
involves the in situ formation of thermally induced dextran-
derived foams. Other investigations showed that formation of
the intact macroporous frameworks depended on the compo-
sition of the paste, as well as the heating rates used during
thermal processing. For example, by using the above paste
composition but with a higher heating rate of 10 8Cmin�1,
samples that contained residual carbon even at 500 8C were
produced. Consequently, it was necessary to heat the materi-
als to 650 8C for several hours to prepare carbon-free replicas.
However, these conditions resulted in the collapse of the NaY
structure, as evidenced by the XRD data, to give frameworks
with a low wall porosity of 20 m2g�1 (BETanalysis). Whereas
intact macroporous sponges could be prepared by using silica
nanoparticles and dextran alone, significantly, samples syn-
thesized by using NaY and dextran at a low heating rate
2 8Cmin�1 in the absence of silica gave frameworks that were
too fragile to be routinely handled. Similar results were also
observed when mixtures of dextran and silicalite nanocrystals
were used.

Dextran templating was also used to prepare intact
macroscopic fibers of aligned silicalite crystals. Significantly,
the crystals were preorganized in the form of discrete self-
assembled chains (Figure 3a), which were prepared by
hydrothermal synthesis in the presence of the water-soluble
cationic polymer, poly(diallydimethylammonium hydroxide.
The chains were formed in situ within the reaction medium
and consisted of prismatic particles that were coaligned with
their crystallographic b axes parallel to the chain axis, as
shown by TEM/electron diffraction analysis (data not shown)
and XRD (Figure 4a,b). An aqueous suspension of the chains
was mixed with dextran and long fibers up to 20 cm in length
were pulled from the mixture, and air-dried. This process
resulted in an intact composite fiber that consisted of a
densely packed network of silicalite chains oriented prefer-
entially along the morphological long axis, which was
subsequently slowly heated to 550 8C to remove the dextran
matrix. In general, this procedure resulted in intact inorganic
replicas when the precursor threads were a few centimetres in
length, whereas longer threads tended to disintegrate into
smaller inorganic fibers. In each case, the calcined materials
were highly textured and consisted of a superstructure of
silicalite crystals. Significantly, materials prepared from
dextran/silicalite threads, 20–30 mm in width, were highly
ordered with chains of silicalite crystals preferentially aligned
along the fiber axis (Figure 3b,c). Corresponding XRD
measurements indicated that the silicalite micropore struc-
ture was retained after thermal treatment, and that the peak
intensity of the (0100) reflection was reduced compared to a
nonoriented control sample (Figure 4c). The data confirmed
that under these conditions, the silicalite crystals within the
oriented superstructure were preferentially aligned such that
the crystallographic b axis was parallel to the fiber direction.

Figure 2. SEM images of closed cell NaY/silica frameworks. a) Top
view showing underlying framework and intact aperture membrane;
scale bar=100 mm. Inset; high magnification image of the ultrathin
membrane showing NaY crystals and silica matrix; scale bar=0.5 mm.
b) interior view showing details of closed cell architecture; scale
bar=100 mm.
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In contrast, the use of thicker dextran/silicalite precursor
threads introduced increased levels of particle disorder and
macroporous voids in the inorganic replicas, presumably due
to enhanced entrapment of gas bubbles and associated
disruption of the silicalite chains during thermal processing.

In conclusion, the above results indicate that dextran/
inorganic composites can be used for the facile preparation of
zeolite materials with higher-order structure, morphology,
and porosity. The methods use the ability of dextran to be
readily drawn into macrothreads from viscous solutions, or
prepared as thick pastes as precursors to thermally induced
foams. In both cases, the polysaccharide matrix is used as a
sacrificial template to coalign or spatially pattern the zeolite
crystals. Removal of dextran by heating the soft macrothreads
results in minimal disruption to the constituent silicalite
crystals, and the high level of crystal packing induced by the
fiber-drawing process, as well as preorganization of the
silicalite particles into chainlike assemblies, are sufficient to
produce intact fibrous superstructures during sintering. In
contrast, thermal decomposition of the pastes gives rise to an
open framework of interconnected NaY-containing filaments
due to temporary stabilization of CO2 microbubbles in the
lower-density matrix, which induces phase separation and
spatial patterning of the zeolite crystals. However, in this case,
the level of sintering between zeolite crystals is insufficient to
form a self-supporting framework, and a silica “mortar” is
required to stabilize the inorganic microfilaments. Interest-
ingly, the presence of silica in association with NaY crystals of
relatively small size (300–400 nm) produces intact frame-
works in which the individual cell apertures are veiled in a
thin micrometer-thick inorganic membrane. Although these
structures are very fragile, the ability to prepare both open
and closed frameworks of organized zeolite crystals could
have interesting applications, for example in high-resolution
separation processes. Further work is in progress to extend
the above templating procedures to higher-order zeolite
architectures with appropriate stability for applications test-
ing and development.

Experimental Section
Preparation of NaY zeolite/silica framework monoliths: NaY zeolite
crystals 0.7–1 mm in size were separated from a commercial sample
(Aldrich Cat. No. 33, 444-8, SiO2/Al2O3 mole ratio= 5.1; Na2O
wt%= 13) by fractional sedimentation in ethanol by using successive
centrifugation at 3000 rpm for 3 min. The BET surface area was
450 m2g�1 (as supplied) and 610 m2g�1 (after heating at 2 8Cmin�1 to
600 8C). Alternatively, NaY particles with size a distribution of 0.3–
0.4 mm were synthesized according to previous methods.[22] An
aqueous suspension consisting of NaY and silica particles at a
respective weight ratio of 20:1 was prepared by the addition of 0.1 g of
submicrometer-sized NaY crystals to 1 mL distilled water, followed
by 0.025 g of a 20wt% colloidal silica suspension (Snowtex C, Nissan
Chem. Co., particle size, 14 nm). Dextran (2 g, Mr 70000) was then
dissolved in the suspension to form a viscous solution which was
transferred to an open dish and left to air-dry for 2 days. The dried
paste was heated to 600 8C at a heating rate of 2 8Cmin�1, held at
600 8C for 30 min, and then cooled to room temperature in the
furnace. Samples were removed and investigated by SEM, XRD,
TGA, FTIR spectroscopy and BET analysis (TGA is thermogravi-
metric analysis).

Figure 3. a) As-synthesized ordered chains of silicalite crystals viewed
by SEM; scale bar=1 mm. b) Inorganic fiber with ordered superstruc-
ture of silicalite crystals prepared from calcined dextran/silicalite
thread; scale bar=5 mm. c) High-magnification image showing iso-ori-
ented texture of prismatic silicalite crystals aligned parallel to the fiber
axis; scale bar=1 mm.

Figure 4. XRD data showing relative peak intensities for silicalite
(1000) and (0100) reflections for a) control crystals (non-oriented),
b) as-synthesized silicalite chains, and c) inorganic fiber with ordered
silicalite superstructure. I is intensity, arbitrary units.
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Preparation of silicalite chains and oriented multichain fibers:
Linear chains of prismatic crystals of silicalite-1 were prepared as
follows: Tetraethylorthosilicate (TEOS; 16 g, 76.8 mmol) was slowly
added to a stirred aqueous solution that contained 1m tetrapropy-
lammonium hydroxide (TPAOH; 27.32 g, 27.0 mmol) and 20wt%
poly(diallydimethylammonium hydroxide) (PDAC;10 g,
0.015 mmol). After the reaction had been stirred for 24 h at room
temperature, large agglomerates were removed and 10 ml of the
resulting cloudy suspension poured into a 20 mL hydrothermal bomb,
and placed in a preheated oven at 150 8C and left at this temperature
for 24 h. After cooling to room temperature, the white suspension was
centrifuged and the supernatant fluid removed, and deionized water
added and the precipitate resuspended by shaking. This washing
procedure was repeated four times to give suspension 6–7wt% in
solids that slowly sedimented over a period of a few days.

Inorganic macrofibers comprising coaligned chains of silicalite
crystals were prepared as follows: 2.0 g of dextran (Mr 70000) was
dissolved in 1 mL of an aqueous suspension containing about 3 wt%
silicalite crystals in the form of linear chains to form a viscous
solution. Dextran/silicalite threads, often 20–30 mm in width and up to
20 cm in length, were then drawn from the vicsous solution by
insertion and slow removal of a spatula tip. The composite threads
were air-dried and then heated to 550 8C at 2 8Cmin�1 for 12 h before
cooling to room temperature in the furnace. The resulting intact
inorganic fibers were removed and investigated by a range of physical
methods.
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Chirality

Meteoritic Ca-Methylated a-Amino Acids and the
Homochirality of Life: Searching for a Link

Marco Crisma, Alessandro Moretto,
Fernando Formaggio, Bernard Kaptein,
Quirinus B. Broxterman, and Claudio Toniolo*

Growing evidence has recently accumulated on the occur-
rence of chiral, Ca-methylated a-amino acids with significant
l (S) enantiomeric excess (ee ; up to 15%) in carbonaceous
chondritic meteorites.[1–3] The amino acids analyzed to date
include isovaline (Iva), Ca-methyl norvaline [(aMe)Nva], Ca-
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methyl valine [(aMe)Val], Ca-methyl isoleucine [(aMe)Ile],
and Ca-methyl alloisoleucine [(aMe)aIle] (Figure 1). In con-
trast, the a-amino acids lacking the Ca-methyl group (includ-
ing the proteinogenic amino acids) have been found to be

racemic within experimental and terrestrial contami-
nation errors.[1–6] As opposed to Ca-methylated a-
amino acids which are known to resist racemization,
proteinogenic amino acids tend to racemize on an
evolutionary time scale owing to their weakly acidic
Ca-hydrogen.[5,7–12] It has been calculated that during
just one million years an amount of � 1012 Kg of
organic carbon was delivered by meteorites to the
Earth.[1–3] It has been also shown that Ca-methylated
a-amino acids are generally abundant (10–100 ppm) in
meteorites, although the ratios of Ca-methylated to Ca-
nonmethylated a-amino acids (e.g., Iva/Ala) vary
significantly (6.8/0.3) between samples. Other poten-
tially chiral organic compounds largely found in
meteorites are the a-hydroxy acids. For both classes
of compounds (a-amino and a-hydroxy acids) a
Strecker-like synthesis from aldehydes and ketones,
HCN, water, and ammonia has been proposed.[13]

Taken together, these results have suggested that Ca-
methylated a-amino acids of extraterrestrial origin,
delivered by meteorites which heavily bombarded the
early Earth, could have been homochirality seeds for
life on our planet,[14] which has developed upon
proteinogenic amino acids of l-configuration. How-
ever, as Ca-methylated a-amino acids play a marginal
role in contemporary biochemistry, this hypothesis
implies that their ee values would have been somehow
transferred to proteinogenic amino acids.[14] The
results reported herein represent an addition to the already
postulated mechanisms of chiral transmission between bio-
molecules, the two most recently published mechanisms
involve the stable homochiral Ser octameric cluster[15] and
Iva itself[16] as key players. It was also proposed[14] that initially
life may have been based on the 310 helix,

[17] the typical
architecture of peptides rich in Ca-methylated a-amino
acids,[18,19] rather than on the a helix, the most stable regular
secondary structure of proteinogenic amino acids.

Herein we describe the results of a study aimed at
determining whether appropriately carboxy-activated, short
peptides and long, 310 helical peptides, based on chiral, Ca-
methylated a-amino acids, can react with proteinogenic

amino acids and favor the incorporation in the sequence of
one of their enantiomers over the other. Our investigation
focused on l-Iva and l-(aMe)Nva, as they are some of the
most abundant and frequently analyzed chiral Ca-methylated
a-amino acids in terms of ee value in meteoritic samples,[1–3]

and on l-(aMe)Val, as a representative of the highly sterically
hindered subclass of b-branched, Ca-methylated a-amino
acids which also includes l-(aMe)Ile and l-(aMe)aIle.[1–3]

There is a general agreement on the view that some sort of
chemical evolution occurred before the onset of life on Earth,
this evolution led to the formation of polymers, or at least
oligomers, of amino acids. Therefore, we developed a test
system based on homochiral homooligomers of Iva,
(aMe)Nva, and (aMe)Val (Figure 2). These peptides are
acetylated (Ac) at the N-terminus and activated as 5(4H)-
oxazolones (OXL) at the C-terminus. While N-acetylation
favors peptide solubilization in organic solvents and prevents

reactivity of the a-amino function, the use of OXL is because
they are generated to a significant extent from Ca-methylated
a-amino acid residues by nearly all activation methods used
for peptide-bond formation.[20] In particular, oxazolones are
easily produced by intramolecular dehydration of Ca-methy-
lated peptides with a free carboxy terminus. Thus, oxazolones
represent an almost unavoidable entry to prebiotic peptide
formation involving Ca-methylated a-amino acids. These
peptide oxazolones were allowed to react with a large
excess (8 equiv) of the racemate of a representative protei-
nogenic amino acid or its methyl ester (e.g. H-dl-Val-OH or
H-dl-Val-OMe). Formation of the two resulting diastereo-
meric peptides (differing by the chirality of the incorporated,

Figure 1. Ca-Methylated a-amino acids found in significant l enantio-
meric excess in the Murchison and Murray meteorites. Chiral carbon
atoms are starred.

Figure 2. The test system developed for this study. Xxx represents a Ca-methy-
lated a-amino acid (R=ethyl: Iva; n-propyl: (aMe)Nva; iso-propyl: (aMe)Val),
while Aaa is a proteinogenic amino acid, either in its free form (Y=OH) or
protected as the methyl ester (Y=OCH3). The H-dl-Aaa-Y:Ac-(l-Xxx)n-OXL
molar ratio (in acetonitrile or acetonitrile–water mixtures) was 8:1, large
enough to ensure thermodynamic rather than kinetic control of the stereo-
chemical outcome of the reaction.
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C-terminal proteinogenic amino acid) was quantified chro-
matographically.

Initial experiments were performed in acetonitrile (a good
solvent for reaction and HPLC analysis of terminally blocked
peptides) with dipeptide oxazolones carrying one Ca-methy-
lated l-residue at the C-terminus and the achiral a-amino-
isobutyric acid (Aib, or Ca-methyl alanine), which is abundant
in chondritic meteorites,[21] at the penultimate position.
Homochiral tripeptides are preferentially formed. Diaster-
eoselection is temperature independent, and is comparable
for l-Iva and l-(aMe)Nva while it is significantly higher for
l-(aMe)Val (Table 1). By shifting the chiral residue to the
penultimate position [for example, Ac-l-(aMe)Val-Aib-
OXL] diastereoselection is completely suppressed (data not
shown). These results would suggest that the chiral residue
within the oxazolone ring is the only one involved in the
stereoselection process. However, the related homodipeptide
oxazolones behave differently (Table 1). The homochiral
diastereoselectivities are temperature dependent and signifi-
cantly lower than those obtained with the corresponding Ac-
Aib-l-Xxx-OXLs, particularly at 30 8C and for the l-
(aMe)Val oxazolone, thus pointing to a role of the penulti-
mate residue as well in the diastereoselection process. These
results can be explained on the basis of the reactant-like
nature of the transition state of the step leading to peptide-
bond formation through oxazolones,[22] and of the likely
occurrence of multiple conformers, differently populated at
different temperatures, for the homodipeptide oxazolones.
This occurrence of multiple conformers is particularly rele-
vant for the relatively large temperature effect observed for
the l-Iva homodipeptide oxazolone. Indeed, two independent
molecules are present in the X-ray diffraction structure of Ac-
(l-Iva)2-OXL,[23] differing by the signs of the f,y backbone
torsion angles at the penultimate residue.

Our investigation of the diastereoselection by the homo-
chiral, homopeptide oxazolones was extended to the pen-
tamer level for l-Iva and l-(aMe)Nva, and to the octamer for
l-(aMe)Val (Table 1). For the l-Iva series preferential
incorporation of the homochiral proteinogenic amino acid is
observed. Diastereoselectivity tends to level off at the
tetramer/pentamer level. In the l-(aMe)Nva series the l-
selectivity decreases slightly but steadily with increasing
peptide length, tending to a preference for the heterochiral

peptide at the pentamer level. For the l-(aMe)Val series
reversal of diastereoselection from l to d is found at the
trimer level, all longer oligomers giving large heterochiral
diastereoselectivities. Along this series the largest variation is
observed from trimer to tetramer.

These results led us to the hypothesis that the Ca-
methylated residue within the oxazolone ring and the
preceding one have opposite effects on diastereoselection.
More specifically, the chiral, Ca-methylated residue within the
oxazolone ring seems to favor the incorporation of the
proteinogenic amino acid of the same chirality, whereas the
preceding residue appears to preferentially induce formation
of the heterochiral peptide. On this basis, a peptide oxazolone
in which the penultimate and the C-terminal residues are of
opposite chirality (e.g. l–d) should show an increased
selectivity (compared to the l–l sequence) for the d-isomer
of the proteinogenic amino acid. Indeed, the reaction of Ac-
[l-(aMe)Val]2-d-(aMe)Val-OXL with H-dl-Val-OMe in ace-
tonitrile at 80 8C gave a d-selectivity of 42% (not listed in
Table 1), significantly higher than the value of 14% obtained
for the corresponding all-l trimer. The inversion of chirality at
the C-terminal residue in the N-terminal acetylated (aMe)Val
tetramer led to a variation of the d-selectivity in the same
direction as in the above experiment with the trimer, but of
much lower magnitude, from 47% for Ac-[l-(aMe)Val]4-
OXL to 50% for Ac-[l-(aMe)Val]3-d-(aMe)Val-OXL (the
latter is not listed in Table 1). However, we already noted for
the all-l (aMe)Val series a sharp increase in heterochiral
diastereoselectivity as the result of main-chain elongation
from trimer to tetramer, which suggests the contribution of a
conformational effect which may take place at the level of the
tetramer.

N-terminal-acylated homotripeptides from Iva,
(aMe)Nva, and (aMe)Val fold into b turns,[24] stabilized by
an intramolecular hydrogen bond between the NH group of
the third residue and the carbonyl oxygen of the acyl group.
Consecutive b turns are formed by the higher homologues,
giving rise to 310 helices.

[19,25,26] The l configurations of
(aMe)Nva and (aMe)Val promote the onset of turns and
helices with a largely predominant right-handed screw sense.
For Iva, the amino acid of this family with the smallest
difference in length between the two side chains, the
relationship between residue chirality and helical screw

Table 1: Chirality of the incorporated proteinogenic amino acids in the reaction products Ac-Aib-Xxx-d,l-Val-OMe or Ac-(Xxx)n-d,l-Val-OMe from the
peptide oxazolones Ac-Aib-Xxx-OXL or Ac-(Xxx)n-OXL and H-dl-Val-OMe in acetonitrile solution at 80 8C (or 30 8C, in parentheses).[a]

Peptide oxazolone X [%] Peptide oxazolone X [%] Peptide oxazolone X [%]

Ac-Aib-l-Iva-OXL +25 (+25) Ac-Aib-l-(aMe)Nva-OXL +23 (+23) Ac-Aib-l-(aMe)Val-OXL +45 (+45)
Ac-(l-Iva)2-OXL +17 (�3) Ac-[l-(aMe)Nva]2-OXL +16 (+13) Ac-[l-(aMe)Val]2-OXL +12 (+7)
Ac-(l-Iva)3-OXL +12 Ac-[l-(aMe)Nva]3-OXL +10 Ac-[l-(aMe)Val]3-OXL �14
Ac-(l-Iva)4-OXL +20 Ac-[l-(aMe)Nva]4-OXL +8 Ac-[l-(aMe)Val]4-OXL �47
Ac-(l-Iva)5-OXL +22 Ac-[l-(aMe)Nva]5-OXL �3 Ac-[l-(aMe)Val]5-OXL �44

Ac-[l-(aMe)Val]6-OXL �54
Ac-[l-(aMe)Val]7-OXL �58
Ac-[l-(aMe)Val]8-OXL �56

[a] Xxx=l-Iva, l-(aMe)Nva, l-(aMe)Val; the X values (defined as % l�% d, where l and d refer to the chirality of the incorporated proteinogenic
amino acid) were determined by HPLC. For the assignment of the eluted peaks each diastereomer was prepared separately and used as a standard.
The reported X values are the average of three independent experiments. Reproducibility is within 2%.
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sense is somewhat ambiguous.[19, 26,27] In anN-acylated peptide
oxazolone, with the C-terminal residue lacking the hydrogen-
bonding donor NH group, the minimal main-chain length
required for the formation of a single b turn is four residues.[28]

Peptide oxazolones based on Ca-methylated residues and
longer than tetramers are expected to fold into 310 helices.
Indeed, we show herein that in the crystal state the octameric
oxazolone Z-[l-(aMe)Val]8-OXL (Z, benzyloxycarbonyl) is
folded into a right-handed 310 helical conformation (Figure 3).
The three-dimensional structural results reported herein,
along with the conformational preferences of Ca-methylated
peptides[17–19,25–27] (discussed above), support BadaEs hypoth-
esis[14] that if these peptides had some role during the origin of
biological stereochemistry, then initially life may, at least in
part, have been based on a different polypeptide architecture
(the 310 helix, instead of the classical a helix promoted by the
proteinogenic Ca-hydrogen amino acids).

Overall, peptide oxazolones with a longer main-chain
length and a bulky side chain (for example, as in l-(aMe)Val)
preferentially incorporate a proteinogenic amino acid of the
chirality opposite to that of the Ca-methylated residues,
whereas a shorter main chain and a less bulky side chain in the
peptide oxazolone (for example, as in l-Iva) direct the
stereoselection towards the proteinogenic amino acid of the
same chirality, but with lower efficiency. Such a bimodal
distribution of diastereoselectivity is substantially retained in
acetonitrile–water mixtures, as indicated by reactions of
selected peptide oxazolones with either H-dl-Val-OMe or
the racemates of the free amino acids Val, Phe, and Leu
(Table 2), the free amino acids being prebiotically more
relevant than their methyl esters. Thus, the stereochemical
implications of our results are not hampered by addition of
water (up to 70%) to the reaction medium. Water, either in
bulk or at the interface with organic layers, lipid vesicles, or
mineral surfaces, is included in all
current models of prebiotic chem-
ical evolution on Earth.[29–32] Ace-
tonitrile itself may be not fully
devoid of prebiotic relevance, as
its occurrence in comets has been
reported.[33]

Prebiotic chemical evolution
towards the emergence of peptides
is thought to have occurred
through a combination of cycles
of peptide-bond formation and
hydrolysis. A peptide bond
between two Ca-methylated a-
amino acid residues is sterically
better protected from hydrolytic
cleavage than a bond between a Ca-methylated and a
proteinogenic amino acid residue. Thus, it is likely that the
proteinogenic amino acids incorporated at the C-terminus of
Ca-methylated peptide chains might have been subsequently
released through hydrolysis to a greater extent than those
released by the hydrolytic degradation of the fully Ca-
methylated peptide chains. This process would seem to
leave the racemic state of the prebiotic soup unaffected.
However, significant epimerization can be expected to occur

in between incorporation and release of the proteinogenic
amino acids, as a proteinogenic amino acid C-terminal to a
peptide chain, upon activation, may undergo cyclization to
oxazolone, thus becoming highly prone to racemization.[34]

Therefore, the chiral imbalance generated in the prebiotic
soup of proteinogenic amino acids by their stereoselective
incorporation into the Ca-methylated peptides can be
retained to an extent which is directly proportional to the
occurrence of oxazolone-mediated racemization of the pro-

Figure 3. X-ray diffraction structure of Z-[l-(aMe)Val]8-OXL. Only
oxygen and nitrogen atoms are labeled. The five intramolecular C=

O···H�N hydrogen bonds are indicated by dashed lines. The right-
handed 310 helix encompasses amino acid residues 1–6. The seventh
residue, external to the helix, adopts a conformation with a screw
sense opposite to that of the preceding residues. As a result, the oxa-
zolone ring (N8,07,08) protrudes out of the helical envelope. Residue 8
is part of the oxazolone ring. The normal to the average plane of the
oxazolone ring is nearly perpendicular to the helix axis.

Table 2: Chirality of the incorporated proteinogenic amino acids in the reaction products of selected N-
acetylated, Ca-methylated peptide 5(4H)-oxazolones with racemic proteinogenic amino acids or their
methyl esters (H-dl-Aaa-Y) in H2O/CH3CN solution.[a]

Peptide oxazolone H-dl-Aaa-Y X [%] Solvent T [8C]

Ac-Aib-l-(aMe)Val-OXL H-dl-Val-OMe +30 30% H2O/CH3CN 50
Ac-[l-(aMe)Val]5-OXL H-dl-Val-OMe �40 30% H2O/CH3CN 50
Ac-[l-(aMe)Val]5-OXL H-dl-Val-OMe �40 70% H2O/CH3CN 80
Ac-Aib-l-(aMe)Val-OXL H-dl-Val-OH +7 50% H2O/CH3CN 80
Ac-[l-(aMe)Val]5-OXL H-dl-Val-OH �33 50% H2O/CH3CN 80
Ac-[l-(aMe)Val]5-OXL H-dl-Phe-OH �16 50% H2O/CH3CN 80
Ac-[l-(aMe)Val]5-OXL H-dl-Leu-OH �42 50% H2O/CH3CN 80

[a] Y=OH, OMe; the X values are defined as % l�% d, where l and d refer to the chirality of the
incorporated proteinogenic amino acid.
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teinogenic amino acids prior to their cleavage from the Ca-
methylated peptide chain. Such a process could have been
repeated in cycles, with Ca-methylated peptides providing a
stable source of chiral bias. In the long run, the overall result
would have been the enrichment of the primordial soup in
proteinogenic amino acids of the chirality opposite to that
preferentially incorporated by the Ca-methylated peptide
chains. If the d-incorporation prevailed, then through ampli-
fication mechanisms[35–40] the l-homochirality of life could
have emerged.

In summary, our experimental results indicate the possi-
bility that the proteinogenic amino acid homochirality on
Earth may have originated from meteoritic Ca-methylated a-
amino acids and that the 310 helical structure may have played
a significant role in this process, although concurrent or
alternative pathways[40–42] leading to the same final scenario
are not excluded by the present results.
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Cyclization

Deletion of the Gly600 Residue of
Alicyclobacillus acidocaldarius Squalene
Cyclase Alters the Substrate Specificity into that
of the Eukaryotic-Type Cyclase Specific to
(3S)-2,3-Oxidosqualene**

Tsutomu Hoshino,* Kunio Shimizu, and Tsutomu Sato

The acyclic molecule squalene (1) is cyclized into the
pentacyclic triterpenes, hop-22(29)-ene (2) and hopan-22-ol
(3 ; ca 5:1) by squalene–hopene cyclase (SHC) from prokary-
otic species (Scheme 1).[1] The polycyclization reaction pro-
ceeds with regio- and stereochemical specificity under precise
enzyme control to form the 6/6/6/6/5-fused pentacyclic ring
system and nine new stereocenters. The polycyclization
mechanism is analogous to that of eukaryotic oxidosqualene
cyclases (OSCs).[1] SHC folds 1 into the all pre-chair
conformation (a product-like conformation) inside the
enzyme cavity, which leads to the final hopanyl cation
through sequential ring-forming reactions. The proton elim-
ination occurs exclusively from (23Z)-Me, but not from theE-
Me, to form 2.[1a, 2a] A nucleophilic attack by a water molecule
on the cation affords 3.

Recent three-dimensional X-ray crystallographic analy-
ses[3] and site-directed mutagenesis experiments[1a,b] have

provided deeper insights into the polycyclization mechanism.
Studies with the substrate analogues have also given impor-
tant information on substrate recognition.[1, 2] The reaction
cavity is lined with aromatic amino acid residues.[3] Substrate
specificity of bacterial SHCs is remarkably broad. Com-
pounds (3S)-4 and (3R)-oxidosqualenes 7 undergo the poly-
cyclization reactions to form 3b- and 3a-hydroxyhopenes (5
and 8 ; ca. 1:1) and hopanediols (6 :9 ; ca. 1:1), respectively, by a
similar cyclizationmechanism as 1. Formation of theA-ring of
5 (scheme 1) proceeds by the chair conformation, while that
of 8 by the boat structure.[2a]

In contrast to bacterial SHCs, eukaryotic OSCs selectively
recognize 4 as the substrate, and never accept 1 and 7.[1]

Figure 1 shows a comparison of the amino acid alignment of
some SHCs and OSCs. Gly600 is highly conserved among
SHCs, but absent in OSCs.[1a,b,4] To investigate the role of the
G600 from Alicyclobacillus acidocaldarius, we constructed
the Gly600-deletion mutant (DG600SHC) and then incu-
bated with 1 or a racemic mixture of 4 and 7. Interestingly, 1
and 7 were completely inert to the mutated cyclase (< 0.2%
detection limit), while 4 underwent the cyclization to mono-
and tricyclic skeletons which have a 3b-hydroxy group. It is of
note that the prokaryotic squalene cyclase could be altered
into eukaryotic-type one, the substrate of which is limited to
4.

The DG600SHC was constructed by using the polymerase
chain reaction (PCR), in which oligonucleotide primers were
designed in inverted tail-to-tail directions to amplify the

cloning vector together with the target sequence.[5] One mg
each of 1 or the racemic mixture of 4 and 7 was incubated at
40–70 8C for 16 h with 1 mL of the cell-free homogenates
(ca. 200 mg of the pure mutated SHC). The reaction was
quenched by adding 15% KOH/MeOH and the lipophilic
products were extracted with hexane. The GC analysis
showed that no cyclization products were present in the
incubation mixture from 1 (< 0.2% detection limit). On the
other hand, six major products were detected in that of the
racemate (4 and 7; total yield, 32%). The optimum catalytic

Scheme 1. Polycyclization pathway of squalene (1), (3S)-4, and (3R)-oxidosqualene (7) into the hopane skeleton.
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temperature was 45 8C.[6] The distribution ratios [%] of
products 10–15 (Figure 2) was determined to be
11.3:2.9:2.9:3.4:8.6:2.9 and there was 68.0% recovered sub-

strate, by the GC analysis. Products 10 and 13–15
were isolated in a pure state by the combination of
normal and reverse-phase HPLCs, but separation
of 11 and 12 was unsuccessful; column chromatog-
raphy on SiO2 impregnated with 5% AgNO3 gave
no separation. A mixture of acetates of 11 and 12,
prepared with Ac2O/py, (Ac= acetyl, py= pyri-
dine) was subjected to a careful column chroma-
tography on SiO2 (5% AgNO3) which lead to the
successful separation of 11 and 12 in part, but a
large portion was still mixed.

Structures of all the isolated products as shown
in Figure 2 were determined by NMR spectroscopy
(1H, 13C, DEPT, COSY 45, HOHAHA, NOESY,
HMQC, HMBC).[7] In particular, the H-3 signals of
all the products were dd (J= 10–12 and 5–6 Hz),
characteristic of axial–axial and axial–equatorial
spin–spin couplings, thus all the products have a 3b-
hydroxy group. Product 10 was identified as
achilleol.[8a] Products 11–15 have three allyl
methyl groups (dH = 1.69–1.88 ppm), which sug-
gests the involvement of a tricyclic ring skeleton.
Products 11 and 12 have a podiodatriene skele-
ton[8b] (podioda-8,17,21-trien-3b-ol for 11 and

podioda-9(11)-17,21-trien-3b-ol for 12). Compound 11 was
recently isolated as an Arabidopsis OSC product, and was
named thalianol.[8c] Compound 12 is a novel tricyclic triter-
pene. Product 13 is malabarica-14(27),17,21-trien-3b-ol. Diols
14 and 15 have a similar skeleton to 13 bearing a second
hydroxy group at C-14. The NOESY spectra of 13–15 clearly
indicated that the stereochemistry at C-13 of 13 and 15 is
opposite to that of 14 (13a-H for 13 and 15 ; 13b-H for 14).
Production of 3b-hyroxylated skeletons from the racemic
mixture, but no formation of 3a-hydroxylated one, indicated
that only 4 underwent cyclization, while the enantiomer 7 was
unaffected.[2] The recovered epoxysqualene, further purified
by normal-phase HPLC (hexane:2-PrOH= 100:2), showed
an [a]25D = ++ 1.17 (c= 0.84, EtOH), further verifying that 3S-
(�)-4was selectively converted.[9] Thus, the conversion of 4 by
the mutant cyclase was 64%.

Scheme 2 shows the mechanisms for the formation of
products 10–15. (3S)-Oxidosqualene 4 is cyclized into mono-

cyclic cation 16, then deprotonation
from Me-25 yields 10. Formation of
bicyclic cations 17 and 20 guides
further cyclization, leading to the 6/
6/5-fused tricyclic Markovnikov cati-
ons 18 and 21, respectively. The
deprotonation from Me-27 of 18
affords 13 (path a). Attack by water
on the C-14 cation gives diol 15
(path b). Sequential 1,2-shift reac-
tions of hydride and Me-26 of 18
give cation 19 (path c). Deprotona-
tion at C-9 of 19 gives 11 and hydride
shift of H-9 to C-8 and the proton
elimination of H-11 affords 12. The

Figure 1. Amino acid alignment of some triterpene cyclases. The
G598–Y605 alignment of A. acidocakdarius SHC corresponds to the
G694–C700 sequence of human OSC, and these sequences constitute
b-sheet domains.

Figure 2. Cyclization products of 4 by the DG600 mutant.

Scheme 2. Proposed polycyclization pathways of 4 into 10–15 ; see text for details.
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alternative route via 21 (path d) may be possible, but path c
would be favorable owing to the antiparallel rearrangement
reaction. A water attack on cation 21 gives 14. Previously we
have demonstrated that 21 (13b-H) is a true intermediate, but
18 (13a-H) is a false one.[1a,10a]

The lack of reaction of 1 and 7 suggests that the terminal
double bond of 1 and the epoxide ring of 7may have failed to
be in a close proximity to the D374XD376D377 motif,[10b]

which is responsible for the initiation of the polycyclization
reaction. The specific activity of the mutant enzyme for 4
significantly decreased (ca. tenfold),[6] compared to that of the
native SHC, which suggests the looser binding of the epoxide
ring of 4 to the mutant enzyme than to the wild-type. The
secondary structures of the b-sheet and a-helix domains[3,11]

(Figure 1) may be disorganized by the loss of the G600,
resulting in inappropriate positioning of F601,[10a] F605,[10c]

Y609,[10d,e] and Y612[10d,e] in the reaction cavity, which are
crucial for the sequential ring-forming reactions to give the
fully cyclized 2. Residues Y609 and Y612 are important in
forming 6/6-fused bicyclic cations 17 and/or 20,[10d,e] thus
monocycle 10 may have accumulated owing to the inappro-
priate positions of these residues. However, the Phe365,
aligned prior to the G600, would still be correctly placed in
the reaction cavity, which leads to the formation of 18 and 21
by the stabilization of cations 17 and 20.[12] The incorrect
placement of the F601 and F605 residues, which are essential
for the formation of tetra- and pentacycles,[10,12] would
interrupt the polycyclization reaction at the tricyclic ring
stage, possibly because of the decreased cation/p interaction.
A high production (24.2%) of the false intermediate 18 (13a-
H)[1a,10a] further indicated that the enzyme structure was
disordered in part.

There are a few reports on the altered substrate specificity
of the squalene cyclase. A triple mutant of D377C/V380E/
V381A,[13] a double mutant of D376C/C435S,[14] and the single
mutants[10b,15] of D374N and D376N had no effect on 1, but all
the mutants had a cyclization activity for both enantiomers of
4 and 7, albeit with significantly lower activity than the wild-
type, which indicates that all the mutants had no stereo-
specificity for the racemic epoxides. The decreased acidity of
the DXDD motif by the substitution with Cys or Asn would
have led to no reaction for 1 and to a lowered activity for 4
and 7. In contrast, the DG600mutant selectively accepts 4, but
has no effect on 7. Thus, the altered substrate specificity of the
DG600 mutant is completely different from those of the
previously reported mutants. The following differences are
also noted: The DG600 mutant still had the original DXDD
motif, and the location of the deleted G600 residue in the
reaction cavity is distal from the initiation site of the DXDD
motif.[3] The X-ray structure of the wild-type SHC, which was
cocrystallized with 2-azasqualene,[3c] shows that the G600 is
located in a close proximity to the D-ring formation site of 1.

Why did the DG600 SHC accept only 4? It is difficult to
get a clear answer to this question at the present time, but one
possible explanation is as follows. The recent study of the
homology modeling of human OSC,[16] based on the crystal
structure information of the wild-type SHC,[3] clearly indi-
cates that the b-sheet domain of the OSC, consisting of the
G694–C700 sequence (Figure 1), is more loosely packed

compared to that of the SHC, which is composed of the G598–
Y605 sequence.[16] Thus, the loss of the Gly600 makes the D-
ring formation region less compact. The loosely packed
domain structure of the mutant cyclase is more flexible, thus,
a somewhat free motion of the substrate molecules can be
allowed around the D-ring formation sites. The unconstrained
motion of the substrates will influence the positions of the
substrate heads; the epoxide ring of 4 could be located near to
the DXDD motif, but the terminal double bond of 1 and the
epoxide ring of 7 failed to have access to the motif. The
proposed working hypothesis would agree with the previous
reports[10e,17] that the folding conformation and the polycyc-
lization pathway of 1 are directed by the steric bulk size of
active sites. However, other factors may be also involved in
the alteration of substrate specificity. Further studies are
necessary including the X-ray crystallographic analysis and
the functional analyses of the related mutants, in order to gain
the exact answer for the altered substrate specificity.

In conclusion, this is the first example in which the
substrate specificity of prokaryotic cyclase could be success-
fully altered into that of the eukaryotic-type, which is quite
interesting from the evolutionary aspect of squalene cyclases.
This study is also indicates how eukaryotic cyclases selectively
accept 4. The rationally engineered mutagenesis of bacterial
SHC will lead to further creation of novel eukaryotic-type
cyclases.

Experimental Section
A plasmid of pBH, which was a pUC119 derivative having the
BamHI-HindIII fragment of shc gene (1623–1896 nucleotide posi-
tion),[10b,d] was used as a template. A pair of primers, 5’-
TTCCCAGGGGATTTCTACCTCGGC-3’ and 5’-GGTACCGGTG-
TAGTACGGCTCATCCCAGC-3’, was prepared for deleting a GGG
codon of Gly600. The bold ofG andA indicate the silent mutation for
creating Kpn I site (italics).

The enzyme purification and incubation conditions were carried
out according to the published methods.[10b,d]

The hexane extract from the incubation mixture was subjected to
column chromatography on SiO2 with a step-wise gradient elution of
hexane!hexane/EtOAc(100:10), to give residual oxidosqualene and
10 in a pure state, but the separation of 11–15 failed. Isolation of 14
and 15 was by normal-phase HPLC (hexane:2-PrOH= 100:2). A
reverse-phase HPLC eluting with THF/H2O (55:45) gave 13 in pure
state. As a next step, the acetate mixture of 11 and 12, prepared with
Ac2O/py, was subjected to a careful column chromatography on SiO2

(5% AgNO3) by eluting with hexane/EtOAc (100:0.05), leading to
the separation of 11 and 12 in part.

NMR spectra were recorded in C6D6, the chemical shifts being
relative to the solvent peak dH = 7.28 and dC = 128.0 ppm as the
internal reference for 1H and 13C NMR spectra, respectively. The
product distribution pattern was monitored by GC. GC-MS and MS
spectra were obtained with electronic impact at 70 eV using a DB-1
capillary column (0.32 mmJ30 m), the oven temperature being
elevated from 220 to 270 8C (3 8Cmin�1). Specific rotation values
were measured at 25 8C in EtOH. The CD spectra of the DG600 and
the wild-type SHCs were measured in a solution of 10 mm sodium
phosphate (pH 6.0) containing 0.6% Brij 35.
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Strained Molecules

The First Bicyclo[1.1.0]butane Dianion of Heavier
Group 14 Elements**

Vladimir Ya. Lee, Kazunori Takanashi,
Masaaki Ichinohe, and Akira Sekiguchi*

The concept of the so-called “non-classical” compounds,
which do not follow the generally accepted interpretation of
the chemical bonds from the viewpoints of geometry, valency,
and hybridization, is a fascinating topic in organic chemistry.[1]

Undoubtedly, among such non-classical molecules the highly
strained bicyclo[1.1.0]butane and tricyclo[2.1.0.02,5]pentane,
as well as their derivatives, are paramount examples of the
most long-standing and attractive challenges for organic
chemists (Scheme 1, A and B, respectively).[2,3] Particularly

important is the question of the nature of the bridging bond in
both compounds, which has been the subject of theoretical
investigations and debates during the last two decades,
especially for the derivatives of bicyclo[1.1.0]butane.[2] Exper-
imentally, the chemistry of bicyclo[1.1.0]butane, which has
been known since 1959, has been developed, and many
representatives of this unusual class of compounds, including
their heavy analogues, have been synthesized.[4] However, the
stable, charged derivatives (both anionic and cationic) of
bicyclo[1.1.0]butanes have remained elusive species until
now: neither bridgehead 1,3- (Scheme 1, C) nor bridging
2,4-dianions (Scheme 1, D) of bicyclo[1.1.0]butane have ever
been isolated and characterized.[5] Very recently we have
synthesized the 3D-1,2,3,4-disiladigermetene 1,[6] which
appeared to be a most promising candidate for reduction to
produce the corresponding dianion species. Indeed, by the
reaction of 1 with alkali metals, the heavy analogues of the
cyclobutadiene dianion were synthesized; their cyclic 6p-

Scheme 1. Highly strained non-classical compounds bicyclo[1.1.0]-
butane (A) and tricyclo[2.1.0.02,5]pentane (B) and bridgehead 1,3- (C)
and bridging 2,4-dianions (D) of A.
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electron system was demonstrated to be non-aromatic.[7] To
our surprise, the reduction of 1 with alkaline-earth metals
gave a totally different structure with the bicyclo[1.1.0]butane
2,4-dianion skeleton, these compounds were isolated in the
form of magnesium, calcium, and strontium salts, whose
synthesis and structural characteristics we report herein.
The reduction of 1 with an excess of metallic magnesium

or calcium in THF at room temperature resulted in the clean
formation of the corresponding magnesium and calcium
derivatives of tetrakis(di-tert-butylmethylsilyl)-1,3-disila-2,4-
digermabicyclo[1.1.0]butane-2,4-diide 2a,b isolated as highly
air- and moisture-sensitive, bright orange crystals (Scheme 2).
Of note is that both 2a and 2b can be prepared alternatively
by the reaction of the dipotassium salt 3[7] with MX2 (M=Mg,
X=Br; M=Ca, X= I) in THF (Scheme 2). Employing this
synthetic approach, we were able to synthesize dianion 2 with
strontium as the coordinating counterion, compound 2c.
Reflecting their symmetrical structure, 1H and 13C NMR

spectra of 2a–c have only two sets of signals for the two kinds
of tBu2MeSi substituents. The arrangement of the Si atoms at
the bridgehead positions of 2 was clearly evident from the 29Si
NMR spectra, which show their very diagnostic greatly
upfield-shifted signals: �231.9 ppm for 2a, �220.2 ppm for
2b, and �225.2 ppm for 2c.

The composition of all of the alkaline-earth-
metal derivatives 2a–c was unambiguously estab-
lished by X-ray crystallography, as shown in
Figure 1 for 2a.[8] With a capping alkaline-earth
metal playing a bridge role, bicyclo[1.1.0]butane
dianions 2 actually acquire the properties of
tricyclo[2.1.0.02,5]pentane derivatives (Scheme 1,
B). This relationship was clearly demonstrated by
consideration of the structural characteristics of
the Si2Ge2 skeleton of 2 : 1) the Si�Si bridging bonds are a
little shortened in comparison with the normal Si�Si bond
length, 2.3181(15) C (2a), 2.323(2) C (2b), and 2.3304(15) C
(2c); 2) the interplanar angles f (see Scheme 1) are acute:
98.90 (2a), 102.30 (2b), and 104.90 for (2c); 3) bond angles q

are wide: 133.65(6) and 135.75(7) (2a), 132.76(9) and
132.89(9) (2b), and 128.60(8) and 136.42(8) (2c). All of
these structural features match the properties of tricy-
clo[2.1.0.02,5]pentanes (Scheme 1, B),[3] in which a small
interplanar angle f forces the hybrid orbitals of the bridged
atoms towards each other to form short bent C�C bridging
bonds. However, such a short Si�Si bridging bond in dianions

2a–c is in complete contrast to our previously
reported tricyclo[2.1.0.02,5]pentane analogue,
which has an extremely long Ge�C bridging
bond,[9] owing to its significant biradical charac-
ter.
The mechanism for the formation of com-

pounds 2may involve the initial reduction of the
starting material 1 with alkaline-earth metals to
form 4, which has a bicyclo[2.1.0]pentene skel-
eton (Scheme 3). Valence isomerization to
release the inherent strain of 4 might be imag-

ined as the next step, to produce the cyclopentadiene-like
compound 5, which finally undergoes intramolecular cross
[2+2] cycloaddition to form tricyclo[2.1.0.02,5]pentane deriv-
atives 2.[10] Starting from the cyclobutadiene dianion dipotas-
sium salt 3, the reaction with metal halides MX2 resulted in
the initial formation of 4, following the isomerization steps
described above. Such conclusions are supported by theoret-
ical calculations, which showed that of all the cyclic
R4Si2Ge2Mg isomers 4, 5, and 2 (R= SiH3), the tricy-
clo[2.1.0.02,5]pentane 2 is the most stable compound (0 kcal
mol�1), compared with the cyclopentadiene 5 (+ 12.12 kcal
mol�1) and the bicyclo[2.1.0]pentene 4 (+ 12.39 kcalmol�1).[11]

Scheme 2. Synthesis of 1,3-disila-2,4-digermabicyclol[1.1.0]butane-2,4-diide derivatives 2a–c.
R=SiMetBu2.

Figure 1. Structure of 2a (ORTEP plot, thermal ellipsoids set at 30 %
probability; hydrogen atoms omitted for clarity). Selected bond
lengths [F] and angles [8]: Si1-Si3 2.3181(15), Si1-Ge2 2.4911(11), Si1-
Ge4 2.4480(11), Si3-Ge2 2.4691(12), Si3-Ge4 2.4523(12), Ge2-Mg1
2.7664(15), Ge4-Mg1 2.6259(14); Si3-Si1-Ge2 61.66(4), Si1-Si3-Ge2
62.62(4), Si1-Ge2-Si3 55.72(4), Si1-Si3-Ge4 61.67(4), Si3-Si1-Ge4
61.86(4), Si1-Ge4-Si3 56.46(4), Si3-Si1-Si5 133.65(6), Si1-Si3-Si7
135.75(7), Ge2-Mg1-Ge4 75.59(4).

Scheme 3. Proposed mechanism of formation of 2.
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Experimental Section
2a : The mixture of 1 (96 mg, 0.106 mmol) and excess magnesium
(35 mg, 1.44 mmol) in dry oxygen-free THF (2 mL) was stirred for
two days at room temperature, during which time the color of the
reaction mixture turned from yellow to dark brown. After filtration
and evaporation of solvent from the filtrate, recrystallization from
hexane–THF gave 2a as bright-orange crystals (83 mg, 73%). M.p.
205 8C (dec.). 1H NMR (400 MHz, [D8]THF, TMS): d = 0.16 (s, 6H,
Me), 0.30 (s, 6H, Me), 1.16 (s, 36H, tBu), 1.19 ppm (s, 36H, tBu);
13C{1H} NMR (100 MHz, [D8]THF, TMS): d =�2.6, �1.6, 22.4, 22.7,
31.4, 31.5 ppm; 29Si{1H} NMR (79 MHz, [D8]THF, TMS): d =�231.9
(bridgehead Si), 22.5 and 34.5 ppm (substituent Si).

2c : The mixture of 3 (127 mg, 0.106 mmol) and excess SrI2
(60 mg, 0.176 mmol) in dry oxygen-free THF (2 mL) was stirred for
2 h at room temperature, during which time the color of the reaction
mixture turned from dark green to orange. After filtration and
evaporation of solvent from the filtrate, recrystallization from THF
gave 2c as bright-orange crystals (95 mg, 74%). M.p. 137 8C (dec.).
1H NMR (400 MHz, [D8]THF, TMS): d = 0.14 (s, 6H, Me), 0.22 (s,
6H, Me), 1.16 (s, 36H, tBu), 1.21 ppm (s, 36H, tBu); 13C{1H} NMR
(100 MHz, [D8]THF, TMS): d =�1.9,�1.7, 22.6, 22.9, 32.1, 32.3 ppm;
29Si{1H} NMR (79 MHz, [D8]THF, TMS): d =�225.2 (bridgehead Si),
21.1 and 33.6 ppm (substituent Si).
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Porous Structures

Ligand-Functionalized Core/Shell Microgels with
Permselective Shells**

Satish Nayak and L. Andrew Lyon*

Recently the field of nanotechnology has received immense
attention, which in part is owed to its potential impact on
biotechnology. Nanometric materials find application in many
fields such as chemical sensing[1] and biosensing,[2] catalysis,[3]

optics,[4] separations,[5] and drug delivery.[6] Nanomaterials
offer advantages in such arenas owing to the potential for new
or enhanced optical, chemical, mechanical, or electrical
properties. Of particular interest is the creation of multifunc-
tional nanoparticles, which contain multiple chemistries such
that they interact with their environment in a more-complex
fashion. Here we report the synthesis of a well-defined, yet
chemically and topologically complex colloidal particle. This
structure comprises a porous, thermosensitive hydrogel
“core” particle that is modified with a ligand (biotin). This
particle is contained within a porous, thermoresponsive
hydrogel “shell” that sterically excludes the transport and
binding of the protein avidin, for which biotin is a tight-
binding ligand. However, by using a cross-linker that can be
chemically cleaved in the shell, the ability of avidin to

penetrate the particle and bind to the core can be chemically
tuned with a high degree of fidelity.

The polymer used in the construction of these particles is
mainly composed of poly(N-isopropylacrylamide)
(pNIPAm), which is a classic stimuli-responsive polymer.[7]

Materials fabricated from pNIPAm are often deemed to be
“smart” because they can be tuned to respond to temper-
ature,[8] pH,[9] light,[10] ionic strength,[11] or biomolecules.[12]

pNIPAm can be cross-linked into nanoparticles by emulsion
or precipitation polymerization processes with good size
control over the range 10�8–10�5 m.[13] We have developed
precipitation polymerization methods to create a class of
core/shell hydrogel particles derived from pNIPAm. The
specific concept employed for the chemically and topologi-
cally complex particles presented herein is shown in
Scheme 1. A biotinylated hydrogel core nanoparticle is
coated with a hydrogel shell that contains the cleavable
cross-linker N,N’-(1,2-dihydroxyethylene)bisacrylamide
(DHEA). At the initial cross-link density, the pore size of
the shell is too small to allow avidin molecules to pass through
to the core where they bind biotin. Upon chemical cleavage of
the cross-links, the pore size increases enough to allow avidin
to pass through and bind biotin.

We have previously synthesized core/shell hydrogel nano-
particles by a multistage “seed and feed” method, whereby
preformed thermoresponsive hydrogel nanoparticles are used
as seeds for the addition of either chemically similar or

distinct hydrogel shells.[14] In the present study, the core is
predominantly composed of pNIPAmwith acrylic acid (AAc)
as a minor component (10 mol%). The acid groups are used
for attaching biotin to the nanoparticles by carbodiimide
coupling (see the Experimental Section in the Supporting
Information). These biotinylated cores are then used as seed
particles to which a shell is added. The shell also consists of
pNIPAm, but it is cross-linked with the cleavable diol cross-
linker DHEA. Traditionally, bulk gels that are cross-linked
with DHEA have been used for electrophoretic protein

Scheme 1. A NIPAm/AAc core is biotinylated with biotin hydrazide and EDC, followed by addition of a NIPAm/DHEA shell. The cross-linker den-
sity of the shell is such that the pore size is smaller than the avidin–HABA complex which prevents the protein from passing through the shell.
Upon treatment with periodate, the DHEA cross-linker degrades which subsequently increases the pore size to allow passage of avidin–HABA
complex molecules. The Kd value for avidin–HABA (10�6) is higher than the Kd value for avidin–biotin (10�15). Therefore, HABA is released from
avidin when biotin binds to avidin. The binding is detected by UV/Vis spectroscopy. NIPAm= N-isopropylacrylamide, AAc=acrylic acid, EDC=1-
ethyl-3-(3-dimethylaminopropryl)carbodiimide, DHEA= N,N’-(1,2-dihydroxyethylene)bisacrylamide, HABA=2-(4’-hydroxyazobenzene)benzoic acid.
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separation.[15] As the vicinal diols in the cross-linker can be
cleaved by stoichiometric amounts of sodium periodate, the
pore size of the gel can be varied quantitatively by degrada-
tion of the cross-linker (Scheme 2). Figure 1 shows the

variation in the hydrodynamic radius (Rh) of the core/shell
particle as a function of cleavage of the cross-links in the shell
measured at 25 8C (filled circles). The filled squares represent
the Rh values for the core. From this we see that the initial Rh

value of the core is � 115 nm, whereas that of the core/shell
particle prior to the addition of periodate is � 150 nm. Upon
addition of periodate to the solution, the shell swells as
suggested by the increase in the Rh values of the core/shell
particle as a function of periodate concentration. This is
expected, as a decrease in the concentration of cross-links in
the network should result in a larger equilibrium swelling
volume. Ultimately, the Rh value of the core/shell particle
increases by � 20 nm following complete cleavage of the
periodate cross-links.

To detect the sieving of avidin through the shell we used
the colorimetric 2-(4’-hydroxyazobenzene)benzoic acid
(HABA) assay.[16] Four equivalents of HABA bind weakly
to avidin at the biotin binding site (Kd = 10�6m),[17] and the
resultant complex shows an absorption band at l = 500 nm. In
the presence of biotin, HABA is displaced from avidin (Kd =

10�15m for the avidin–biotin system),[18] and the intensity of
the absorbance band at l = 500 nm decreases. Figure 2 shows

the absorption spectra of the avidin–HABA complex in the
presence and absence of biotinylated core particles. The
amount of biotin conjugated to the core particle was
determined by titration of the acid groups before and after

conjugation. Subtracting the number of
moles of acid in the biotinylated sample
from that in the non-biotinylated
sample reveals that � 160 mg of biotin
is conjugated to one gram of core
particles. From the avidin–HABA
assay, only � 25 mg of biotin was deter-
mined to be available for binding to
avidin in one gram of core particles.
This means that only � 16% of avidin
is accessible from the total amount of
biotin conjugated to the polymer.

Figure 3 shows the variation in the absorbance of the
avidin–HABA complex at l = 500 nm as a function of the
ratio of the concentrations of periodate/DHEA for particles
with 20, 15, and 2% cross-linked shells. For the 20% cross-

Scheme 2. Structure of the cleavable polymer. Sodium periodate cleaves the 1,2-glycol bond of
DHEA through oxidation of the vicinal diols to aldehydes.

Figure 1. Hydrodynamic radius (Rh) of the core/shell particles (*) as a
function of the ratio of periodate:DHEA. The Rh of the core is repre-
sented by &. The error bars represent one standard deviation about
the average of five separate measurements.

Figure 2. Absorption spectra of avidin–HABA complex in the presence
(g) and in the absence (c) of biotinylated core particles.

Figure 3. Absorbance of the avidin–HABA complex at l =500 nm as a
function of the ratio of periodate:DHEA for 20% cross-linked shell par-
ticles (*), 15% cross-linked shell particles (~), 2% cross-linked shell
particles (!) and biotin-free control particles (&). The error bars repre-
sent one standard deviation about the average of three different sam-
ples.

Angewandte
Chemie

6707Angew. Chem. Int. Ed. 2004, 43, 6706 –6709 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


linked shell, the absorbance at l = 500 nm remains essentially
constant with increasing concentrations of periodate until
approximately 70% of the diol groups are cleaved. The
absorbance decreases precipitously beyond that concentra-
tion which is an indication of the displacement of HABA from
avidin by the core-bound biotin. This clearly implies that until
� 70% degradation, the pore size of the shell is not big
enough to allow the passage of avidin–HABA. At > 70%
degradation, the pore size becomes large enough to allow
avidin–HABA to pass through the shell and bind biotin.
Figure 3 also shows the variation in absorbance for control
particles that do not have a biotinylated core. No substantial
changes in the absorbance are observed for the control
samples which further confirms that the changes in the
absorbance observed for the biotinylated samples indeed
arise from the binding of biotin to avidin. The 15% cross-
linked shell shows the same trend as the 20% cross-linked
sample, but the decrease in absorbance starts slightly earlier.
This is presumably a result of the larger initial pore size in the
15% cross-linked shell relative to that in the 20% cross-
linked shell. For 2% cross-linked shells, the absorbance for
0% degradation is already lower than that for the 20% and
15% cross-linked samples, which were treated with a twofold
excess of periodate. This result indicates that the pore size for
this cross-linking density is so large that it renders the shell
permeable and thereby allows avidin to bind biotin in the core
without any degradation of the shell. The increased degree of
binding also suggests that more biotin molecules are acces-
sible to avidin, as the more-open network structure of the 2%
cross-linked shell imposes less steric hindrance to the trans-
port of the protein. Also, further degradation does not lead to
any substantial change in the absorbance which indicates that
almost all of the biotin molecules are already accessible to
avidin prior to any degradation.

To evaluate how a change in the radius of the protein
impacts transport through the particle shell, we used an
avidin–HRP (horseradish peroxidase) conjugate in which two
moles of HRP were conjugated to one mole of avidin. The
molecular weight of this conjugate is � 154 kDa (compare to
regular avidin: � 66 kDa). Avidin–HRP binds both biotin
and HABA with the same affinity as free avidin. Figure 4

shows the change in the absorbance at l = 500 nm of the
avidin–HRP–HABA complex as a function of the periodate/
DHEA ratio for the 20% cross-linked shell particles. No
significant decrease in absorbance is observed until an
approximately twofold excess of periodate is added to the
sample. Again, normal avidin begins to sieve through the shell
at � 70% degradation. This indicates that the avidin–HRP
complex is too big to sieve through the shell until all of the
cross-links are cleaved. Presumably, the excess periodate is
needed to drive the reaction in more highly cross-linked (less
accessible) regions of the particle shell; the reaction proceeds
under stoichiometrically equivalent conditions in free so-
lution.

In conclusion, we have demonstrated the synthesis of
complex hydrogel nanoparticles that bind to a protein
through both native protein–ligand interactions as well as
through steric sieving. These core/shell nanoparticles are
formed by a simple “seed and feed” polymerization method,
in which the shell has cleavable cross-links. The sieving of
proteins through the shell to the core is simply controlled by
the manipulation of the pore size of the shell through cleavage
of those cross-links. At a particular cross-linker density, only
avidin is allowed to sieve through the shell, whereas larger
protein structures are excluded from binding. Such nano-
particles could find applications in protein separation proc-
esses—the shell could essentially behave as a molecular-
weight cut-off membrane to eliminate the binding of macro-
molecules and assemblies that are larger than the protein of
interest. Affinity-based sensors and assays that are required
to work in complex biological fluids could also benefit from
size-selecting structures. Finally, the specific biotin–avidin
ligand/protein system used here has become important for a
wide range of surface modification and bioconjugation
methods. Thus, one could imagine applying this system to
the preparation of a wide range of microgel bioconjugates in
which access to the biomacromolecule can be reversibly
tuned.
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Enzyme Catalysis

An Oxidative Phenol Coupling Reaction
Catalyzed by OxyB, a Cytochrome P450 from the
Vancomycin-Producing Microorganism**

Katja Zerbe, Katharina Woithe, Dong Bo Li,
Francesca Vitali, Laurent Bigler, and John A. Robinson*

During the biosynthesis of vancomycin, three oxidative
phenol coupling reactions take place which lead to cross-
links between aromatic amino acid side chains in the
heptapeptide glycopeptide aglycone (Figure 1).[1] These
cross-links constrain the peptide into a conformation that is
optimal for binding to a N-acyl-d-Ala-d-Ala fragment, which
arises during bacterial peptidoglycan biosynthesis.[2] The
binding of vancomycin to N-acyl-d-Ala-d-Ala inhibits pepti-
doglycan biosynthesis, an event that is lethal for Gram-
positive bacteria.

Important information about the biosynthesis of glyco-
peptide antibiotics has been revealed through the analysis of
biosynthetic gene clusters, in particular those of chloroer-
emomycin[3] and balhimycin.[4] Gene knockout experiments in
the balhimycin producer (balhimycin shares the same agly-
cone with vancomycin) identified three oxygenase genes
(oxyA, oxyB, and oxyC) in the cluster which encode
cytochrome P450-like proteins and which are responsible
for the three oxidative phenol coupling reactions (Figure 1).[5]

These knockout experiments indicated the order in which the

three coupling reactions occur. The first coupling occurs
between rings C and D and is catalyzed by OxyB, the second
reaction occurs between rings D and E and is catalyzed by
OxyA, and the final coupling reaction takes place between
rings A and B and is catalyzed by OxyC.[6,7] So far, however,
the preferred substrates of OxyA–C and hence at which step
in the biosynthesis the coupling reactions occur remain
unknown. Our earlier efforts to detect the turnover of the
linear heptapeptides 1a and 1b by OxyB cloned from the
vancomycin producer failed to reveal significant amounts of
any product that arises from a phenol coupling reaction.[8]

One reason for this failure might be that the phenol coupling
occurs in vivo whilst the peptide precursor is still attached as a
thioester to a peptide carrier domain (PCD) of the glycopep-
tide non-ribosomal peptide synthetase (NRPS). The enzyme
OxyB might, therefore, be unable to catalyze the coupling of
phenols on the free heptapeptide, but rather would require
the peptide to be present as a thioester derivative attached to
its cognate PCD (as in 2a and 2b). Here we report results
from experiments with OxyB from the vancomycin producer
Amycolatopsis orientalis that support this conclusion.

Figure 1. Outline of the biosynthesis of the glycopeptide antibiotic van-
comycin. NRPS=non-ribosomal peptide synthetase, PCD=peptide
carrier domain.
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In our hands, it has so far proven difficult to produce 2a or
2b in sufficient quantities to perform assays with OxyB.
Therefore, we sought to simplify the synthetic problem by
synthesizing and testing the derivative 8 (Figure 2). This

molecule comprises a hexapeptide 5, which contains tyrosine
in place of m-chloro-3-hydroxytyrosine, linked to the sixth
PCD from the vancomycin NRPS in Amycolatopsis orientalis
DSM40040. Although the exact point at which the chlorina-
tion steps take place is not yet clear,[9] the coupling reactions
of the phenols can occur on non-chlorinated peptide chains.[6]

Also, both non-chlorinated linear hexapeptide 10 and bicyclic
N-methylated hexapeptide 12 have been isolated from oxyB
and oxyC knockout mutants, respectively, although these
hexapeptides could conceivably arise by proteolytic degrada-
tion of a heptapeptide precursor in the fermentation broth.[5,6]

Of special interest, however, is the recent isolation of both the
chlorinated linear and (in particular) monocyclic hexapep-
tides, 11 and 13, respectively, from a mutant of the balhimycin
producer in which a substantial portion of the bpsC gene has
been deleted.[10] The bpsC gene is responsible for the
condensation of an NRPS-bound hexapeptide with the
NRPS-bound seventh amino acid 3,5-dihydroxyphenylgly-
cine. This last result clearly suggests that the corresponding
linear hexapeptide linked to the NRPS can act as a substrate
for OxyB.

The PCD we chose to produce here comprises 30 residues
on the N-terminal side and 52 residues on the C-terminal side
of the strictly conserved active site Ser residue.[11, 12] Further-
more, the Cys6 residue was modified to a Ser residue to avoid
problems owing to disulfide-bridged dimer formation. This
PCD, in its apo-form, was produced in Escherichia coli with a
His6 tag fused to the N terminus. The engineered apo-PCD
was then purified to homogeneity by Ni–NTA (nickel–
nitrilotriacetic acid) affinity chromatography followed by
anion exchange chromatography. Electrospray ionization
mass spectroscopy (ESI-MS) confirmed the expected mass
of the protein (m/z : calcd: 11034; found: 11033� 1
([M+H]+)).

The required hexapeptide 5 was synthesized by a concise
solid-phase method using Alloc ((allyloxy)carbonyl) chemis-
try.[13] This hexapeptide could then be converted at its
C terminus into the corresponding activated phenylthioester
6 by following a previously reported method (see Figure 2).[14]

For this step to work efficiently, it is important that the
N terminus is N-methylated (as in 6) because no further
protection is then necessary: the N-methylamino group does

Figure 2. Synthetic route to the substrate 8, and its assay with OxyB.
a) PhSH, PyBOP; 95%; b) CoASH, pH 8.5; 50%; c) apo-PCD, phos-
phopantetheinyl transferase Sfp; 95%; d)OxyB, ferredoxin, ferredoxin–
NADP+ reductase, NADPH, in air; e) NH2NH2. PyBOP= (benzotriazol-
1-yloxy)tripyrrolidinophosphonium hexafluorophosphate.
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not react with the thioester under these conditions. Next, the
phenylthioester 6 was converted into a coenzyme A (CoA)
thioester 7. The hexapeptide–CoA thioester was then treated
with the engineered apo-PCD and the phosphopantetheinyl
transferase Sfp from Bacillus subtilis.[15] The conversion into
the hexapeptide–PCD 8 was followed by reverse-phase
HPLC and found to proceed almost quantitatively. After
purification by HPLC, the mass of the product 8 was
confirmed by ESI-MS (m/z : calcd: 12239; found: 12239� 1
([M+H]+)). Upon treatment of the conjugate 8 with hydra-
zine, the thioester was cleaved, and the corresponding
hydrazide derivative 14 was isolated and characterized by
ESI-MS (m/z : calcd: 898.4; found: 898.4� 0.2 ([M+H]+)).

An N-acetylcysteamine thioester derivative (S-NAC) 15
was also prepared by the direct coupling of N-acetylcyste-
amine to 5 because S-NAC thioesters are frequently used as
simpler mimics of CoA and PCD thioesters.

To detect the turnover by OxyB, assays were performed
with 8 (80 mm) or other potential substrates in the presence of
His6-tagged OxyB[8] (15 mm), an engineered spinach ferre-
doxin, ferredoxin–NADP+ reductase (0.1 U, Sigma), an
NADPH-regenerating system that comprises glucose-6-phos-
phate (2.5 mm) and glucose-6-phosphate dehydrogenase (1 U,
Sigma), and NADPH (1 mm) in HEPES buffer (25 mm,
pH 7.0) at 30 8C. When the free peptide 5 was tested in this
way, no conversion into a monocyclic product could be
detected by HPLC/MS which is consistent with earlier
observations with putative free linear heptapeptide substrates
(1a and 1b).[8] Following assays with the PCD derivative 8,
the assay mixture was treated directly with excess hydrazine,
and the linear open chain and the monocyclic peptides, 14 and
9, respectively, were analyzed by HPLC/MS. Assays were also
performed with 6 and 7, but these failed to
reveal any conversion into a monocyclic
product. An assay with 15 revealed a small
degree of conversion (� 5%) into a new
product, whose molecular mass was lower
by 2 Daltons (by HPLC/MS). The extent of
conversion was too low, however, to allow a
full characterization of this product. Assays
with the PCD derivative 8, however, typi-
cally showed up to 80% conversion into a
new product (see Figure 3) to which we
assign the structure 9 (high-resolution pos-
itive-ion ESI-MS (APEX Qe FT-ICR mass
spectrometer (Bruker Daltonics) equipped

with a 7 tesla magnet); exact mass calcd for C45H54N9O11:
896.3943 ([M+H]+); found: 896.3938). No conversion of 8
into 9 took place under the assay conditions in the absence of
OxyB nor in the absence of ferredoxin and ferredoxin–
NADP+ reductase.

ESI-tandem mass spectra (ESI-MS/MS) of 9 and 14 are
consistent with the location of a cross-link between rings C
and D in the new product 9. Thus, 14 showed the expected
fragment ions b2, b3, b4, and b5, whereas 9 showed b2 and b3

fragments and additional z3, y4/z4, and y5/z5 fragments with the
expected (�2) masses (Figure 4).

The 1H NMR and 2D COSY, TOCSY, NOESY, and
ROESY spectra of 9 allowed a full assignment of the 1H NMR
spectrum (see Table 1) and strongly support the proposed
connectivity. From 2D spectra, the connectivity of the peptide
backbone was established by using standard methods.[16] Also,

Figure 3. Analysis by HPLC (UV/Vis detection; c=226 nm,
a=280 nm) of the products from the conversion of 8 with His6–
OxyB (see text for details). The peaks corresponding to linear (14) and
monocyclic (9) products are shown; *=unknown. HPLC conditions:
C18 Vydac column (218TP54), solvent A=water+0.1% TFA, sol-
vent B=MeCN+0.1% TFA, gradient 5–40% B over 20 min, flow rate:
1 mLmin�1. TFA= trifluoroacetic acid, MeCN=acetonitrile.

Table 1: 1H NMR chemical shift assignments (ppm, 500 MHz) of monocyclic peptide 9 measured in
[D6]DMSO at 300 K.

Residue NH C(a)�
H

C(b)�H Others

Leu1 8.60(br) 3.58 1.49, 1.37 CH(g)=1.46, CH3(d)=0.80, 0.73, NMe=1.96
Tyr2 8.81 4.78 2.96, 2.57 C(d)H=7.04, C(e)H=6.62, OH=9.17
Asn3 8.51 4.73 2.56, 2.38 N(d)H(E)=7.33, N(d)H(Z)=6.94
Hpg4 7.96 5.28 – C(g1)H=5.95, C(g2)H=6.62, C(d)H=6.76,

OH=9.40
Hpg5 8.89 5.21 – C(g)H=7.08, C(d)H=6.67, OH=9.40
Tyr6 7.30 4.62 2.90 C(d1)H=7.21, C(d2)H=7.27, C(e1)H=6.90,

C(e2)H=7.09
CONH.NH2 – – – 7.19, 7.08, 6.98
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the intact connectivity of the side chains of residues 1, 2, 3,
and 5 was apparent in the 2D spectra. However, the side
chains of residues 4 and 6 in this product had clearly been
altered relative to the starting hexapeptide 5 (see Figure 2 for
labeling of the rings, residues, and carbon atoms). The proton
at C(a) of residue 4 showed NOE connectivities to a singlet
peak at d = 5.95 ppm, which we assign to the hydrogen atom
at C(g1) in the aromatic side chain. This aromatic proton is
shifted upfield as expected from its close proximity to the face
of the aromatic ring C in residue 6 in 9 (see Figure 2). The
proton of the N-H group of residue 4 shows an NOE
interaction with the hydrogen atom at C(g2) in ring D, with
the latter hydrogen atom coupling to that at C(d) to give rise
to a doublet-of-doublets. In the case of residue 6, the protons
of the aromatic ring C appear as two sets of doublet-of-
doublets, which indicates hindered rotation of the aromatic
ring and thus renders the two sides diastereotopic as would be
expected for 9. A weak NOE interaction is also observed
between the hydrogen atoms at C(g1) in ring D and C(e2) in
ring C, respectively. At a later stage, we hope to prepare 9
synthetically to prove the identity of this enzymic product by
an alternative method, but at this point, the data from MS and
NMR spectroscopy experiments strongly support the pro-
posed structure of 9.

These results provide the first direct evidence that OxyB
can catalyze a phenol coupling reaction not on a free peptide
but rather on a peptide attached as a thioester to a PCD. A
simpler S-NAC thioester mimic, such as 15, is not sufficient to
render the peptide a viable substrate for OxyB. This further
suggests that at least the OxyB-catalyzed coupling reaction,
and perhaps all of the oxidative phenol couplings during
glycopeptide antibiotic biosynthesis, occur whilst the peptide
intermediates are attached to cognate PCDs within the NRPS
as suggested indirectly by the results from other studies.[10]

However, many unanswered questions remain. A key uncer-
tainty is whether the enzyme can also transform heptapep-
tides such as 2a and 2b (and whether this is more efficient), or
whether the first phenol coupling reaction occurs preferen-
tially on a hexapeptide (that is, before the last amino acid is
added to the chain by the NRPS). Renewed efforts should
now be made to prepare and perform assays with heptapep-
tide–PCD conjugates such as 2a and 2b. Evidence from gene
knockout experiments suggest already that the biosynthetic
enzymes may not have a strict substrate specificity.[10] Clearly,
a 3-hydroxy group in residue 6 is not necessary for the
coupling reaction that is catalyzed by OxyB to occur.
However, the influences of a b-hydroxy group and the
chlorine atom in the m-chloro-3-hydroxytyrosine residue
(compare 2a and 2b with 8) on the rate of the reaction
remain to be defined.

Received: July 12, 2004
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Carbenoid Reagents

Stereoselective Synthesis of Bicyclic Pyrrolidines
by a Rhodium-Catalyzed Cascade Process**

Ming Yan, Neil Jacobsen, Wenhao Hu,
Luisa S. Gronenberg,Michael P.Doyle,* John T. Colyer,
and Darren Bykowski

The synthesis of complex products by a reaction between
multiple components to form several carbon–carbon bonds in
one operation is a strategy that has received considerable
attention.[1] Often referred to as tandem or cascade processes,
these operations are useful for efficient molecular construc-
tions. Ylide chemistry with metal-stabilized carbenes has
provided numerous examples of these processes, often in the
context of dipolar cycloaddition reactions.[2] We recently
reported versatile heterocycle syntheses by reactions of aryl
and vinyl diazoacetates with aldehydes and imines catalyzed
by dirhodium(ii) acetate.[3] These reactions proceed through
the generation of an ylide intermediate to produce epoxides,
aziridines, dihydropyrroles, and, in select cases, dihydroaze-
pines with a high degree of stereoselectivity. More recently we
reported alternative pathways for the highly selective syn-
thesis of dihydropyrrole isomers that are catalyst depend-
ent.[4] During the course of this latter investigation, we
obtained the isomeric compounds 2a,b as minor products
formed from two carbene units derived from methyl styr-
yldiazoacetate and one imine (Scheme 1). However, the
structure of 2a,b was not determined. The constitution of
these compounds was surprising, as the combination of two
carbene units and an imine does not have precedence in diazo
chemistry[5] or ylide processes.[1f, 6] We now report the
structure of this unusual product, the optimization of the
reaction conditions to effect the synthesis of such compounds
in good yield and selectivity, and the preliminary evaluation
of the breadth of applicability of this reaction in synthesis.

The treatment of N-benzylidene-p-nitroaniline
(1.0 equiv) with methyl styryldiazoacetate (1.1 equiv) in the
presence of rhodium acetate (1 mol%) in refluxing dichloro-
methane gave a product mixture that contained two isomeric
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products whose structures were not fully revealed by their
spectra (Scheme 1). The crystallization of one isomer pro-
duced a single crystal, which was identified by X-ray
diffraction as 2a (Figure 1).[7] The relative stereochemistry

of the second isomer was confirmed by NMR spectroscopy to
be that of the trans diastereomer 2b.[8] No other isomers of 2
were observed.

Initial investigations focused on reaction stoichiometry
and the influence of substituents on the N-benzylidene p-Z-
aniline reagent on product formation in reactions with methyl
styryldiazoacetate (2.0 equiv). In these reactions the yield of
the bicyclic pyrrolidine was proportional to the number of
equivalents of styryldiazoacetate used (up to 2.0 equiv). The

highest yields of the bicyclic pyrrolidine were
obtained when Z was H (70% when the benzylidene
group was unsubstituted); imines with para substitu-
tents on the benzylidine moiety were selected for
further investigation of substitution effects on the
reaction (Table 1).[9]

Variation of the substituents on the benzylidene
group had no effect upon diastereoselectivity; how-
ever, the yield decreased with imines bearing elec-

tron-donating substituents. Exclusive formation of the cis
diastereomer of type 8 was observed when ortho-substituted
imines were used (Scheme 2).

Our previous investigations are consistent with the initial
step being the generation of an azomethine ylide through
reaction of the imine with a carbene unit formed by catalytic
dinitrogen extrusion from the diazo compound. Initially, we
considered the possibility that this ylide intermediate cyclized
to form a dihydropyrrole, which then reacted with a second
carbene unit to generate the bicyclic pyrrolidine. However,

Scheme 1. Synthesis of dihydropyrrole 1.

Figure 1. Crystal structure of 2a. Selected bond lengths [C] and angles
[8]: N1-C1 1.469(2), N1-C12 1.377(2), C1-C5 1.557(2), N1-C1-C2
114.9(2), C7-N1-C12-C17 5.5(2), C30-C7-C6-C24 32.9(2).

Table 1: Preparation of bicyclic pyrrolidines from N-benzylidene p-Z-
anilines.[a]

Ar Z Product a/b[b] Yield [%][c]

Ph NO2 2 54:46 18[d]

Ph H 3 54:46 70
Ph OMe 4 61:39 38
p-MeC6H4 H 5 52:48 51
p-ClC6H4 H 6 52:48 71
p-NO2C6H4 H 7 50:50 84

[a] A solution of methyl styryldiazoacetate (2.0 mmol) in CH2Cl2 (2 mL)
was added by a syringe pump over 1 h to a solution of [Rh2(OAc)4]
(0.01 mmol) and the imine (1.0 mmol) in CH2Cl2 (8 mL) at reflux.
[b] Determined by the integration of characteristic 1H NMR signals in the
range d =5.47–4.22 ppm prior to chromatography. [c] Combined yield of
product a and b after chromatography. [d] Compound 1 was isolated in
47% yield.

Scheme 2. Exclusive formation of the cis isomer in reactions with ben-
zylidene o-anisidines.
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the exposure of isolated 1 or 9 (formed from benzylideneani-
line and methyl styryldiazoacetate) to methyl styryldiazoace-

tate (1.1 equiv) under the standard reac-
tion conditions failed to produce any
quantity of the corresponding bicyclic
pyrrolidines, thus ruling out the interme-
diacy of the dihydropyrrole. Furthermore,
trans dihydropyrroles are formed with a
high degree of selectivity from styryldi-
azoacetate and N-benzylidine p-Z-anilines

(Scheme 1), whereas the bicyclic products 2–7 are mixtures of
cis and trans isomers and could therefore not be derived from
the trans dihydropyrrole isomer.

As dihydropyrroles are not intermediates in bicycle
formation, an alternative explanation is that the azomethine
ylide 10 reacts with a second metal–carbene unit prior to
cyclization. Reports by Davies and co-workers have shown
that rhodium(ii)-stabilized vinyl carbenes are capable of
undergoing nucleophilic attack at the vinylogous position.[10]

In a similar manner, this mode of nucleophilic addition of 10
to a rhodium(ii)-stabilized vinyl carbene would, after the
cascade ring closure of 11, generate the observed products
(Scheme 3).

To evaluate the propensity of the azomethine ylide to add
to a second carbene unit rather than cyclize to the dihydro-
pyrrole, we used an excess of the imine relative to methyl
styryldiazoacetate. When methyl styryldiazoacetate was
added to a tenfold excess of N-benzylideneaniline under
dilute conditions, the 1H NMR spectrum of the product
mixture showed a 39:36:25 ratio of 3a :3b :9.[11] That the
bicyclic pyrrolidine 3 remains the dominant product under
conditions which are designed to force cyclization to the
dihydropyrrole emphasizes the surprising efficiency of the
vinylogous intermolecular reaction. The efficiency of this
mode of reactivity was also illustrated upon attempts to trap
ylide 10 with a series of dipolarophiles. Similar azomethine
ylides have been trapped by electron-deficient olefins and
acetylenes in [3+2] cycloadditions.[2a] However, the addition
of methyl styryldiazoacetate to imines in the presence of
common dipolarophiles of this type, even in significant excess,
failed to provide the [3+2] cycloadducts.[12] The formation of
bicyclic pyrrolidines was observed in all cases.

We have recently begun to develop an asymmetric variant
of this reaction with chiral dirhodium catalysts; in initial
investigations N-benzylideneaniline and the Davies catalyst
[Rh2{(S)-dosp}4] were used.

[13] Although the yield of isolated
3a,b decreased to 12% with no significant change in the ratio

of diastereomers, 3b was formed with modest enantioselec-
tivity (25% ee).[14]

The potential for using simple, readily accessible starting
materials to form stereochemically complex systems in good
yields provides a new entry to nitrogen-based heterocycles. Of
particular note are the high levels of diastereoselectivity and
the promise of future progress in enantioselectivity. Attempts
to exploit this reactivity mode in the synthesis of other
heterocyclic systems are currently underway.
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13.5623(9) K, a = 112.090(2), b = 94.205(2), g = 104.502(2)o, V=
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0.0752 for 7343 unique reflections (q< 26.398) and 469 refined
parameters; final difference synthesis within � 0.231 eK�3.
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Nickel Compounds

Spectroscopic Elucidation of a Peroxo Ni2(m-O2)
Intermediate Derived from a Nickel(i) Complex
and Dioxygen**

Matthew T. Kieber-Emmons, Ralph Schenker,
Glenn P. A. Yap, Thomas C. Brunold, and
Charles G. Riordan*

The preparative chemistry and reactivity of Ni�Ox inter-
mediates has advanced significantly in the past few years with
the identification of a number of new structure types. The
most common synthetic approach, reaction of a nickel(ii)
precursor with H2O2, has yielded bis-m-oxo[1–4] and bis-m-
superoxo complexes.[4] An attractive alternate route utilizes
the reaction of nickel(i) complexes with O2. This strategy
relies on, and is limited by, the ability to prepare suitable
nickel(i) species. We have utilized this latter approach to
prepare [{(PhTttBu)Ni}2(m-O)2]

[5] (PhTttBu = phenyltris((tert-
butylthio)methyl)borate) and the related side-on bound
superoxo complex, [{PhTtAd}Ni(O2)] (PhTtAd = phenylt-
ris((1-adamantylthio)methyl)borate).[6] During the course of
these studies, we considered whether a m-peroxo Ni2 species
was a possible intermediate along the reaction trajectory
leading to the bis-m-oxo dimer. Lacking experimental evi-
dence, a m-h2,h2-peroxo bridged Ni2 dimer supported by the
tris(thioether) borato ligand was evaluated by density func-
tional methods.[7] This hypothetical species was deemed to be
of high energy, significantly destabilized (DH8= 32 kcal -
mol�1) relative to the bis-m-oxo dimer and, therefore, an
unlikely intermediate. Consequently, we turned our attention
to macrocyclic tetradentate ligands that coordinate in a planar
array, reasoning that such an attribute would render access to
the m-h2,h2-peroxo coordination more difficult. Herein, we
report on the successful pursuit of this strategy, which led to
the discovery of a Ni2(m-O2) complex in which the peroxo
moiety spans the metals in the m-1,2 mode.

Addition of dry O2 to [Ni(tmc)]OTf[8,9] (1; tmc= 1,4,8,11-
tetramethyl-1,4,8,11-tetraazadodecane, OTf= [CF3SO3]

�) in
THF or acetonitrile at room temperature resulted in a color
change from pale blue to clover green. The FT-IR spectrum of
the paramagnetic product (meff = 2.7(1) mB) included a prom-
inent new feature at 3628 cm�1 assigned to the ñ(O�H) mode
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of the [Ni(tmc)OH]+ ion. The assignment of a terminal
hydroxy species was confirmed by the independent synthesis
of [Ni(tmc)(OH)]OTf (2) by metathesis of [Ni(tmc)](OTf)2
and KOH. The ñ(O�H) band in the authentic sample of 2 was
observed at identical frequency as in the product of the
reaction between 1 and O2. Further, the corresponding
1H NMR spectra are nearly indistinguishable (see Supporting
Information). The monomeric nature of 2 was established
through X-ray diffraction analysis, Figure 1.[10] The geometry

of the isolated cation is square pyramidal with the amine
nitrogen atoms in the basal positions and the terminal
hydroxy group in the apical position. The Ni�N bond lengths,
which range from 2.116(2) to 2.138(2) B, are similar to those
found for other [Ni(tmc)X]+ species, all of which are high
spin, S= 1.[9] Compound 2 is the first mononuclear, terminal
hydroxy complex of nickel to be defined crystallographically;
nonetheless, the Ni�O bond of 1.955(2) B is consistent with a
hydroxy ligand. Further, the hydrogen atom of the hydroxide
was found in the difference Fourier map. Isotopic labeling
experiments have identified the sources of the hydroxy
oxygen and hydrogen atoms in 2. Addition of 18O2 to 1
generated the [Ni(tmc)(18OH)]OTf isotopomer as character-
ized by a new ñ(18O�H) band at 3617 cm�1 (ñ(16OH)/
ñ(18OH)= 1.003; calcd 1.003 for an isolated harmonic oscil-
lator). Oxygenation of 1 in CD3CN resulted in isolation of
[Ni(tmc)(OD)]OTf (2D) with ñ(O�D) at 2677 cm�1, identical
in magnitude to 2D prepared independently, implicating the
solvent as the source of the hydrogen/deuterium. The
magnitude of the isotopic shift is smaller than anticipated
based on reduced-mass considerations for an isolated har-
monic oscillator (ñ(OH)/ñ(OD)= 1.355; calcd 1.414).

Low-temperature oxygenation of 1 results in formation of
a red intermediate 3, as indicated by the clean optical
progression (isosbestic point at 388 nm, see Supporting
Information). In the UV/Vis spectrum, compound 3 is
characterized by lmax = 465 nm (inset Figure 2; eM =

2100m�1 cm�1 per nickel). The intermediate has a limited
lifetime at �45 8C in acetonitrile, decaying with t1/2 = 4 min.
This thermal instability precludes determination of the Ni:O2

stoichiometry by spectrophotometric titration. The proton
NMR spectrum of 3 in [D3]acetonitrile shows sharp, para-
magnetically shifted resonance signals at 228 K (Supporting
Information). Compound 3 is EPR silent between 4 and 77 K.
These magnetic data suggest an integer-spin ground state,
eliminating the possibility of a 1Ni:1O2 adduct, which would
have an S= 1/2 or 3/2 ground state. To further elucidate the

molecular structure of 3, resonance Raman (rR) studies were
performed. Excitation of 3 in resonance with the visible
absorption band (lex = 502 nm) at 77 K revealed two O2

isotope sensitive features; namely, an intense band at
778 cm�1 and a weaker peak at 479 cm�1. These features
shift to 735 cm�1 and 456 cm�1, respectively, in samples of 3
prepared with 18O2 (Figure 2). The frequency and isotopic

red-shift (�43 cm�1 (ñ(16O�16O)/ñ(18O�18O)= 1.058; calcd
1.060 assuming an isolated O�O harmonic oscillator) of the
dominant 778 cm�1 band are consistent with assignment of
this band as an intraperoxide stretch.[11–13] The lower fre-
quency mode is ascribed to the ñ(Ni�O)mode associated with
this peroxo intermediate, (ñ(Ni�16O)/ñ(Ni�18O)= 1.050;
calcd 1.048). The rR excitation profile of the 778 cm�1 mode
closely parallels the dominant absorption band, which leads to
the assignment of this absorption band as a peroxo!Ni2+

charge transfer (CT) transition. Together with the magnetic
properties, the rR features are indicative of a dimeric m-1,2-
peroxo formulation for 3 (Scheme 1).[14] We favor the trans
conformation because this core structure is generally adopted
by other unsupported peroxo-bridged species. Comparison
with vibrational data of other trans end-on peroxo dimers
lends credence to this assignment. In particular, in [{Cu(tm-
pa)}2(O2)]

2+ (tmpa= tris(2-methylpyridyl)amine)) the ñ(O�
O) and ñ(Cu�O) stretching vibrations are at 832 cm�1 and
561 cm�1, respectively.[12] The frequency of ñ(M�O) vibration

Figure 1. Molecular structure of the cation of 2 derived from an X-ray
diffraction analysis. Thermal ellipsoids are set at 30% probability. The
hydroxy proton was found in the Fourier difference map.

Figure 2. Resonance Raman spectra of 3 at 77 K obtained upon excita-
tion at 502 nm in THF (*); (c) prepared with 16O2, (a) prepared
with 18O2, offset: D(16O2 and 18O2) traces. Inset: overlaid optical spec-
tra of 1 (a) and 3 (c).

Scheme 1.
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is slightly lower than found in trans m-1,2-peroxo dimers of
copper(ii) and cobalt(iii)[15] which is consistent with a weaker
(that is, less covalent) metal–peroxo bonding interaction in
the Ni2 dimer owing primarily to the lower effective nuclear
charge of nickel(ii) relative to copper(ii) and cobalt(iii). Also,
3 differs from these other late-transition-metal examples in
that the nickel center does not have a ligand trans to the
peroxo group, as evidenced by the identical optical spectra of
3 in THF and CH3CN, thus arguing against solvent ligation to
the sixth coordination site. This lack of a trans axial ligand in 3
eliminates the possibility of mechanical coupling between the
Ni�O and Ni�Ltrans stretching motions, which otherwise could
lead to a slight upshift of the ñ(Ni�O) vibration. The relative
intensities of the Ni�O and O�O vibrational modes, specif-
ically the extreme enhancement of ñ(O�O), strongly suggest
that the kinematic coupling between the oxygen-derived
modes is substantial. DFT computational studies and a
normal coordinate analysis of 3 are underway to elucidate
further the nature of the Ni2(m-O2) unit and determine the
factors that control the electronic and vibrational character-
istics of this new chromophore.

In summary, we have identified a binuclear trans-m-1,2-
peroxo Ni2 dimer, a structural motif unknown previously in
nickel coordination chemistry, produced by reaction of a
nickel(i) precursor with O2. This structural assignment of 3 is
supported by EPR, NMR, and rR spectral characteristics as
well as DFT computations. Thermal decomposition of 3 in
CH3CN leads to 2, in which the atoms constituting the
hydroxide ligand derive from O2 and the hydrocarbon
solvent.

Experimental Section
2 : Potassium hydroxide pellets (1.30 g, excess) were added to a slurry
of [Ni(tmc)](OTf)2

[16] (380 mg, 0.619 mmol) in THF (� 15 mL). The
mixture was stirred for 1 h, resulting in a homogeneous green
solution. Themixture was filtered to remove the remaining KOH, and
the product was crystallized by diethyl ether vapor diffusion; 81%
yield (0.240 g, 0.499 mmol). Green crystals suitable for diffraction
analysis were obtained by vapor diffusion of pentanes into a saturated
THF solution. Elemental analysis calcd (%) for N4O4.6SNiC15F3H34.3

(2·(2/3)H2O): C 36.53, H 7.02, N 11.36; found: C 37.09, H 6.90, N
11.24. FT-IR (Nujol): ñ(OH) 3628 cm�1 (w). Electronic absorption
spectrum in MeCN, lmax(eM): 409 (41.4), 657 nm (30.1).

2D : Potassium deuteroxide (KOD) was prepared from the
reaction of potassium tert-butoxide (1.96 g, 17.5 mmol) with D2O
(5 mL, excess). Excess water and [D1]tert-butanol were removed
in vacuo overnight. 2D was prepared by a method analogous to that
for 2, using KOD in place of KOH and CD3CN instead of THF. FT-IR
(Nujol): ñ(OD) 2677 cm�1 (w).
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Foldamer Structures

b2,3-Cyclic Aminoxy Acids: Rigid and Ring-Size-
Independent Building Blocks of Foldamers**

Dan Yang,* Dan-Wei Zhang, Yu Hao, Yun-
Dong Wu, Shi-Wei Luo, and Nian-Yong Zhu

The exploration of foldamers having rigid con-
formations is an area of intensive research.[1]

Recently, the research groups led by Seebach and
Gellman discovered independently that peptides
of b-amino acids can fold into defined secondary
structures.[2] One special series of b-peptides,
comprising cyclic ring-constrained b-amino acids,
which were developed byGellman and co-workers,
form significantly stable helical structures in the
solid state, in organic solvents,[3] and even in
aqueous solution.[4] Increasing the number of cyclic ring-
constrained residues can enhance the helical content of such
b-peptides;[5] this approach has become an important and
powerful tool for structure–activity studies of the peptides.[5b]

Gellman et al. also found that the size of the side-chain rings
in the b-peptides has significant impact on the secondary
structures. The b-peptides of cyclohexane-containing amino
acids prefer to form 14-helix structures, while those of
cyclopentane-containing amino acids favor a very different
helix, the 12-helix; these conformations result from the
different torsional preferences of the Ca

�Cb bonds in the
cyclic rings of the individual residues.[3b,6] To investigate
whether this “ring-size effect” also plays an important role in
determining the conformations of our aminoxy peptides,
which represent another class of foldamers,[7] we have
explored, and report herein, the potential of b2,3-cyclic
aminoxy acids, a subclass of b-aminoxy acids in which the a-
and b-carbon atoms are part of an aliphatic ring (either a

cyclopentane and cyclohexane unit), to behave as new chiral
building blocks for turns and helices.

Compounds 1 and 2, which are derived from (R,R)-2-
aminoxycyclopentanecarboxylic acid, and 3 and 4 derived

from (R,R)-2-aminoxycyclohexanecarboxylic acid, were syn-
thesized by following the standard methods of peptide
coupling. Table 1 summarizes the chemical shifts of all the
amide protons in 1H NMR spectra (5 mm in CDCl3 at room

temperature). To confirm that intramolecular hydrogen
bonds are formed, we also performed [D6]DMSO titration
studies and dilution studies with those four compounds; the
chemical-shift changes of all the amide protons are presented
in Table 2.

Notably, the signals of the NHb protons of 1–4 and the
NHc protons of 2 and 4 are unusually downfield (Table 1), and
they undergo little change when solutions of 1–4 are titrated
gradually with [D6]DMSO or diluted from 200 mm to 1.56 mm

Table 1: 1H NMR chemical shifts of the amide NH protons of 1–4 (5 mm

in CDCl3 at room temperature).[a,b]

Cmpd. d(NHa) [ppm] d(NHb) [ppm] d(NHc) [ppm]

1 8.45 (s) 7.33 (t)
2 8.48 (s) 10.99 (s) 7.61 (t)
3 8.44 (s) 7.54 (t)
4 8.58 (s) 11.78 (s) 8.58 (t)

[a] Abbreviations: s, singlet; t, triplet. [b] There is little change for
chemical shifts of the amide NH protons of 1–4 below 5 mm (see the
Supporting Information).

Table 2: Changes in the 1H NMR chemical shifts of the amide NH
protons of 1–4.[a,b]

Cmpd. Dd(NHa) [ppm] Dd(NHb) [ppm] Dd(NHc) [ppm]
[D6]DMSO Dil. [D6]DMSO Dil. [D6]DMSO Dil.

1 1.82 0.74 0.48 0.31
2 2.01 1.43 0.31 0.30 0.14 0.23
3 1.68 0.68 1.01 0.33
4 2.04 1.60 0.47 0.52 0.15 0.31

[a] Titration study: [D6]DMSO (50 mL) was added gradually to a solution
of the peptide (5 mm) in CDCl3 (0.5 mL) at room temperature
(Ddtitration= d50 mL DMSO�d0 mL DMSO). [b] Dilution study: solutions of the
peptides in CDCl3 were diluted from 200 mm to 1.56 mm at room
temperature (Dddilution= d200 mm

�d1.56 mm
).
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(Table 2). In contrast, the chemical shifts of N-oxy amide
protons NHa of 1–4 are rather upfield (Table 1) and change
dramatically upon dilution or addition of [D6]DMSO
(Table 2). These results suggest that the NHb protons of 1–4
and the NHc protons of 2 and 4 form intramolecular hydrogen
bonds, but that the NHa protons of 1–4 are not hydrogen-
bonded and are solvent accessible. Similar conclusions were
drawn from FT-IR spectroscopic studies (see the Supporting
Information). This hydrogen-bonding pattern is very similar
to that observed in b2,2-aminoxy peptides and, hence, suggests
the presence of a b N�O turn in each peptide, in other words,
an intramolecular hydrogen bond between C=Oi and NHi+2 to
form a nine-membered ring, which is stabilized by an extra
hydrogen bond between NOi+1 and NHi+2 to form a six-
membered ring.[8]

Interestingly, the values of the chemical shifts of the NHc

protons of dimers 2 and 4 are much higher than those of the
NHb protons of monomers 1 and 3 (Table 1). In addition, the
chemical-shift changes of the NHc protons of dimers 2 and 4
that are caused by dilution or addition of [D6]DMSO are
much smaller than those of the NHb protons of monomers 1
and 3. This observation suggests that hydrogen bonding is
enhanced by increasing the number of N�O turns, that is, a
cooperative effect exists.

Suitable crystals of 3 and 4 were obtained from CHCl3/n-
hexane solutions; their solid-state structures, obtained by X-
ray crystallography, are presented in Figure 1.[8] Similar to the
b2,2-aminoxy peptides[9] compound 3 adopts a b N�O turn that
is characterized by a nine-membered-ring hydrogen bond
between the C=Oi and NHi+2 units (O···H distance= 2.20 >)
that is stabilized further by a six-membered-ring hydrogen

bond between the NOi+1 and NHi+2 units (Figure 1a). The
N�O bond is anti to the Ca�Cb bond with a dihedral angle
aNOCaCb of 1728. Analogous to the 1.79-helix present in b2,2-
aminoxy peptides,[9] the solid-state structure of 4 (Figure 1b)
indicates the presence of a well-defined 1.89-helix composed
of two consecutive b N�O turns with a basic hydrogen-
bonding pattern similar to that existing in 3. In the first N�O
turn, the O···H distance in the hydrogen bond between the C=

Oi and NHi+2 units is 1.93 >, which reflects the higher acidity
of aminoxy amide protons relative to typical amide protons.
In the second N�O turn, the O···H distance in the hydrogen
bond between the C=Oi+1 and NHi+3 units (2.07 >) is shorter
than that in 3 (2.20 >); this observation further corroborates
the existence of the cooperative effects suggested by the
1H NMR study.

Since suitable crystals of compounds 1 and 2 for X-ray
analysis were not obtained, we utilized computational meth-
ods to calculate the most stable conformations of 5 and 6,[10]

which are model compounds for 1 and 3, respectively
(Figure 2). The calculated structure of 6 and the crystal

structure of 3 are almost superimposable, which strongly
supports the correlation between the computational simula-
tion and solid-state structure. The b N�O turn structures are
found in the most stable conformations of both 5 and 6, with
little changes in the f and m angles but significant changes in
the f and q angles (Table 3). In order to maintain the
intramolecular hydrogen bonds of the N�O turns, the tor-

Figure 1. Pertinent hydrogen bonds present in the crystal structures of
a) 3 and b) 4.

Figure 2. Pertinent hydrogen bonds present in the most stable confor-
mations of 5 and 6.

Table 3: Representative dihedral angles of the N�O turns of the most
stable conformations of 5 and 6.

Cmpd. Dihedral angle [8]
f m f q

5 �103.8 163.5 �101.0 51.8
6 �100.8 172.0 �59.6 �12.0
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sional angle q is adjusted accordingly to compensate for the
changes in the torsional angle f caused by the difference in
ring size. As a result, the relative orientations of the two
amide carbonyl groups (C=Oi and C=Oi+1) are distinct in the
most stable conformations of 5 and 6. This difference is also
reflected in the CD spectra of 1–4 (see the Supporting
Information).

Figure 3 summarizes the observed nuclear Overhauser
effects (NOEs) of compounds 1–4 obtained in 2D-NOESY
experiments. All of the 2D NMR experiments were per-
formed using 5 mm solutions in CDCl3 at room temperature,

except for those for compound 4 (recorded at 10 mm to avoid
overlap of the signals of the NHa and NHc protons).
Compounds 1–4 exhibit very similar NOE patterns: weak
NOEs exist between the NHi and CbHi protons, but strong
NOEs exist between the NHi+1 and CbHi protons. Moreover,
these NOE patterns match well with the corresponding
distances between protons of the N�O turns observed in the
calculated structure of 5 and crystal structures of 3 and 4
(Table 4). This correlation suggests that, although the ring size
of the side chain varies from five to six atoms, to a great extent
compounds 1–4 adopt similar N�O turn structures in CDCl3,
in contrast to GellmanDs b-peptides.

Our b-aminoxy peptides can be considered as analogues
of g-peptides in which the g-carbon is replaced by an oxygen
atom. In fact, nine-membered-ring hydrogen-bonded struc-
tures have been observed for several g-peptides. Dado and

Gellman studied a diamide of an unsubstituted g-amino acid
and found that a nine-membered-ring hydrogen-bonded
conformation and a seven-membered-ring hydrogen-bonded
conformation are in equilibrium in CH2Cl2 solution.[11]

Seebach et al. observed a nine-membered-ring hydrogen-
bonded structure for a g2,3,4-dipeptide in the solid state.[12]

However, a g2,3,4-tetrapeptide was found to form a 2.614-helix
(or 14-helix),[12] which is also observed in several other types
of g-peptides.[13] Theoretical calculations on a- and b-aminoxy
acids have indicated that the N�O bond has a very strong
conformational preference,[7,9b] which contributes to the fact
that peptides formed by a- and b-aminoxy acids have a
tendency to form hydrogen bonds between adjacent resi-
dues.[7,9] On the other hand, b- and g-peptides have more
flexible backbones and tend to form helical structures with
hydrogen bonds involving more distant amino acid resi-
dues.[2,12,13]

In summary, peptides of b2,3-cyclic aminoxy acids adopt
rigid b N�O turns and 1.89-helix structures. These secondary
structures exist independently of the ring size of the aliphatic
side chains (either five or six atoms), unlike the case of the b-
peptides having cyclically constrained backbones. The strong
local conformational control exerted by the b2,3-cyclic amin-
oxy acids provides a powerful tool that allows the preparation
of short peptides having rigid and predictable conformations.
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Organocatalysis

The Importance of Iminium Geometry Control in
Enamine Catalysis: Identification of a New
Catalyst Architecture for Aldehyde–Aldehyde
Couplings**

Ian K. Mangion, Alan B. Northrup, and
David W. C. MacMillan*

In 1971, Hajos and Parrish[1] and Eder, Sauer, and Wiechert[2]

independently described the first examples of enantioselec-
tive proline-catalyzed reactions in the form of an intra-

molecular aldol reaction. Almost three decades later, studies
by the groups of Barbas[3a] and List[3b] revealed that proline
catalysis could be extended to a variety of transformations,
including the direct enantioselective aldol reaction[4] between
ketones and aldehydes. Recently, our group advanced this
proline-catalysis concept to the first example of a direct
enantioselective cross-coupling of aldehyde substrates[5]

(Scheme 1), a powerful yet elusive aldol variant that had
previously only been carried out within the realm of
enzymatic catalysis.

As part of an ongoing program to develop organocatalysts
of broad utility to chemical synthesis, we recently initiated
studies towards the identification of simple amines that mimic
aldolase type I enzymes while providing complementary
function or stereoselectivity to known enamine catalysts
(e.g., proline). Herein we describe a mechanism-based
investigation that has established imidazolidinones as effi-
cient catalysts for direct and enantioselective aldehyde–
aldehyde aldol reactions. More importantly, we demonstrate
a new class of enamine catalyst with selectivity parameters
that rival or complement benchmark amino acid catalysts
(Scheme 2).

In 2001, Houk and Bahmanyar reported a computational
study into the transition-state topographies involved in
enamine aldol reactions.[6] Besides providing further insight,
this study described that secondary enamine additions
typically proceed via a late transition state in which the

Scheme 1. Proline-catalyzed aldehyde–aldehyde aldol reaction.

Scheme 2. Imidazolidinone-catalyzed aldehyde–aldehyde aldol reac-
tion.
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development of the iminium p bond precedes the formation
of the carbon–carbon bond. On this basis, we hypothesized
that enantiofacial discrimination in enamine additions might
be governed, in part, by the ability of an amine catalyst to
control iminium geometry during the transition state. Given
the success of imidazolidinones as asymmetric catalysts that
confer iminium activation and geometry control,[7] we ration-
alized that amines of type 1 might readily function as
enantioselective enamine-aldol catalysts. This hypothesis
was further substantiated by the computational model
MM3-2, which predicts p-facial differentiation of enamine-
iminiums derived from 1 on the basis of 1) selective formation
of the E iminium isomer during the transition state to avoid
nonbonding interactions with the bulky tert-butyl group, and
2) the benzyl group on the catalyst framework which effec-
tively prevents the Re face of the enamine from participating
in carbonyl addition.

Initial investigations revealed that the (2S,5S)-5-benzyl-2-
tert-butylimidazolidinone catalyst 1 (10 mol%) does, indeed,
promote the aldol self-coupling of propionaldehyde to
provide the putative aldol adduct 3 in � 86% yield with
94% ee (Scheme 3). Unexpectedly, the initial aldol dimeriza-

tion adduct 3 undergoes rapid formation to the hemiacetal
system 4, a self-termination step that fortuitously protects the
product from participation in further aldol processes. To our
delight, methanolysis of this aldol hemiacetal product in situ
allows direct access to the bench-stable b-hydroxy dimethox-
yacetal 5 without loss in enantiopurity or diastereocontrol.
Notably, the observed sense of asymmetric induction is in
accord with the calculated enamine-iminium model MM3-2.
In contrast to the proline variant, this enantioselective
aldehyde coupling is readily accomplished in a wide variety
of solvents,[8] with low dielectric media (e.g., hexane: 90% ee ;
dioxane: 94% ee) being generally most efficient. The superior
levels of asymmetric induction and efficiency exhibited by the
amine salt 1 in Et2O to afford the dimethoxy-protected
aldehyde (2R)-5 in 86% yield with 94% ee in one chemical
process prompted us to select these catalytic conditions for
further exploration.

The ability of imidazolidinone 1 to catalyze enantioselec-
tive cross-aldol reactions between non-equivalent aldehydes
was examined next. As highlighted in Table 1, addition of a-
methylenealdehyde donors by means of a syringe pump to a

variety of formyl acceptors effectively prevents homodime-
rization while providing the desired cross-aldol products in
excellent yields (Table 1, entries 1–10, 58–90% yield). Sig-
nificant electronic and structural modification in the acceptor
component can be realized to incorporate a-alkyl, a-aro-
matic, and a-oxy functionality (Table 1, entries 1–7, 90–
97% ee).

Scheme 3. Imidazolidinone-catalyzed aldol reaction: initial results.

Table 1: Imidazolidinone-catalyzed direct aldol condensation: reaction
scope.

Entry R1 R2 Product Yield
[%][a]

anti/
syn[b]

ee
[%][c,d]

1 Me Me 86 4:1 94

2 Me iPr 90 5:1 95

3 Me c-C6H11 81 5:1 97

4 Me Ph 61 4:1 93

5 nBu iPr 72 6:1 91

6 Bn iPr 80 5:1 91

7 Me OPiv 58 4:1 90

8 OBn OBn 64 4:1 92

9 SBn SBn 84 11:1 97

10[e] OTIPS OTIPS 84 1:4 92

[a] Absolute and relative stereochemistry assigned by chemical correla-
tion. [b] Determined by chiral GLC or Mosher ester analysis. [c] Enantio-
meric excess of major diastereomer. [d] Performed in dioxane. [e] Et2NH/
SiO2 in place of MeOH/Amberlyst-15. TIPS= triisopropylsilyl, Piv=piv-
aloyl.
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Whereas it has been documented that a-acyloxy-substi-
tuted aldehydes are inert to proline catalysis,[9] we have found
that these substrates readily participate as electrophilic aldol
partners in the presence of amine 1 (Table 1, entry 7, 58%
yield, 90% ee).

We next examined the capacity of imidazolidinone 1 to
catalyze the homodimerization of a-heterosubstituted alde-
hydes (Table 1). It has been established that proline catalysis
in this venue provides erythrose architecture in one step,[9] a
transformation that enables the selective production of
mannose, glucose, or allose in only two chemical reactions.[10]

As shown in Table 1, entries 8 and 9, exposure of catalyst 1 to
a-benzyloxy or a-benzylsulfide aldehydes also provides the
erythrose aldol adduct with high levels of enantiocontrol (92–
97% ee). In contrast, a-silyloxy aldehydes provide the
corresponding threose aldehyde product upon hydrolysis of
the corresponding hemiacetal over silica gel (Table 1,
entry 10, 4:1 syn/anti, 92% ee). As such, we anticipate that
the imidazolidinone catalyst will be valuable in the produc-
tion of hexose carbohydrates that are not available through
proline catalysis (e.g. idose, gulose, galactose).[11] More
importantly, this result demonstrates the capacity for orthog-
onal enamine selectivities as a function of amine catalyst
architecture.

In summary, we have documented the first asymmetric
organocatalytic aldol reaction in the presence of imidazolidi-
none catalysts. This method allows enantioselective access to
b-hydroxy dimethoxyacetals, bench-stable adducts that func-
tionally complement the b-hydroxyaldehyde adducts derived
from proline-catalyzed aldol reactions.
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Supramolecular Structures

The Hydrophobic Effect as a Driving Force in the
Self-Assembly of a [2 � 2] Copper(i) Grid**

Jonathan R. Nitschke,* Marie Hutin, and
G�rald Bernardinelli

Dedicated to Professor Jean-Marie Lehn
on the occasion of his 65th birthday

Grid-type coordination arrays, which consist of a regular
array of metal ions sandwiched between two perpendicular
sets of parallel ligandmolecules, have been shown a great deal
of interest in recent years.[1–6] The regular spacing of metal
ions and ligands results in a variety of interesting magnetic
behaviors,[6–9] and also evokes the possibility of using these
complexes as molecular computing elements (quantum-dot
cellular automata).[10]

We report herein the preparation of a [2 ) 2] copper(i) grid
that possesses two novel features. Firstly, the geometry of this
grid structure is atypical, not being readily predictable from
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the “self-assembly instructions” encoded within the compo-
nents.[11] The ligands of grids generally cross at perpendicular
junctions,[6] which they cannot do in the present structure
without distortion. Evidence of this distortion was noted in
the crystal structure. Secondly, the self-assembly[4,5,12,13]

reaction by which this grid was synthesized took place
quantitatively in aqueous solution, but was not observed to
occur at all in other solvents. This observation suggests that
the hydrophobic effect[14] might play an essential role in
directing the self-assembly process.

The mixture of diaminobenzamide 1 (0.024 mmol) with
pyridinecarboxaldehyde 2 (0.049 mmol) in D2O (0.7 mL)
under an argon atmosphere gave a complex mixture of
products, as observed by NMR spectroscopy. Within five
minutes of addition, approximately 30% of 1 and 2 initially
present had reacted; possible product structures are shown in
Scheme 1. These products were not definitively characterized.
However, signals corresponding to at least five distinct aminal
and imine products were noted in the 1H NMR spectrum.
These products are capable of interconversion by carbon–
nitrogen bond exchange, and thus comprise a dynamic
combinatorial library.[15,16] Since diamine 1 may link two
molecules of 2, and 2may conversely bridge two molecules of
1 in its aminal form,[16] this library could contain a limitless
variety of oligomeric and cyclic structures. Our attempts to
follow its evolution were hampered by the precipitation of a
yellow film over the course of several hours.

The addition of [Cu(CH3CN)4]BF4 (0.024 mmol) rapidly
brought order to this complex mixture: the presence of
CuI ions induced the formation of grid structure 3 (Scheme 1)
as the unique product, thus templating[17] the formation of the
corresponding bisimine ligand from the dynamic library with
perfect selectivity. NOESY NMR spectra indicated that the
ligand conformation was as shown in structure 3, and
electrospray mass spectra demonstrated it to be tetrameric.

X-ray crystallographic analysis confirmed the presence of
this tetrameric structure in the solid state (Figure 1).[18] The
complex shows a highly symmetric arrangement around a 4̄

(S4) crystallographic axis despite the presence of the flexible
hydroxyethyl substituents, which are ordered by hydrogen
bonds between neighboring ligands (Figure 1, right).
Although they reinforce the grid structure, these hydrogen
bonds are not necessary for its formation: 3,5-diaminobenz-
amide also generated a grid in water when used in place of 1,
despite the fact that it is incapable of forming interligand
bonds within a grid-type structure.

Figure 2 shows the coordinate vectors[19] of the ligands
present in 3, which converge at an angle of approximately 608
in an idealized ligand geometry. The coordinate vectors of
other ligands in grid complexes lie naturally parallel[1, 9] or

Scheme 1. Dynamic combinatorial library generated from an aqueous
solution of diamine 1 and aldehyde 2, and the collapse of this library
into grid 3 on addition of [Cu(CH3CN)4]BF4. Py=2-pyridyl, R=2-
hydroxyethylcarbamoyl. Shaded spheres represent CuI ions.

Figure 1. Views of the X-ray crystal structure of 3. The 2-hydroxyethylcarbamoyl (-CONHCH2CH2OH) groups have been replaced by purple spheres
in the right view for clarity. Each symmetry-equivalent ligand is shown in a different color in the view on the right.
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diverge slightly.[3, 8] Since the geometry of the grid enforces a
parallel arrangement of the ligands, distortion must occur.
This distortion is exhibited as: 1) a coordination environment
around copper intermediate between tetrahedral (preferred
by CuI ions) and see-saw (as can be seen in Figure 1, right),
2) an opening of the Cimine-Nimine-Cphenyl angle from an ideal
1208 to 127.78, and 3) a bending (ca. 208) from planarity of one
pyridylimino group on each ligand, thus pushing the copper
ions out from the square junctions formed by the ligands
(Figure 1, left). These deformations imply the presence of
strain, an unusual feature for a quantitatively formed self-
assembled structure.

The inference of this strain was supported by the
observation that 3 did not appear to be stable in solvents
other than water. The formation of 3 was not observed on
mixing the precursors of 3 in acetic acid, acetonitrile, acetone,
benzene, chloroform, dimethyl formamide, dimethyl sulfox-
ide, diethyl ether, ethanol, methanol, nitromethane, pyridine,
or tetrahydrofuran. When presynthesized 3 was suspended in
any of the aforementioned solvents, either it did not dissolve
or decomposition was observed. Thus, despite the fact that
neither CuI ions nor imines are commonly considered to be
stable in water, we were able to detect this CuI-linked imine
complex uniquely in that solvent. Our previously de-
scribed[5,13] aqueous systems were stable in other solvents,
and the successes of other research groups with the techni-
ques of ligand-component self-assembly were obtained in
nonaqueous solvents.[4, 12]

This solvent-dependent stability is likely to be a result of
two factors. Firstly, water is a poor ligand for CuI ions. The
compact donor orbitals of H2O overlap poorly with the
diffuse acceptor orbitals of copper(i) ions, which leads to the
latterGs tendency to disproportionate in aqueous solution.
Imine donors, in contrast, are good ligands for CuI ions, so
much so that this metal will template their formation in water
from amines and aldehydes.[13] The disassembly of complex 3
would be facilitated by a solvent that bound strongly to
CuI ions, and is conversely hindered by the presence of a
solvent which does not, thus stabilizing 3 in water. Secondly,
non-aqueous solvents would be better able to solvate exposed
ligand surfaces, and thus would not force the mixture of
species derived from 1, 2, and CuI ions to collapse into the
compact structure of 3. This structure maximizes the favor-
able van der Waals interactions, including stacking interac-
tions,[20] between the ligands while minimizing the unfavor-
able ligand–solvent interactions.

This structure is thus held together through the cooper-
ative interplay of three distinct self-assembly processes: the
formation of strong, covalent C=N bonds, as well as weaker,
dative N�Cu bonds, and finally the diffuse yet necessary
“compression” applied by the hydrophobic effect.[14] The use
of the hydrophobic effect as it applies to both metals and
ligands represents a new means of control within the field of
metallo-organic self-assembly, thus complimenting its use in
other contexts.[21] We are continuing to investigate the ways in
which an aqueous reaction medium may allow for the
construction of new kinds of assemblies, as well as the novel
properties that might be engendered by the presence of strain.

Experimental Section
3: Compound 1 (0.0277 g, 0.14 mmol), 2 (0.0303 g, 0.28 mmol), and
water (5 mL) were added to a 50-mL Schlenk flask. The flask was
then sealed, and the atmosphere was purified of dioxygen by three
evacuation/argon-fill cycles. When the solution was homogeneous,
[Cu(CH3CN)4]BF4 (0.0446 g, 0.14 mmol) was added, which immedi-
ately dissolved to give a violet-black solution. The atmosphere was
once more purified of dioxygen by three evacuation/argon-fill cycles,
and the reaction was kept at room temperature overnight without
stirring. Volatiles were then removed under dynamic vacuum to give 3
in a yield of 0.073 g (99%) as a violet crystalline product, which was
pure by NMR spectroscopic analysis. Following the above procedure
and starting with a copper concentration of 2.45) 10�2m, X-ray
quality single crystals (which were also used for the elemental
analysis) of 3 were isolated when the solvent was decanted instead of
evaporated. 1H NMR (500 MHz, 300 K, D2O, referenced to 2-methyl-
2-propanol at 1.24 ppm as the internal standard): d = 9.24 (s, 8H,
imine), 8.22 (d, J= 1.7 Hz, 8H, 2,6-phenylamide), 7.94 (d, J= 7.7 Hz,
8H, 3-pyridyl), 7.84 (m, 12H, 4-pyridyl, 4-phenylamide), 7.77 (d, J=
5 Hz, 8H, 6-pyridyl), 7.26 (dt, J= 5.5 Hz, J= 1.1 Hz, 8H, 5-py), 3.95
(t, J= 5.5 Hz, 8H, hydroxyethylcarbamoyl), 3.74 (t, J= 5.5 Hz, 8H,
hydroxyethylcarbamoyl); 13C NMR (125.77 MHz, 300 K, D2O, refer-
enced to the methyl groups of 2-methyl-2-propanol at 30.29 ppm as
internal standard): d = 168.1, 160.3, 149.9, 149.0, 147.6, 139.7, 137.6,
129.7, 129.6, 129.4, 118.6, 59.7, 43.1; ESI-MS: m/z= 436.3 [CuL]+,
961.2 [Cu2L2+BF4]

+, 1484.1 [Cu3L3+2BF4]
+, 2009.9 [Cu4L4+3BF4]

+;
elemental analysis calcd for C84H76N20O8Cu4B4F16·H2O·CH3CN: C
47.95, H 3.79, N 13.65; found: C 47.93, H 4.10, N 13.73.
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Peptide Structures

Hydrogen-Bond Lengths in Polypeptide Helices:
No Evidence for Short Hydrogen Bonds**

Subrayashastry Aravinda, Saumen Datta,
Narayanaswamy Shamala,* and
Padmanabhan Balaram*

The 310 helix and a helix are closely related secondary
structures observed in polypeptides. The 310 helix is charac-
terized by successive 4!1 (C10) hydrogen bonds (C10 =

10 atom hydrogen-bonding ring) of the type C=Oi···HNi+3,
while the a helix displays a hydrogen bond of the type C=

Oi···HNi+4 (C13). The a helix is widely distributed in proteins,
while the occurrence of segments of 310 helix is very much less
frequent.[1] In polypeptides containing Ca,a dialkylated resi-
dues, a-aminoisobutyric acid (Aib) being the prototype, both
the 310 and a helical structures are detected.[2] In homoo-
ligomers of Aib, 310 helices are invariably found in crystals,[3]

while in heteromeric sequences the precise helical type
appears to depend on both Aib content and positioning.[2a,d,4,5]

While distinctions between 310 and a helices are possible in
the crystalline state, such differentiation becomes difficult in
solution.[6] Circular dichroism (CD) has been proposed for
distinguishing between 310 and a helix structures by using the
ratio of CD bands at 222 nm and 207/208 nm.[7] However, the
use of the [q]222/[q]208 ratio has been questioned, suggesting
that the distinction between 310 and a helix structures by
chiroptical methods may not be readily possible.[8] The
conventional interpretation of the CD spectra of helical
polypeptides has been further called into question by the
careful work of Kemp and co-workers, who have reported the
observation of large values of [q]222, which are inconsistent
with those currently accepted for 100% helical structures.[9]

Kemp et al. have noted that the 222 nm np* band has not
“been modeled satisfactorily by theory”. The widespread use
of the CD band intensities at 208 and 222 nm, in estimating
helicity values quantitatively and in making qualitative
distinctions between helix subtypes, underscores the impor-

tance of relating CD spectral intensities to specific peptide
structural features. In addressing this issue, Dang and Hirst[10]

have used an improved theoretical method to calculate the
220 nm CD band intensities and have suggested that [q]220 is
extremely sensitive to main-chain hydrogen-bond length.
They argue that “shortening from a conventional oxygen–
nitrogen separation of about 3.0 < to 2.8 < or 2.7 < is
predicted to lead to a sizable enhancement of the intensity at
220 nm”, with the effect being most pronounced for a helices
and less dramatic for 310 and p helices. These calculations also
reveal a dependence of [q]220nm on N···O separations in the
range 3.0–3.5 <, a factor which may contribute to the
variations in band intensities in model 310 and a helical
peptides. With the exception of the Dang and Hirst proposal
no testable explanations have been advanced for the observed
variation in the 220 nm CD band intensity.

Herein we examine the distribution of hydrogen-bond
parameters in high-resolution crystal structures of Aib-
containing peptides to assess whether short hydrogen bonds
are indeed observed in experimental structures. Aib-contain-
ing peptides were chosen because of the availability of a large
number of accurately determined structures and the occur-
rence of pure a, 310, and mixed 310/a helical structures in
crystals.

The structure of pBrBz-(Aib)10-OtBu (peptide 2 ; pBrBz =

para-bromobenzoyl) provides an example of a complete
310 helix.[3e] The structure of the peptide Boc-Leu-Aib-Val-
Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe (peptide 1; Boc = 1,1-
dimethylethoxycarbonyl (= tert-butyloxycarbonyl)) deter-
mined herein provides an example of a complete a helix
over the length of the decapeptide. Figure 1 illustrates the
molecular conformations of the two peptides and the
distribution of backbone dihedral angles. The parameters
for potential hydrogen-bond interactions in the two structures
are compared in Table 1. The backbone dihedral angles are
given in Table 2. Peptide 1 (a helix) is stabilized by seven
intramolecular 5!1 hydrogen bonds while Peptide 2
(310 helix) is stabilized by eight intramolecular 4!1 hydrogen
bonds. The data in Table 1 suggests that for the a helix the
observed range of 1!5 N···O separation is 2.978 < to 3.113 <,
while for 1!4 separations in the 310 helix it is 2.907 < to
3.211 <. Clearly, none of the observed hydrogen bonds would
correspond to the short hydrogen bond (2.7 to 2.8 <) used by
Dang and Hirst in their theoretical computation of CD band
intensities.[10]

We have classified the hydrogen-bond patterns in the
available crystal structures of Aib-containing helical peptides
into 4!1 and 5!1 hydrogen bonds by using the following
criteria: N···O separation � 3.5 <, H···O separation � 2.6 <,
aN�H···O� 908, aC=O···H � 908, and aC=O···N� 908.[11]

Table 3 summarizes the limits and mean of the hydrogen-
bond parameters for the two hydrogen-bond types. Figure 2
summarizes the distribution of the parameters N···O separa-
tion and the angles C=O···N and N�H···O. In 4!1 and 5!1
hydrogen bonds the mean hydrogen-bond lengths are 3.034�
0.109 < and 3.034� 0.118 <, respectively. This analysis sug-
gests that short hydrogen bonds N···O< 2.8 < are extremely
infrequent in polypeptide structures. While our analysis does
not exclude the possibility of solvent-induced shortening of
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hydrogen bonds as a factor influencing observed CD spectra,
there is at present no evidence for such a phenomenon in
solution. It may, therefore, be useful to reexamine the factors
that contribute to the intensities of the n!p* band in CD
spectra of polypeptides. The extensive application of CD
methods in estimating helicity in peptides and proteins
emphasizes the importance of a rigorous theoretical under-
pinning for the analysis of peptide CD spectra. In particular

n!p* band intensities may be influenced by a number of
factors. The results herein suggest that short hydrogen bonds
may not always be the sole contributing factor. Chiroptical
distinctions between 310 and a helical structures must also be
tempered by the fact that many sequences can exhibits mixed
hydrogen-bonding patterns and can exist in solution as
equilibrium mixtures of closely related conformations.

Figure 1. a) Molecular conformation of Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe (peptide 1) in the crystal structure. b) Molecular confor-
mation of pBrBz-(Aib)10-OtBu (peptide 2) in the crystal structure. All the intramolecular hydrogen bonds are shown as dotted lines; green C,
red O, blue N. c) The distribution of the torsion angles in the peptide backbone f,y observed in peptides 1 and 2.

Table 1: Hydrogen bonds in peptides 1 and 2.

Type Donor Acceptor N···O [B] H···O [B] C=O···H [8] C=O···N [8] N�H···O [8] N···O [B] H···O [B] C=O···H [8] C=O···N [8] N�H···O [8]
Intramolecular Ideal a helix (peptide 1) Ideal 310 helix (peptide 2)

4!1 N(3) O(0) 3.559 3.104 96.7 108.5 115.4 2.945[a] 2.123 127.5 131.7 159.8
4!1 N(4) O(1) 3.200 2.779 94.9 108.4 111.8 2.975[a] 2.182 131.8 136.4 153.4
4!1 N(5) O(2) 3.401 2.920 91.7 103.5 117.3 2.979[a] 2.198 118.9 126.0 151.1
4!1 N(6) O(3) 3.221 2.855 92.9 106.9 107.5 3.179[a] 2.382 119.9 125.3 154.4
4!1 N(7) O(4) 3.393 2.923 90.3 102.4 116.3 3.020[a] 2.183 122.1 126.5 164.2
4!1 N(8) O(5) 3.283 2.884 92.3 105.7 110.3 3.211[a] 2.355 129.3 130.9 173.4
4!1 N(9) O(6) 3.390 2.932 93.4 105.6 115.3 3.057[a] 2.225 130.7 133.3 163.0
4!1 N(10) O(7) 3.235 2.782 90.9 104.5 114.5 2.907[a] 2.087 122.1 128.0 159.2

5!1 N(4) O(0) 2.978[a] 2.165 149.9 156.1 157.7 4.613 3.916 136.8 143.1 140.7
5!1 N(5) O(1) 3.113[a] 2.277 157.0 159.8 163.9 4.337 3.665 135.5 143.2 137.3
5!1 N(6) O(2) 3.071[a] 2.237 147.0 151.4 163.3 4.331 3.630 142.5 149.2 140.8
5!1 N(7) O(3) 3.005[a] 2.174 155.2 159.1 162.1 4.600 4.012 129.9 138.3 128.8
5!1 N(8) O(4) 3.014[a] 2.183 147.6 152.2 162.3 4.791 4.181 135.7 142.9 131.2
5!1 N(9) O(5) 3.048[a] 2.209 154.2 157.5 165.2 5.200 4.547 125.1 131.5 136.0
5!1 N(10) O(6) 2.986[a] 2.194 146.7 154.0 153.0 4.600 3.970 128.7 136.4 133.0

[a] Acceptable hydrogen bonds.
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Experimental Section
Peptide 1 was synthesized by conventional so-
lution-phase procedures using a segment conden-
sation strategy. Boc groups are used as N-terminal
protecting groups and methyl ester as the C-
terminal protecting groups. Peptide couplings
were mediated by N,N’- dicyclohexylcarbodi-
imide (DCC) and 1-hydroxybenzotriazole.[12]

The final step involved a 3+7 coupling. Purifica-
tion of the peptide was by reverse-phase medium-
pressure liquid chromatography (C18, 40–60m),
using methanol–water gradients. The peptide was
characterized by 500 MHz 1H NMR spectroscopy
and MALDI mass spectrometry ([M+ Na+]obs =

1089.7; Mcalcd = 1067.37) Crystals of were grown
by slow evaporation of a methanol–water mixture
of peptide 1. X-ray data were collected at room
temperature from a dry crystal, on a CAD-4
diffractometer, using CuKa radiation (l =

1.5418 <). w-2q scan type was used, with 2q =

1508, for a total of 7381 independent reflections.
The crystal size was 0.2 G 1.0 G 0.2 mm. Space
group P212121, a= 10.791(3), b= 16.632(2), c=

36.068(9) <, V= 6473(3) <3, Z= 4 for chemical
formula C52H94N10O13, with one molecule per
asymmetric unit. 1calcd = 1.095 gcm�3 , m =

0.064 mm�1, F(000) = 2320. The structure was
obtained by direct methods using SHELXS-
86.[13a] Refinement was carried out against F2,
with full-matrix least-squares methods using
SHELXL-93.[13b] All non-hydrogen atoms were
refined isotropically. The R value at the end of
isotropic refinement was 0.10. The R value
dropped to 0.06 after anisotropic refinement.
The hydrogen atoms were fixed geometrically in
idealized positions and refined in the final cycle of
refinement as riding over the atoms to which they
are bonded. The final R value was 0.0418 (wR2 =

Table 2: Torsion angles [8][a] of peptides 1 and 2.

Peptide 1 Peptide 2
Residue f y w Residue f y w

Leu(1) �74.1[b] �49.5 �178.0 Aib(1) �51.9 �34.9 �178.2
Aib(2) �55.9 �43.7 �175.7 Aib(2) �48.2 �33.5 �177.3
Val(3) �69.3 �41.3 176.6 Aib(3) �49.0 �41.7 �173.2
Ala(4) �58.5 �41.4 179.2 Aib(4) �59.8 �28.1 �177.3
Leu(5) �68.1 �40.7 175.4 Aib(5) �53.2 �35.4 �173.7
Aib(6) �52.7 �49.0 �174.9 Aib(6) �59.0 �20.6 �178.0
Val(7) �68.0 �40.8 177.6 Aib(7) �56.5 �23.3 177.6
Ala(8) �59.1 �42.7 179.1 Aib(8) �49.3 �36.3 �177.6
Leu(9) �67.2 �40.5 �176.9 Aib(9) �61.2 �26.5 �172.1
Aib(10) 55.4 36.8[c] 179.1[d] Aib(10) 47.3 48.0[f ] 176.4

Mean(9)[e] �63.7�7.2 �43.3�4 �54.2�5.0 �31.1�6.9

[a] The torsion angles for rotation about bonds of the peptide backbone (f, y, and w) and about bonds
of the amino acid side chains (c1, c2) as suggested by the IUPAC-IUB Commission on Biochemical
Nomenclature.[15] Estimated standard deviation �0.58. [b] C’(0)-N(1)-Ca(1)-C’(1). [c] N(10)-Ca(10)-
C’(10)-O(OMe). [d] Ca(10)-C’(10)-O(OMe)-C(OMe). [e] Mean value of the first nine residues. [f ] The y

value of �136.48 in ref [3e] corresponds to the torsion angle N(10)-Ca(10)-C’(10)-O(10).

Table 3: Summary of 4!1 and 5!1 hydrogen bonds in peptide helices.

4!1 hydrogen bonds 5!1 hydrogen bonds
min max mean Std min max mean Std

N···O [B] 2.761 3.480 3.034 0.109 2.795 3.460 3.034 0.118
H···O [B] 1.915 2.600 2.267 0.142 1.951 2.600 2.215 0.130

C=O···H [8] 90.7 156.0 119.7 10.5 127.5 174.3 151.0 7.6
C=O···N [8] 102.5 164.7 125.8 8.5 136.8 175.3 155.9 6.4
N�H···O [8] 114.1 173.4 150.4 14.3 121.3 178.1 158.2 9.2

Figure 2. Distribution of N···O separation, C=O···N angles, and N-H···O angles observed in 5!1 hydrogen bonds (top) and 4!1 hydrogen
bonds (bottom). N is the number of occurrences in the dataset.
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0.113) for observed reflections 5170 with Fo� 4s(jFo j ) and 673
variables, where the data to parameter ratio is 7.7:1.0 and S= 1.038.
The largest difference peak was 0.17 e<�3 and the largest difference
hole was �0.25 e<�3. The standard deviations in bond lengths are
approximately 0.004 < and those of bond angles are approximately
0.38. CCDC 243105 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).

Data base analysis: Out of 407 sequences containing at least one
Aib residue retrieved from the Cambridge Structural Database
(CSD) (November 2003 release),[14] 393 were linear and 14 were cyclic
peptides. For the analysis we have used peptide sequences of length
six amino acids and more. 128 sequences were used for hydrogen-
bond calculation. All the N�H separations were fixed at 0.86 <. All
the 4!1 and 5!1 hydrogen bonds were calculated. There are totally
555 (a helical) 5!1 hydrogen bonds and 429 (310 helical) 4!1
hydrogen bonds in 128 sequences.

For a list of peptides, CCDC codes and references, used in the
hydrogen-bond analysis see the Supporting Information.
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Asymmetric Reduction

Enantioselective Reduction of Aromatic and
Aliphatic Ketones Catalyzed by Ruthenium
Complexes Attached to b-Cyclodextrin**

Alain Schlatter,Mrinal K.Kundu, andWolf-D.Woggon*

Molecular recognition of substrates by cyclodextrins is made
possible by noncovalent interactions in the hydrophobic
cavity of the water-soluble, cyclic sugar oligomers. Inclusion
complexes of cyclodextrins[1] and their reactions constitute
one of the earliest examples of supramolecular chemistry.[2]

As a result of these unique features, cyclodextrins can be used
to mediate regioselective reactions[3] and in particular for
preparing enzyme models.[4, 5]

In this context, the binding properties of b-cyclodextrins
have been complemented with chemically reactive subunits,
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either by attaching functional groups such as acid–base
catalysts[3] or by linking b-cyclodextrins to metal com-
plexes.[4,5] In most cases superb reactivity and a very high
degree of regioselectivity were observed. In contrast, enan-
tioselective reactions with b-cyclodextrin (b-CD) as the only
chiral subunit of the catalyst in general gave products with
ee values well below 50%. For example, the highest enantio-
meric excess reported for a product of NaBH4 reduction of an
aromatic ketone in the presence of b-cyclodextrin was
24% ee.[6] Additives, such as amines[7] or aminoboranes, [8]

improved the enantioselectivity, but only at the expense of the
yield. We report herein our results on the first ruthenium–
arene complexes of b-cyclodextrin-modified amino alcohols
and their use in asymmetric hydrogenation reactions of
prochiral ketones.
Mono(O-6-tosyl)-b-cyclodextrin (1, b-CD-Tos) is com-

mercially available and can also be prepared by the tosylation
of b-CD on a large scale.[9] The amino alcohol linked b-
cyclodextrins 2 and 3 were obtained in good yields as
crystalline compounds by the treatment of 1 with an excess
of the amino alcohol. [{RuCl2(C6H6)}2] (4) was prepared by a
literature procedure.[10] The formation of Ru complexes of 2
and 3 (Scheme 1) was shown to be quantitative by 1H NMR

spectroscopic studies (600 MHz, D2O). For example, signifi-
cant chemical-shift changes are observed between 2 and 5 :
The doublets assigned to the two H atoms at C6’ of 2 shift
downfield by 0.56 ppm, and the triplet assigned to the
H atoms at C1 of 2 shifts downfield by 0.49 ppm. The
formation of the Ru complex 6 from 3 leads to the following
chemical-shift changes: The signals for the two H atoms at C6’
shift downfield by 0.56 ppm and 0.51 ppm, and those for the
H atoms at C1 shift downfield by 0.36 ppm and 0.54 ppm.
For catalytic reactions, the Ru complexes were formed in

situ and treated with ketones at room temperature under an
argon atmosphere in the presence of excess sodium formate
as the hydrogen source (Scheme 2). Even with b-cyclodextrin

as the only chiral unit of the Ru complex the alcohol products
are formed with remarkable enantioselectivity, predomi-
nantly with the R configuration (Table 1). Evidently the
observed ee values correlate with the binding constants of
the ketones to b-cyclodextrin,[1] thus reflecting the preorga-
nization of substrates such that Si addition of the hydride to
the carbonyl group is preferred in the reactive complex.[11]

Since it is known from work by other research groups[12]

that asymmetric reduction catalyzed by Ru/amino alcohol
complexes lacking a cyclodextrin unit is largely dependent on
the chirality at the carbinol carbon atom (C2), we prepared 3
by the condensation of (S)-(+)-1-amino-2-propanol and b-
CD-Tos (1). Ligand 3 was isolated in 66% yield as a white
solid and was subsequently characterized by high-field NMR
spectroscopy, MS(ESI), and X-ray crystal-structure analysis
(Figure 1). Initial experiments with the Ru complex of 3

revealed a solubility problem in water. To avoid rather dilute
conditions the transfer-hydrogenation reactions with 3 were
carried out in a mixture of H2O/DMF (3:1; see Experimental
Section; DMF=N,N-dimethylformamide).
When the b-CD derivative 3 was used, the products were

obtained with ee values of up to 97% and in acceptable yields
(Table 2). It is interesting to note that with 3 as a ligand for
Ru, acetophenone (7) was reduced to (S)-12 with 77% ee ; in

Scheme 1. Synthesis of Ru complexes of the amino alcohol b-cyclodextrins 2 and
3. The structures of 5 and 6 are tentatively assigned.

Scheme 2. Asymmetric reduction of ketones in water.

Table 1: Enantioselective reduction of ketones 7–11 with the catalyst 2+4
(10 mol%).

Ketone R1 R2 Alcohol[a] Yield [%][b] ee [%][c]

7 H CH3 (R)-12 81 12
8 H C2H5 (R)-13 61 6
9 p-CH3 CH3 (R)-14 67 31

10 p-Cl CH3 (R)-15 93 47
11 p-tBu CH3 (R)-16 64 47

[a] Absolute configuration based on optical rotation. [b] Yields based on
GLC analysis and isolated material. [c] Enantiomeric excess determined
by 1H NMR spectroscopy (Eu(tfc)3) (tfc=3-(trifluoromethylhydroxy-
methylene)-d-camphorate) and HPLC analysis (chiracel OD-H).

Figure 1. Structure of ligand 3 derived from X-ray crystal-structure
analysis.
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contrast, the Ru complex of (S)-1-amino-2-propanol lacking
the b-cyclodextrin unit gave 12 in only � 50% ee in favor of
the S isomer.[13] Since we obtained R alcohols by using Ru
complexes with ligand 2 and S alcohols with ligand 3 our
results suggest a clear dominance of the chirality at C2 on the
enantioselectivity.
The catalytic system described herein also enables the

synthesis of 2H-enriched benzyl alcohols starting from
ketones and with sodium [D1]formate as a deuterium source
for isotope labeling. Thus, ketones 7, 8, and 10 were reduced
with 10% of 3+4 and DCO2Na (98% D) in a H2O/DMF
mixture (3:1, 500 mL) to give S deuterated alcohols 17, 18, and
19 in good yields and with enantioselectivities comparable to
those observed with HCOONa. High-field NMR (600 MHz)
spectroscopic measurements showed that 2H-labeling was as
high as > 97 atom% (Table 3).

Further examples demonstrate the potential scope of the
system. a-Ketoesters, such as 20, are reduced quantitatively to
the corresponding R-configured alcohols 21 with 57% ee
(Scheme 3).
Also most promising were first reactions with aliphatic

and unconjugated ketones. Thus, ketones 22–28 were reduced
under the same conditions as described above to alcohols 29–
35 in acceptable yields and with moderate to high enantio-
selectivity (Scheme 4).

The reaction mechanism of our transformations seems to
resemble that suggested by Noyori and co-workers,[11] since in
contrast to 36 the cyclodextrinyl–prolinol–Ru complex 37 was
completely unreactive, thus indicating the significance of the
N�H group for hydrogen transfer to the carbonyl group
(Scheme 5).

Table 2: Enantioselective reduction of ketones 7–11 with the catalyst
3+4 (10 mol%).

Ketone R1 R2 Alcohol[a] Yield [%][b] ee [%][c]

7 H CH3 (S)-12 90 77
8 H C2H5 (S)-13 63 80
9 p-CH3 CH3 (S)-14 69 94

10 p-Cl CH3 (S)-15 77 87
11 p-tBu CH3 (S)-16 51 97

[a], [b], and [c]: see Table 1.

Table 3: Enantioselective reduction of ketones 7, 8, and 10 with the
catalyst 3+4 (10 mol%) and DCO2Na.

Ketone R1 R2 Alcohol[a] Yield [%][b] ee [%][c]

7 H CH3 (S)-17 79 77
8 H C2H5 (S)-18 53 76

10 p-Cl CH3 (S)-19 70 87

[a], [b], and [c]: see Table 1.

Scheme 3. Reduction of the a-ketoester 20.

Scheme 4. Enantioselective reduction of aliphatic ketones under the
conditions used for the reactions in Table 2.
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In summary, we have synthesized new water-soluble Ru
complexes of b-cyclodextrin-modified amino alcohols 2 and 3
to serve as supramolecular catalysts in hydrogen-transfer
reactions. Up to 97% ee and good to excellent yields were
observed. In all cases, b-cyclodextrin plays an important role
on the enantioselectivity through preorganization of the
substrates in the hydrophobic cavity. This finding is partic-
ularly significant in the case of substrates such as 22–28.
Although a number of highly enantioselective Ru-based
hydrogen-transfer catalysts are known,[14] including one
example that functions in water,[15] none of these systems
have been shown to reduce unconjugated ketones.

Experimental Section
Synthesis of 2 : A neat solution of mono(O-6-tosyl)-b-cyclodextrin
(265 mg, 0.20 mmol) and aminoethanol (960 mg, 15.7 mmol,
80 equiv) was stirred for 12 h at 70 8C. Water was then added
(1.0 mL), and the resulting yellow solution was added dropwise to
acetone (60 mL). The resulting white precipitate (245 mg) was
filtered off and recrystallized from water to give pure 2 (140 mg,
59%). MS(ESI): m/z 1179 (M+, 100), 612 ([M+Na]2+, 72), 1201
([M+Na]+, 67); 1H NMR (600 MHz, D2O): d = 4.97–5.02 (m, 7H),
3.79–3.86 (m, 8H), 3.68–3.77 (m, 19H), 3.44–3.50 (m, 13H), 3.33 (dd,
J= 9.60, 9.60 Hz, 1H), 2.92 (d, J= 10.86 Hz, 1H), 2.69 (m, 1H),
2.54 ppm (m, 2H); m.p.: decomposition > 275 8C.

Synthesis of 3 : A neat solution of mono(O-6-tosyl)-b-cyclo-
dextrin (300 mg, 0.23 mmol) and (S)-(+)-2-aminopropanol (1.4 g,
18.6 mmol, 80 equiv) was stirred for 12 h at 70 8C. Water (0.5 mL) was
then added, and the resulting yellow solution was added dropwise to
acetone (60 mL). The white precipitate (300 mg) was removed by
filtration and recrystallized from water. The white crystals were
washed with an ice-cold acetone/water mixture (1:1, 5 mL) to give
pure 3 (181 mg, 66%). MS(ESI): m/z 1192 (M+, 100), 618.5
([M+Na]2+, 85) 1214 ([M+Na]+, 78); 1H NMR (600 MHz, D2O):
d = 5.00–5.05 (m, 7H), 3.87–3.94 (m, 8H), 3.76–3.85 (m, 19H), 3.48–
3.63 (m, 13H), 3.38 (dd, J= 9.60, 9.60 Hz, 1H), 3.02 (d, J= 10.86 Hz,
1H), 2.79–2.82 (m, 1H), 2.54–2.57 (m, 2H), 1.09 (d, J= 6.32 Hz, 3H);
m.p.: decomposition > 275 8C. Crystal data for 3 : C45H77NO35·16H2O,
orthorhombic, P21, a= 12.8092(4) G, b= 19.6407(5) G, c=
26.2645(5) G, a = 908, b = 908, c = 908, V= 6696.3 G3, Z= 4, 1calcd=
1.47, 85399 reflections were measured, T= 173 K. Data were
collected with MoKa radiation on a Bruker diffractometer (KAP-
PACCD and scantype PHIOMEGA).

6 (formed in situ): MS (ESI): m/z= 1191 ([ligand 3]+, 100), 1371
([6-Cl]+, 11), 1406 ([6]+, 18); UV/Vis (H2O): lmax= 251 nm.

General procedure:[16] Ligand 3 (0.01 mmol) was dissolved in
H2O/DMF (3:1, 0.5 mL), [RuCl2(C6H6)]2 (4, 0.005 mmol) was added,
and the resulting mixture was stirred for 1 h at room temperature.
HCOONa (1.0 mmol) was then added, and after further stirring for
10 min the ketone (0.1 mmol) was injected. The reaction was usually

finished after 24 h at room temperature. The mix-
ture was then extracted three times with hexane
(5 mL), the combined hexane extracts were washed
with water (6 mL) and dried over Na2SO4, and the
product(s) were analyzed by GC/HPLC and/or
purified by TLC. The ee values of the products
were determined by HPLC on a chiral phase
(chiracel OD-H), GC on a chiral phase (hydro-
dex 3P), and 1H NMR/19F NMR spectroscopic stud-
ies of the corresponding Mosher esters.
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Communications

6734 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6731 –6734

http://www.angewandte.org


Drug Design

Antibacterial Aminoglycosides with a Modified
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Decoding Site**
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The past decade has witnessed a phenomenal
advance in our understanding of the structure
and function of ribosomal RNAs as they relate
to the mode of action of clinically relevant
antibiotics.[1–6] The aminoglycosides are a group
of well-known bactericidal antibiotics.[7] Their
widespread use in clinical practice has been
curtailed as a result of their oxotoxicity, neph-
rotoxicity, and susceptibility to enzymatic inac-
tivation;[8] hence the need for careful patient
monitoring in a hospital environment.[9] By binding specifi-
cally to the bacterial decoding A site, which is responsible for
fidelity during protein synthesis by monitoring correct
Watson–Crick base pairing between the mRNA codon and
the tRNA anticodon, aminoglycoside antibiotics increase the
error rate of translation.[10–12] Paromomycin (1) has been a
benchmark for structural studies owing to its excellent
binding affinity for the highly conserved set of nucleotides
in the decoding 16S rRNA (A site) region of the 30S subunit
of bacterial ribosomes (Figure 1).[13] X-ray crystallographic
studies of paromomycin complexed with the 30S subunit of

rRNA from Thermus thermophilus[2] as well as with a
sequence of oligonucleotides corresponding to the ribosomal
A site of E. coli[14] have delineated the basis for the molecular
recognition.[15]

Crystal structures[2,14,16,17] have shown that upon binding
to the A site the four rings in paromomycin adopt an L shape,
which represents its bioactive conformation. Ring I interca-
lates into the A site and forms two H bonds with A1408,
whereas the invariant ammonium nitrogen atoms of ring II
form constant interactions with A1493, G1494, and U1495.
The binding of rings I and II force A1492 and A1493 to bulge
out of the deep/major groove. Rings III and IV interact with
the lower stem of the A site mainly through more variable
charge and H-bonding interactions with neighboring nucleo-
tides. These hallmark structural events, characteristic of all
bioactive aminoglycosides that bind at the A site,[14,16,17] are
supported by the observed in vivo drug susceptibilities of
several ribosomal-RNA mutants.[18]

We reasoned that a structure-based design approach with
a chemically modified paromomycin derivative could exploit
uncharted areas of the A site, with the possible location of
new modes of binding.[19–23] Examination of the crystal
structure of the paromomycin complex[14] reveals that the
hydroxy group at C2’’ of ring III is favorably disposed for
appropriate functional diversification (Figure 1). With this
objective in mind, the main challenge was to develop methods
of regioselective functionalization of the complex polyol
system in paromomycin, so as to access the C2’’ hydroxy
group selectively.

The readily available paromomycin derivative 2[24] was
silylated at C5’’ and the product was subjected to O allylation
under standard conditions (Scheme 1). Remarkably, after
TBS protection of the C5’’ hydroxy group, a highly regiose-
lective allylation of the C2’’ hydroxy group led to 3 in good
yield. Protection of the hydroxy groups on rings II and IV by
benzoylation and oxidative cleavage of the allyl group
afforded aldehyde 4. Reductive amination with three repre-
sentative alkyl amines gave the protected w-(aminoalkyl)
ether analogues 5–7. Treatment with a catalytic amount of
sodium methoxide in methanol afforded the corresponding

Figure 1. Structure of paromomycin, its bioactive conformation with relevant nucleo-
tides in the A-site binding domain, and proposed site for diversification (arrow).
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polyols. Hydrolysis of the O-benzylidene acetal and the TBS
ether with aqueous acetic acid, followed by catalytic hydro-
genation gave the paromomycin derivatives 8–10.

The amino ether analogues 8–10 bonded to the 16S rRNA
subunit and inhibited bacterial translation/transcription (T/
T)[25] with similar potencies. This result was gratifying given
our prediction from modeling studies that the C2’’ position is
suitable for substitution. Most rewarding, however, was that
all of the substituted compounds maintained activity against
Gram-positive (S. aureus) and Gram-negative (E. coli) bac-
teria (Table 1). Whereas in the case of 8 the addition of a

cationic side chain to the paromomycin core afforded a
compound with near-identical activity to that of paro-
momycin, the extension of this chain by one methylene
group led to a compound 9 with similar activity against
S. aureus but diminished activity against E. coli. As the
binding and T/T activity were largely unaffected, the
diminished activity is probably a result of decreased
uptake and/or increased efflux by the E. coli strain. Most
interesting was the 3-(aminomethyl)pyridyl analogue 10,
which was slightly more potent than the parent antibiotic
paromomycin against the Gram-positive S. aureus strain.
Compound 10 was further evaluated against Streptococ-
cus pyogenes, Proteus vulgaris, and Klebsiella pneumo-
niae strains, and was found to maintain inhibitory
activity similar to that of the parent paromomycin.

Extensive studies on the nature of the C2’’ tether and
of the distal group have led to analogues that exhibit
excellent antibacterial activities and interesting struc-
ture–activity relationships.[26] Importantly, it might be
expected that the incorporation of a large side chain
could prevent resistance enzymes from modifying the
compounds and rendering them inactive, which is a key
element in resistance to aminoglycosides. This hypoth-
esis was partially supported by the activity (MIC 25–
50 mm) of 10 against a multidrug- and methicillin-
resistant S. aureus (MRSA) strain (ATCC BAA-44).
This activity is comparable to that observed for the
semisynthetic aminoglycoside amikacin, which is modi-
fied with an N1 side chain known to combat resistance.
In contrast, paromomycin, neomycin, kanamycin, tobra-
mycin, gentamicin, sisomicin, and streptomycin were
completely ineffective against MRSA. These results
suggest that a C2’’ substituent with an aromatic terminal
group in 4,5-disubstituted aminoglycosides offers dis-
tinct advantages in the fight against the emergence of
drug-resistant bacteria. However, it remains to be seen if

this type of modification does in fact hinder interaction with
one or more resistance enzymes, while allowing strong
binding to the target RNA.

Further insight into structure-based design was gathered
from X-ray cocrystal data, which revealed a new mode of
binding to the decoding A site of rRNA. Crystal structures of
9 and 10 complexed with the same A-site oligonucleotide
sequence of E. coli RNA as that used for the paromomycin
structure were solved at a resolution of 2.6 C. The two
structures are isomorphous and both reveal a normal mode of

binding for rings I and II, with the charac-
teristic bulging of A1492 and A1493, and
the invariant contacts between the parom-
amine part (rings I and II) and A1408, or
the sugar–phosphate backbone, as shown in
Figure 2 for analogue 10. An important
difference is the direct contact between the
O6 hydroxy group of the deoxystreptamine
(DOS) unit and the O4 atom of U1406; the
equivalent interaction is mediated by a
water molecule in the case of the parent
paromomycin.[14] Furthermore, the non-
Watson–Crick U1406oU1495 base pair is

Scheme 1. Reagents and conditions: a) TBSOTf, 2,4,6-collidine, CH2Cl2, 75%; b) CH2=

CHCH2I, KHMDS, THF, 70%; c) BzCl, pyridine, DMAP, 95%; d) 1. O3, CH2Cl2, �78 8C;
2. Ph3P, �78 8C!RT, 80%; e) amine, NaBH3CN, MeOH/AcOH (30:1), 90%;
f) NaOMe, MeOH, 80%; g) AcOH, 80%, 60 8C, 2 h; h) Pd(OH)2/C, H2, AcOH 80%,
70% (2 steps). Bz=benzoyl, Cbz=benzyloxycarbonyl, HMDS=hexamethyldisilazide,
TBS= tert-butyldimethylsilyl.

Table 1: Activities of C2’’-O-(aminoalkyl) ether analogues of paromomycin.[a]

Compound 16S T/T MIC [mM][b]

KD [mm] IC50 [mm] E. coli S. aureus S. pyog. P. vulg. K. pneum.

1 0.13 0.15 5 3 3 1 1
8 0.23 0.29 6 2 nd[c] nd nd
9 0.10 0.29 25 3 nd nd nd

10 0.13 0.23 5 1 6 3 3

[a] For details of KD, T/T, and MIC testing, see reference [25]. [b] Bacterial strains used: Escherichia coli
(ATCC 25922), Staphylococcus aureus (ATCC 13709), Streptococcus pyogenes (ATCC 49399), Proteus
vulgaris (ATCC 8427), Klebsiella pneumoniae (ATCC 13883). [c] nd=not determined. MIC=minimum
inhibitory concentration.
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not bifurcated as in all other aminoglycoside/A-site com-
plexes,[14,16,17] but instead adopts a common geometry with
two direct H bonds O4···H�N3 and N3�H···O2[27] (Figure 2).

Rings III and IV of 10 are oriented very differently in the
A-site complex with respect to the parent compound paro-
momycin (and all known 4,5-disubstituted aminoglyco-
sides)[14–16] (Figure 3). In the structure of both analogues 9
and 10, there is a 408 flip about the b-d-ribofuranosyl linkage
to the paromamine unit, which, together with a change in
sugar pucker (from C2’’-endo in paromomycin to C3’’-endo in
9 and 10) results in a 908 change in the orientation of ring IV.

The oxygen atom in ring III in 9 and 10 still forms an
intramolecular H bond with the amino group at C2’ of ring I,
as in the paromomycin complex[14] (Figure 4). However, the
hydroxymethyl group at C5’’ in 9 and 10 forms a hydrogen

bond with O6 of G1491 instead of N7 of G1491 as in the case
of paromomycin. Because of the rotation of ring III, the C5’’
hydroxymethyl group forms an additional water-mediated
H bond with N7 of A1408. In fact, the central A1408 residue
forms three (instead of the usual two) H-bonded contacts with
the aminoglycoside unit of the two analogues 9 and 10. The
new orientation of ring IV results in a new set of H-bonding
interactions. Thus, a network of H bonds links rings I and IV
via the C5’’ hydroxymethyl group, a water molecule, and
A1408.

The ether chain at C2’’ with the distal amino or pyridine
group in 9 and 10, respectively, extends across the deep/major
groove of the A site, points into the solvent, and forms no
direct contact with the RNA (Figure 4b). Additional contacts
are mediated by bridging water molecules that extend in one
binding site from the aminoethyl group at C2’’ to an oxygen
atom of an anionic phosphate in U1406. These unprece-
dented conformational changes and new interactions brought
about by the presence of the ether chains at C2’’ of 9 and 10
result in a compactly folded aminoglycoside structure with
unique binding sites (Figure 4b).

We have uncovered a new mode of binding for paromo-
mycin analogues that contain diversely substituted amino-

Figure 2. Top view of the complex between 10 and the A-site RNA oli-
gonucleotide. Adenine residues A1492 and A1493 are dark blue,
G1491 is paler blue, A1408 is pink, and the U1406oU1495 base pair
is green. The bridging water molecule between the hydroxy group at
C5’’ of ring III and N7 of A1408 is also shown in pink. Note the UoU
pair with standard H bonds and the pseudopair of ring I and A1408.

Figure 3. Superposition of paromomycin and 10 complexed to the
A site with the DOS rings II superimposed. The left-hand drawing illus-
trates the 908 rotation of ring IV in 10 relative to that in paromomycin
(magenta). The superposition on the right highlights the difference in
sugar pucker of ring III from C2’’-endo in paromomycin (magenta) to
C3’’-endo in 10.

Figure 4. a) Schematic representation of the contacts between paro-
momycin and the RNA in the cocrystal with the A-site RNA frag-
ment.[14] b) Schematic representation of the direct and water-mediated
contacts observed in the cocrystal of the A-site RNA fragment with 10.
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alkyl ethers at C2’’. Cocrystal structures of compounds 9 and
10 with the A site of E. coli RNA revealed a new position for
the C2’’ substituent in the deep/major groove. The orientation
of rings III and IV is dramatically changed in the bound
conformation, thus resulting in a new set of intramolecular
networks of H bonds. The pyridine-substituted aminoethyl
ether analogue 10 of paromomycin exhibited potent inhib-
ition of S. aureus and promising activity against a panel of
resistant bacterial strains, including MRSA. Thus, the intro-
duction of a novel aryl aminoalkyl functionality at C2’’ of
paromomycin has resulted in the discovery of an excellent
first-generation lead compound for the development of new
and potent bactericidal aminoglycoside analogues in this
series.

Received: September 23, 2004
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Modified Zeolites

Sequential Functionalization of the Channel
Entrances of Zeolite L Crystals**

Stefan Huber and Gion Calzaferri*

Inorganic–organic host–guest systems are of great interest for
designing supramolecular devices and machines.[1] We are
especially interested in artificial antenna systems that mimic
natural photosynthesis. A convenient host is zeolite L, a
crystalline aluminosilicate in which corner-sharing SiO4 and
AlO4

� tetrahedra give rise to one-dimensional channels
arranged in a hexagonal structure. The channels have a
smallest free opening diameter of 7.1 ' and a channel-to-
channel distance of 18.4 '.[2,3] They can be filled with suitable
organic guest molecules, although only guests that can pass
through the 7.1-' opening are able to enter the channels.
Pure zeolite L crystals with lengths between 30 and 7000 nm
have been synthesized previously.[4] .

Due to the channel entrances, the chemical and physical
properties of the base and coat of the cylindrical crystals are
different. Stopcocks are molecules that can only partly enter
the channels. They typically consist of a head, a spacer, and a
label, as shown in Figure 1. Only the label and the spacer can
enter the channels due to size restrictions,[5] and, depending
on the reactivity of the label, they can either be reversibly or
irreversibly attached. While fluorescent stopcocks can be
used to extract or inject electronic excitation energy from or
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into the zeolite L crystals by radiationless F3rster-type energy
transfer,[6–8] others can be used to block the channel entrances
against small molecules such as oxygen or water, or to hinder
encapsulated dye molecules from leaving the channels.

Selective functionalization of only the channel entrances
is an important topic in the development of highly organized
materials, since these molecules are at the interface between
the interior of a zeolite L crystal and its surroundings. We
describe here a very versatile new five-step reaction principle
(Figure 2), which can be summarized as follows:

1) Protection of the functionalizing group with a molecule
that is too big to enter the channels of zeolite L. This step
is necessary to ensure that the stopcock enters the
channels in the desired direction.

2) Adsorption of the reactive stopcock at the channel
entrances of the zeolite crystals.

3) Reaction between the adsorbed stopcock and the channel
interior, which leads to irreversible fixation. The nature of
the bond is not yet known, but water molecules and
protons inside the channels seem to play an important
role. Therefore, the bond is simply symbolized by a hook
in Figure 2.

4) Removal of the protecting group, leaving the crystals with
free functionalizing groups at the channel entrances.

5) Coupling of the head bearing the desired property; it can
be a fluorescing dye or another molecule.

Since the delicate part of the reaction are steps 1–3, this
principle allows us to synthesize a large variety of materials
that would otherwise be very difficult to obtain.

This principle was demonstrated to work by functionaliz-
ing the channel ends of zeolite L crystals as follows: As a
reactive stopcock, 9-fluorenylmethyl carbamate N-hydroxy-
succinimidyl ester[9–11] (FMOC-NHS) was reacted with (3-
aminopropyl)methoxydimethylsilane (APMS) to give 1

Figure 1. a) Schematic picture of a zeolite L crystal loaded with donor
dye molecules and modified with acceptor stopcocks at the base. Exci-
tation energy is channeled and focused from inside the zeolite crystal
to the outside. b) Enlargement showing details of a channel, the small-
est free opening of which is 7.1 A, and the shape of a stopcock mole-
cule. Only the spacer and label are small enough to enter the zeolite L
channels; the head is too big. c) Scanning electron micrographic
picture of zeolite L crystals.

Figure 2. Reaction principle for the irreversible functionalization of the channel entrances of zeolite L crystals. FG: desired group to functionalize
the channel ends; protector: the part of the molecule that is too big to enter the channels and that can be removed afterwards; XSi: the group
that can penetrate the channels and bind to the zeolite L framework; head: the FG can be further reacted with a head if desired.
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(FMOC-APMS). A weighed amount of zeolite L was sus-
pended in n-hexane, the number of channel entrances was
calculated, and the same amount of 1 was added to the
suspension. Knowing the number of channel entrances per
milligram of zeolite is very important, since an excess of 1 to
channel entrances leads to crystals modified on the whole
external surface. The stopcock molecule 1 has a hydrophobic
head (FMOC) and a hydrophilic tail (methoxysilane); there-
fore the tail prefers to penetrate the zeolite L channels, which
are hydrophilic, while the hydrophobic head prevents the
molecule from entering the channels completely due to the
size restriction imposed by the channel openings. The type of
reaction between the methoxysilane and the interior of the
zeolite channel must be investigated further. Since there are
no free silanol groups inside the channels, reactions described
for flat surfaces,[12] nanoparticles,[13] and the surface of
zeolites[14] are not very probable. However, pentacoordinate
silicon oxide compounds are well known,[15a] and pentacoor-
dinate Al3+ in zeolite L has been proposed recently.[15b]

The selectivity of the shape dependence of the adsorption
was shown by performing the same reaction with FMOC-
protected (3-aminopropyl)triethoxysilane (FMOC-APTES).
The triethoxysilane group is too bulky to enter the channels of
zeolite L under these conditions. Moreover, APTES is known
to form clusters in solution, which would also hinder a
selective adsorption only at the channel entrances. Therefore,
the molecule is expected to adsorb all over the outer surface
of the crystals, whereas the smaller stopcock 1 can adsorb
selectively at the channel entrances. The same amount of
zeolite was used for both modifications and therefore exactly
the same amount of FMOC-APMS and FMOC-APTES. Both
samples were processed as described in the Experimental
Procedure giving NH2-zeolite L.

The number of amino groups linked to the zeolite L was
determined by a quantitative ninhydrin colorimetric reaction,
also known as the Kaiser test,[16] and compared to the
calculated number of channel entrances. The results showed
that essentially 100% of both FMOC-APMS and FMOC-
APTES were attached to the zeolite, which means that every
zeolite has as many amino groups on the surface as channel
entrances for both reactants.

To show the spatial distribution of the amino groups on
the zeolite L surface for both samples, the NH2 groups can be
marked with fluorescing dyes. Amino-reactive fluorescing
dyes are used by biochemists for protein analysis and are
readily available.[17] N-Hydroxysuccinimidyl ester (NHS)
derivatives, such as dyes 2 (ATTO520-NHS) and 3
(ATTO610-NHS), are well known to react selectively with
primary amino groups in high yield, giving an amide bond.

Dye 3 was therefore coupled to the free amino group of
APMS- and APTES-modified crystals. Confocal fluorescence
microscopy pictures were taken of both, showing the spatial
distribution of the fluorescing dye and therefore of the amino
groups (Figure 3). The difference between the results

obtained with the monomethoxysilane APMS and the
triethoxysilane APTES is striking. The overall fluorescence
intensity of single crystals of both samples is about the same,
since the same number of amino groups is available, but the
distribution of the amino groups on the zeolite surface is
completely different: while FMOC-APMS is observed only at
the base of the crystals, FMOC-APTES is observed to be
present over the whole surface. The only way to explain this is
by assuming that the smaller methoxydimethylsilyl group can
enter the channels, while the more bulky triethoxysilyl
cannot. Control experiments were performed by treating
unmodified zeolite L crystals with dye 3. Since there are no
amino groups on the surface, one would expect the dye to be
washed away completely. This is indeed the case, and no
fluorescence was observed from these samples.

We found that the yield of the reaction between attached
amino groups and the reactive dye is mainly determined by
the size of the dye and the shape of the crystals. For dyes 2 and
3 we obtained an almost quantitative reaction with the amino
groups, and hence full coverage of the channel entrances,
when using crystals with a flat base and well-defined shape
without any intergrowth, as shown in the SEM picture in
Figure 1. The yield decreases to about 10% when zeolite L
crystals with a very rough surface are used, indicating the
importance of the morphology.

The excitation and emission spectra of 2, 3, and the near-
IR-emitting dye ATTO680 (4) attached to the base of the

Figure 3. Confocal fluorescence microscopy pictures of zeolite L single
crystals. a) Two crystals functionalized with APMS and coupled with
the strongly fluorescing dye 3 (top). We also show the relative intensity
distribution of one of these crystals (bottom). b) Several crystals func-
tionalized with 3 coupled to APTES (top) and the corresponding rela-
tive intensity distribution of one of these crystals (bottom). Both sam-
ples are modified with the same amount of dye 3, therefore the overall
fluorescence intensity of the single crystals is similar.
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zeolite L crystals are shown in Figure 4a. (Note that the
structure of 4 has not yet been revealed by the supplier). The
excitation and emission spectra of 2 and 3 bound to zeolite L
crystals are similar to those recorded for a dilute solution,

showing that the dyes are present as monomers. However, the
excitation spectrum of 4 is broadened and blue-shifted.
Although the structure of 4 is not yet available, we can
assume that its dimensions are substantially larger than those
of 2 or 3, allowing electronic interaction between dye
molecules located at different channel entrances. This effect
is even more pronounced when excitation and emission
spectra are measured for a thick layer, in which the chances of
intercrystalline electronic interactions between dye molecules
bound to different crystals increase.

An additional proof to show that the amino-reactive dye is
fixed on the zeolite L crystal can be obtained from energy-
transfer experiments. Oxonine-loaded zeolite L (Ox+-zeoli-
te L) is a strongly emitting and stable material that has its
emission maximum at 615 nm. The excitation and emission
spectra of Ox+-zeolite L were published in ref. [18]. The
emission spectrum of Ox+-zeolite L shows a pronounced
overlap with the excitation spectrum of ATTO680-zeolite L.
This allows F3rster-type energy transfer from Ox+ located
inside the channels to ATTO680 at the channel entrances in
an ATTO680,Ox+-zeolite L sample, if the distance between
Ox+ and ATTO680 is in the range of the F3rster radius.
Therefore, the excitation energy absorbed inside the zeolite L

is transported spatially and focused at the channel entrances.
The excitation and emission spectra of an ATTO680,Ox+-
zeolite L sample are shown in Figure 4b. Selective excitation
of Ox+ causes an important fluorescence of ATTO680 with a
maximum at 700 nm; this is obviously due to electronic
excitation energy transfer. The ATTO680 is more strongly
excited due to energy transfer from Ox+ than by direct
excitation at its absorption maximum at 660 nm, as can be
seen from the excitation spectrum.

In summary, a new reaction principle for sequential
functionalization of only the channel entrances of zeolite L
has been developed. The reaction was demonstrated by
attaching an aminomethoxysilyl group to the channel open-
ings, which can be further used to selectively bind, for
example, fluorescing dye molecules to the base of the crystals.
Since amino-reactive fluorescing dyes are readily available,
this allows the modification of the base of zeolite L crystals
with dyes covering the whole visible and near-IR region. This
has important consequences for the preparation of highly
efficient antenna materials funneling the excitation energy
from inside the zeolite L crystals to the channel ends, or vice
versa.[7,8] The amino groups can also be transformed into thiol
groups.[19] Such HS-zeolite L crystals are currently under
investigation in our laboratory. The reaction principle is not
restricted solely to zeolite L or to covalent modification with
amino groups, thus opening up options for obtaining a wide
range of new, functionalized zeolite-based materials, which
otherwise would be very difficult, if not impossible, to obtain.

Experimental Section
Pure zeolite L crystals were synthesized and characterized as
described in ref. [4]. The potassium-exchanged form was used for
all experiments. The dyes 2–4 were obtained from Fluka and used as
received. Confocal microscopy images were taken from zeolite L
crystals having a length of about 3 mm; crystals of about 30 nm were
used for the energy-transfer experiment. Fluorescence spectra were
recorded on an LS 50B Perkin-Elmer luminescence spectrophotom-
eter, and absorption spectra were measured with a Lambda 900
Perkin-Elmer UV/Vis/NIR equipment. Confocal microscopy was
performed with a fluoview FV 300 (Olympus) accessory equipped
with an argon-ion laser operating at 488 nm and an He/Ne laser
operating at 543.5 nm.

Synthesis of FMOC-APMS (1): (3-Aminopropyl)methoxydime-
thylsilane (APMS, Acros, 97%; 10 mL, 8.7 mg, 0.06 mmol) and was
added to 1 mL of CH2Cl2 (dried over CaH2) in a Teflon tube. FMOC
N-hydroxysuccinimide ester (FMOC-NHS, Fluka, > 98%, HPLC;
30 mg, 0.089 mmol) was dissolved in 1 mL of dry CH2Cl2 and added
dropwise to the APMS solution. The reaction mixture was stirred at
room temperature and monitored by thin-layer chromatography.
After 1 h the reaction was complete, and no more free amine could be
detected by a ninhydrin test.

Synthesis of FMOC-APTES: This synthesis was carried out in
analogy to that of FMOC-APMS with (3-aminopropyl)triethoxysi-
lane (APTES, Fluka, � 96%, GC; 10 mL, 8.5 mg, 0.053 mmol) instead
of APMS.

Synthesis of APMS-zeolite L and APTES-zeolite L: Typically,
zeolite L crystals (10 mg) were suspended in 2 mL of n-hexane
(Merck, p.a.) in a Teflon tube. The number of channel entrances was
calculated and 1 equiv of either FMOC-APMS or FMOC-APTES
was added to the suspension. After the suspension was sonicated for
20 min to allow the stopcock to adsorb on the zeolite L crystals, it was
heated at reflux for 3 h. The suspension was then centrifuged to give

Figure 4. a) Excitation (dotted) and emission (solid) spectra of dyes 2
(ATTO520), 3 (ATTO610), and 4 (ATTO680) attached to zeolite L chan-
nel entrances. b) Excitation (dotted) and emission (solid) spectra of
ATTO680,Ox+-zeolite L. The emission spectrum was recorded when
Ox+ was excited selectively at 540 nm. The excitation spectrum was
recorded at 720 nm, where essentially only ATTO680 emits.
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FMOC-APMS-zeolite L or FMOC-APTES-zeolite L. The crystals
were suspended in 1 mL of dry DMF containing 0.2 mL of piperidine
and stirred for 1 h to remove the FMOC group. After the crystals
were centrifuged and washed twice with 2 mL of MeOH, APMS-
zeolite L or APTES-zeolite L (NH2-zeolite L) was obtained.

Quantification of NH2 groups bonded to zeolite L: The amine test
solution consisted of ninhydrin (Fluka, ~ 99%, UV; 0.5 g, 2.81 mmol)
dissolved in 40 mL of n-butanol and 10 mL of doubly distilled water.
A 2-mL aliquot of the test solution was added to 0.05 mL, 0.025 mL,
0.0125 mL, and 0.005 mL (0.3 mmol, 0.15 mmol, 0.075 mmol, and
0.03 mmol, respectively) of APMS, and the solutions were stirred at
100 8C for 35 min. The absorption at 570 nm was measured for all
samples against a blank containing ninhydrin solution without APMS,
giving a regression line. A weighed amount of typically 1–2 mg of
NH2-zeolite L was suspended in 2 mL of the ninhydrin test solution
and stirred at 100 8C for 35 min. After centrifuging, the absorption of
the solution was measured at 570 nm, and the number of NH2 groups
per mg of zeolite L was calculated from the regression line.

Reaction of NH2-zeolite L with an amino-reactive dye: NH2-
zeolite L (ca. 5 mg) was suspended in 1 mL of dry acetonitrile (Merck,
DNA grade). Triethanalamine (Fluka, > 99%, GC; 5 mL, 5.62 mg,
0.038 mmol) was added and the suspension was sonicated for 10 min.
The amino-reactive dye (3–4 equiv relative to the NH2 groups) was
also dissolved in 1 mL of acetonitrile and added dropwise to the
zeolite suspension. The dye-zeolite L was stirred for 1 h then washed
twice with 2 mL of MeOH to remove excess dye. The amount of dye
bound to the NH2 groups was determined by destroying a known
amount of dye-zeolite L with hydrofluoric acid and measuring the
concentration of the dye by UV/Vis spectroscopy.

Synthesis of Ox+-zeolite L: Ox+ was synthesized as described in
ref. [20] and inserted into zeolite L crystals by ion exchange.[7] Further
reaction with ATTO680-NHS ester was performed as described
previously for empty zeolite L.
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Cluster Compounds

Competing H�H, S�S, and M�M Bond Formation
in the “Shape-Shifting” Cluster
[Ru4S3(arene)4]

2+**

Matthew L. Kuhlman and Thomas B. Rauchfuss*

Tetrametallic trisulfido clusters[1] mainly adopt the C3v

“Roussin Black salt” structure,[2, 3] illustrated by the classical
anion [Fe4S3(NO)7]

� . This motif has recently attracted
interest because M4S3-like fragments comprise the FeMo
cofactor in nitrogenase.[3–5] The only other M4S3 structure is
the rare C2v capped-butterfly seen in [Cp2Mo2Co2S3(CO)4]
(Cp=C5H5; Scheme 1).[2] Herein we describe the character-

ization of a third M4S3 motif; this new cluster is unusual
because of its structural dynamics and catalytic properties. In
particular, the new M4S3 clusters exhibits a previously
unobserved competition between S�S and M�M bonding.

Scheme 1. Structures of M4S3 cluster cores; M�M bonding can vary;
left: C3v Roussin Black salt structure, middle: C2v capped-butterfly, and
right: face-capped trigonal prism (this work).
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Studies on this dynamic property revealed that the new
clusters catalyze the reduction of protons to H2.

We have shown that [{(cym)RuCl2}2] (cym= 4-
iPrC6H4Me) reacts with (Me3Si)2S to produce trigonal bipyr-
amidal [(cym)3Ru3S2]

2+.[6] We have found that this simple
synthesis also affords the previously unrecognized tetrame-
tallic species [(cym)4Ru4S3]

2+ (12+). The distinctive solubility
properties of [(cym)4Ru4S3](PF6)2 (1) facilitates its easy
isolation in 30% yield [Eq. (1)].

2 ½fðcymÞRuCl2g2� ðMe3SiÞ2S�����!
½ðcymÞ3Ru3S2�ðPF6Þ2 ð60%Þ þ ½ðcymÞ4Ru4S3�ðPF6Þ2 ð1, 30%Þ

ð1Þ

In MeCN solution, cluster 12+ is stable at
80 8C in the presence of PPh3, and it is stable to
UV photolysis.[7]

The reaction stoichiometry leading to 12+ is
deceptive: RuII chlorides are ostensibly con-
verted into the corresponding RuII sulfides.
The 1H NMR data for 12+ indicate low sym-
metry, which is incompatible with known M4S3

motifs. X-ray crystallographic analysis of 1
revealed that the dication adopts a novel
structure, described as a face-capped trigonal
prism (Figure 1). An equilateral Ru4 square
(Ru�Ru bond 2.81
 0.03 D) is capped by m4-S
and m4-S2 ligands. The crystallographic result
shows that 12+ formally arises via an internal
reduction of two RuII to RuI concomitant with
oxidative coupling of two sulfides to persulfide
(S2

2�). The 64electron compound follows the
18 electron rule, although WadeEs rules predict
a nido cluster (9electron pair/seven vertex).

The crystallographic analysis reveals that
the four isopropyl groups are oriented towards
the persulfide-containing face of the Ru4

square, which is more spacious than the Ru4S
side. A space-filling model indicates steric
crowding between the arene substituents,

which would lead to restricted rotation about the ruthe-
nium–arene bonds. Indeed, the 1H NMR spectrum for 12+ is
simple at 70 8C but becomes complex at lower temperatures
as arene rotation is slowed (Figure 2). At �35 8C,
13CH3C6H4iPr signals are resolved (Figure 2b)
14CH3C6H4iPr signals would be consistent with seven possi-
ble atropisomers: (up)4, (down)4, trans-(up)2(down)2, cis-
(up- k )2(down- k )2, cis-(up-? )2(down-? )2, (up)3(down),
and (up)(down)3, where up and down refer to the orientation
relative to the S2 and S faces of the Ru4 square (see Scheme 2).
The number of isomers implies that rotation of the S2 ligand is
slow on the NMR timescale, such that two cis-(up)2(down)2

isomers are implicated, those where the cisoid Me groups are
parallel (k ; Scheme 2) or perpendicular (? ) to the S2 unit.
Restricted rotation of h6-arene ligands has rarely been
detected in mononuclear complexes[8] and never in a metal
cluster. The isomerization barrier could in principle be
increased through modifications in the arene ligand.

The cyclic voltammetry (CV) of 1 revealed sequential 1e�

reductions at �970 and �1270 mV (not shown; all potentials
are referenced to the Ag jAgCl couple). A reversible event at
790 mV is assigned to a 2e� oxidation. Chemical reduction of
12+ with two equivalents of [Cp*2Co] (Cp*=C5Me5;E8= 1.73
versus Ag jAgCl) yielded the neutral cluster [(cym)4Ru4S3]
(20). The 1H NMR spectroscopy data for this neutral species
revealed a 3:1 ratio for the cym signals, which indicates
idealized C3v symmetry as expected for the Roussin motif,
which was confirmed crystallographically (Figure 3). In con-
trast to other Roussin-like clusters, the apical metal atom is
not connected to the other three metal centers by M�M

Figure 1. Molecular structure of 1. Thermal ellipsoids are set at 50%
probability. Select bond lengths [@]: Ru1-Ru2 2.782, Ru1-Ru4 2.827,
Ru4-Ru3 2.776, Ru2-Ru3 2.848, S1-Ru2 2.352, S3-S2 2.109, S2-Ru2
2.281.

Figure 2. a) Variable temperature 1H NMR spectra ([D3]MeCN) for 1 demonstrating restricted
rotation of the cym ligands. A) Aromatic region, B) methyne (isopropyl), C) methyl, and D) methyl
(isopropyl) of cym. b) Expansion of the CH3C6H4iPr region for the �35 8C spectrum, demonstrat-
ing the coexistence of several atropisomers.
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bonds. Two Ru�Ru bonds are expected in a 68e� M4 cluster,
thus each of the three comparably elongated Ru�Ru bonds
within the Ru3 basal plane is consistent with a bond order of
2/3. Compound 20 is formally related to the cubane
[(cym)4Ru4S4]

[9,10] by removal of one sulfur atom and sub-
sequent formation of three Ru�Ru bonds.

The scan-rate dependence of the CVof 1 is consistent with
a coupled electrochemical–chemical process. The reduction
12+!1+ is fully reversible, but the second reduction is not,
hence this event is attributed to the rearrangement to the
Roussin-like cluster 2. At slow scan rates (20 mVs�1), the
initially generated 2+ is fully converted into 1+, indicated by
the event at �970 mV. At faster scan rates (500 mVs�1)
separate oxidations are observed for 20!2+ and 2+!22+. The

scan-rate dependence suggests that the rearrangement of 2+

into 1+ occurs with a half-life of approximately 100 ms. A
plausible pathway for rearrangement associated with the
oxidation of 20 is shown in Scheme 3.

Reflecting its electron-rich character and the robustness
of the Ru–S ensemble, 20 reacts efficiently with acids, such as
HOTf (OTf= [CF3SO3]

�), to regenerate 12+. When this
reaction is conducted in CH2Cl2 solution, 1

+(OTf)2 crystallizes
in near quantitative yield. Interestingly, this reaction occurs
with formation of H2 (1H NMR: d = 4.6 ppm in CH2Cl2
solution), [Eq. (2)].

½ðcymÞ4Ru4S3� þ 2Hþ ! ½ðcymÞ4Ru4S3�2þ ð100%Þ þH2 ð2Þ

Qualitative experiments suggest that 20 is a two-electron
reductant since the addition of one equivalent of HOTf
precipitates an approximately 50% yield of 1+(OTf)2. Thus,
the implied monohydride intermediate 2H+ is apparently
more reactive towards HOTf than 20. Since 20 is capable of
reducing protons and 12+ undergoes efficient reduction, a
catalytic cycle is apparent, but the CV results were unex-
pected. Indeed with HOTs a catalytic current that correlates
with [HOTs] is observed, but not at the expected potential of
approximately icat =�1 V. Instead icat emerges in the range
�0.80 to �0.60 V (Figure 4). The two new reduction events

observed in presence of H+ suggest that 12+ forms an electro-
active protonated derivative, although we were unable to

spectroscopically detect such a species. The two
new reduction events not only increase in current
with increasing [H+], but shift to a more negative
potential with increasing [H+], as seen in catalytic
systems.[11,12]

In summary, new M4S3 clusters have been
shown to exhibit “shape-shifting”, involving
redox- and proton-induced conversions between
C3v and trigonal-prismatic structures. The parent
cationic cluster is further unusual in that its arene

Scheme 2. Structures of two atropisomers of 1, A) the cis k isomer
and B) the (up)3(down) isomer.

Figure 3. Molecular structure of 20 with thermal ellipsoids set at 50%
probability. Select interatomic distances [@]: Ru1···Ru2 3.620, Ru3-Ru2
3.079, Ru3-Ru4 3.059, Ru4-Ru2 3.007, Ru1-S2 2.377, Ru2-S2 2.324.

Scheme 3. Pathway for the oxidation of 20.

Figure 4. Voltammograms of 10�3m 1 in 0.1m Bu4NPF6 MeCN
solution. The reductive current at approximately �800 mV can
be seen to correlate with the [p-MeC6H4SO3H]. Conditions:
scan rate=100 mVs�1, Pt wire counter electrode, a glassy carbon elec-
trode working electrode, Ag/AgCl reference.

Communications

6744 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6742 –6745

http://www.angewandte.org


ligands exhibit restricted rotation owing to steric compres-
sion. The work underscores the promise of metal sulfide
ensembles for hydrogen processing.

Experimental Section
1: A stirred suspension of (4.160 g, 6.8 mmol) of [{(cym)RuCl2}2]

[13] in
warm THF (150 mL) was treated with (2.14 mL, 10.2 mmol) of
(Me3Si)2S. The solid slowly dissolved followed by formation of a
brown precipitate. The slurry was stirred at 50 8C for 1 h. The solid
was collected by filtration and washed with THF (20 mL). The dried
brown powder was extracted into H2O (100 mL) this solution was
treated with KPF6 (2.50 g 13.3 mmol) to precipitated a mixture of
[(cym)3Ru3S2](PF6)2 and 1. After washing this solid with CH2Cl2 to
remove [(cym)3Ru3S2](PF6)2, the residue was extracted into acetone,
and this solution was concentrated to 5 mL. Addition of Et2O (80 mL)
precipitated a brown powder. Yield: 1.34 g (30%). 1H NMR
(500 MHz, [D3]MeCN): 1.28 (m, 6H), 2.22 (m, 3H), 2.61 (m, 1H),
6.61 (m, 1H), 6.14 (m, 1H), 5.96 (m, 1H), 5.59 ppm (m, 1H). ESI-MS:
m/z 519 ([M2+]). Elemental analysis (%) calcd for C40H56F12P2Ru4S3:
C 36.19, H 4.25, N 0; found: C 35.74, H 4.15, N 0.28.

20 : A solution of [Cp*2Co] (424 mg, 1.29 mmol) in THF (40 mL)
was added to a stirred solution of 1 (814 mg 0.61 mmol) in MeCN
(130 mL). After 1 h, the solvent was removed in vacuo, and the
resulting red powder was extracted with hexane (50 mL). Dark red
crystals were obtained upon concentrating and cooling the solution.
Yield: 464 mg (65%). 1H NMR (500 MHz, [D8]THF): 1.22 (d, J=
7 Hz, 6H), 1.37 (d, J= 7 Hz, 18H), 1.78 (s, 3H), 2.34 (s, 9H) 2.58
(sept, J= 7 Hz, 1H) 2.78 (sept, J= 7 Hz, 3H) 4.13 (d, J= 6 Hz, 2H)
4.47 (d, J= 6 Hz, 2H) 4.80 (d, J= 6 Hz, 6H) 4.97 ppm (d, J= 6 Hz,
6H). Elemental analysis (%) calcd for C40H56Ru4S3: C 46.31, H 5.44,
N 0; found: C 46.48, H 5.45, N 0.17.

Crystallography : Data was collected at �78 8C on a Siemens
Platform/CCD automated diffractometer. Data processing was per-
formed with SAINT PLUS version 6.22. Structures were solved using
direct methods and refined using full-matrix least-squares on F2 using
Bruker SHELXTL version 6.10. Hydrogen atoms were fixed in
idealized positions with thermal parameters 1.5 N those of the
attached carbon atoms. The data were corrected for absorption on
the basis of Y-scans. CCDC-244393 and CCDC-244394 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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Electron Microscopy

The Chemical Application of High-Resolution
Electron Tomography: Bright Field or Dark
Field?**

John Meurig Thomas,* Paul A. Midgley,*
Timothy J. V. Yates, Jonathan S. Barnard, Robert Raja,
Ilke Arslan, and Matthew Weyland

There are many occasions when chemists need to know
detailed information pertaining to the shapes and morphol-
ogy of minute (nanometer-sized) objects and the topography
of nanopores. In characterizing various kinds of electronic
devices ranging from quantum dots to quantum wells, in
determining the structure of viruses, in visualizing the
architecture of supramolecular assemblies inside eukaryotic
and prokaryotic cells, and especially in the identification of
nanoparticle catalysts supported on high-area nanoporous
solids, it is important to know—without recourse to sectioning
or other destructive techniques—the precise location, spatial
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distribution, and, wherever possible, the elemental composi-
tion of such materials.[1]

Like other, well-known forms of tomography (X-ray or
positron-emission) electron tomography enables a three-
dimensional (3D) picture to be computed (by using proven
mathematical procedures) from a series of projected two-
dimensional (2D) images taken over as wide a range of
angular orientations as possible. The greater the number of
distinct 2D images accumulated, the higher is the resolution
of the resulting tomogram. Typically, the specimens to be
investigated are imaged in a high-resolution electron micro-
scope at a series of angular settings (see Figure 1). From such
a series, the tomogram (3D picture) is reconstructed by
suitable, so-called “back-projection”, as first described by
Hart and others.[2–4]

The question arises, however, as to whether the electron
tomographic analysis should be performed under so-called
“bright-field” (BF) or “dark-field” conditions. In BF con-
ditions (see Figure 1), in either conventional transmission

(TEM) or scanning transmission (STEM) mode, the forward-
scattered beam is used to construct the electron microscopic
images (2D) images, whereas in the dark field conditions, it is
the beams diffracted through high angles that form the
images. BF imaging is the customary procedure, especially in
molecular biological contexts; for example in the cryo-
electron microscopic, tomographic work of Baumeister et al.
a great deal of insight has been gained in visualizing the
molecular organization of the cytoplasm using BF-based
tomography.[5,6] It has also been used effectively to clarify the

nature of the porosity of zeolites and nanoporous silica and
the distribution of finely divided noble-metal catalysts within
them.[7–11]

But when attempts are made to extend the resolution of
BF electron tomography certain insurmountable, electron-
optical drawbacks are encountered. The coherence of the BF
signal leads to strong contrast, such as Fresnel contrast,
whenever the electron wave encounters a change in refractive
index, or diffraction contrast (that produce bend contours and
thickness fringes) seen in crystalline specimens. In weakly
scattering, noncrystalline samples, these effects are less severe
and phase contrast, seen in the image by defocusing, can
reveal useful detail. However, phase contrast is highly
dependent on the so-called contrast transfer function of the
microscope and to reveal very small structures (such as
nanoparticles in mesopores, see below) it is necessary to use
large defocus values. With large defocus settings, the contrast
transfer function oscillates rapidly and direct interpretation of
image contrast becomes impossible. For tomography, in which
truly 3D samples must be examined, this problem is
compounded as identical features at different heights in the
specimen can show opposite contrast or no contrast at all.
Using small defoci settings will not yield sufficient phase
contrast to allow fine detail to be resolved above a support
film or substrate, as illustrated later.

High-angle annular dark-field (HAADF) electron tomog-
raphy, which is readily carried out using a scanning trans-
mission electron microscope (STEM), suffers from none of
those drawbacks.[10, 12] Electron beams scattered by the speci-
men to high angles conform closely to Rutherford>s scattering
law (where the scattered intensity is proportional to Z2, Z =

atomic number of the scattering element) and the process is
incoherent, so that the signals accumulated by a HAADF
detector (Figure 1) are free from the complications arising
from the contrast transfer function, adumbrated above. An
authentic image of the internal structure of the specimen is
thus recorded, and there are no “missing” atomic spacings (as
in BF coherent imaging) arising from purely electron-optical
effects. A further advantage with STEM imaging is that
specimens can suffer far less beam damage during investiga-
tion (which is rather long because several images, typically 70,
over an angular span of + 708 to�708 of specimen tilt, have to
be recorded).

Herein we illustrate, with two examples, the veracity of
our statement that HAADF electron tomography is superior
to BF electron tomography. In the first example, we focus on
the bimetallic nanoparticle catalysts, [Ru10Pt2], supported on
mesoporous silica. Figure 2a shows images of a typical region
of mesoporous silica containing this catalyst under BF
conditions; and Figure 2 b shows precisely the same region
of the specimen recorded under HAADF conditions.
Whereas under BF conditions the nanoparticles are barely
visible, because of the extremely weak phase contrast, under
HAADF conditions they stand out clearly because of the high
amplitude, atomic number contrast.[13]

Figure 3 shows a series of 3 nm thick slices of the
tomogram (derived from images such as that shown in
Figure 2b) displayed parallel to the pore axis at intervals of
5 nm—an animation of the top-to-bottom distribution of

Figure 1. a) Bright field (BF) image formation in the TEM (left) and BF
and high-angle annular dark-field (HAADF) image formation in the
STEM (right). b) Fourier space representation (left) of the series of
images, angular sampling q, maximum tilt a, used to reconstruct a
tomogram, such as that of the mesoporous catalyst (right).
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[Ru10Pt2] nanoparticles within the mesoporous silica is in the
Supporting Information.

In the second example, we take a section of a Si–Ge
multiple quantum-well device, recorded both under BF
(Figure 4a) and HAADF (Figure 4b) conditions. Again, the
benefits of dark-field imaging are clear. The BF image is
dominated by coherent diffraction contrast (bend contours)
and the quantum wells are barely visible. In the HAADF
micrograph the diffraction contrast has disappeared and the
image is dominated by thickness and atomic number con-
trast—the wells contain 15 % Ge. Such an image contrast is
ideal for subsequent tomographic analysis.

The quintessential conclusion to be drawn from this work
is that when electron tomographic resolutions of 3 to 6 nm are
deemed adequate, BF imaging suffices. At higher resolutions,
and especially in probing nanoparticles of dimension 1 nm or
less, it is imperative that HAADF tomography be employed.

Received: July 27, 2004
Published online: November 26, 2004
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Figure 2. a) BF images, taken at three defocus values, of nano-
particle-filled mesoporous silica. b) A comparison of BF (left) and
HAADF (right) images of identical areas of catalyst: nanoparticles of
[Ru10Pt2] invisible in BF are clearly seen in the HAADF image.

Figure 3. An axial projection of a 30 nm thick specimen and five suc-
cessive 3-nm thick slices through a tomogram of silica-supported
[Ru10Pt2]: nanoparticles (red), mesoporous silica (white).

Figure 4. a) TEM BF image and b) STEM HAADF image of a Si–Ge
multiple quantum well structure. Coherent diffraction effects dominate
the BF image. The quantum wells are revealed clearly only in the
incoherent HAADF image.
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Host–Guest Systems

Supramolecular Catalysis of a Unimolecular
Transformation: Aza-Cope Rearrangement
within a Self-Assembled Host**

Dorothea Fiedler, Robert G. Bergman,* and
Kenneth N. Raymond*

Chemists have long envied the ability of enzymes to
manipulate reaction energetics and specificity through steric
confinement and precise functional-group interactions. The
enormous rate accelerations that enzymes achieve at modest
temperatures may be attributed to their high degree of
complexity, and the synthetic chemist is hard pressed to create
such well-constructed catalytic scaffolds. Yet in this regard,
the utilization of supramolecular chemistry may have an
advantage: supramolecular self-assembly facilitates the cre-
ation of large, complex structures from relatively simple
precursors.[1,2] Based on reversible weak interactions, such as
hydrogen bonding or metal–ligand interactions, synthetic
chemists have generated an array of self-assembled struc-
tures, diverse in architecture and composition. Some of these
synthetic structures bear an internal cavity, and their interior
can provide a new and very specific chemical environment,
distinctly different from the exterior surroundings.[3–6] The

development of container-like molecules into chemically
useful structures is an attractive goal, and their utilization as
catalytic reaction chambers can parallel the enzyme function.
The rate for a bimolecular Diels–Alder reaction, for example,
was reported to be significantly accelerated in the presence of
a supramolecular host, owing to the increase of effective
concentrations of the two substrates when bound within the
same capsule.[7,8] Major challenges are a) to develop supra-
molecular systems capable of catalyzing unimolecular reac-
tions, and b) to circumvent catalyst inhibition, a problem that
frequently occurs when the cavity binds the reaction product
more strongly than the substrate.[7,9] We report herein the
utilization of a supramolecular metal–ligand assembly that is
capable of catalyzing a unimolecular rearrangement. Simply
by inclusion into a size- and shape-constrained reaction space
these rearrangements are accelerated by up to three orders of
magnitude compared to their background rates. Furthermore,
the chemical properties of the reacting system provide an
effective means of preventing product inhibition, which
facilitates catalyst turnover.

Raymond and co-workers have composed supramolecular
tetrahedral structures of M4L6 stoichiometry through self-
assembly of simple metal and ligand components.[10, 11] In
these assemblies the metal atoms are located at the vertices of
the tetrahedron and six bis-bidentate catechol amide ligands
span the edges (Figure 1). The tris-bidentate chelation of the
metal centers renders them chiral (D or L), and the

mechanical coupling through the rigid ligands results in the
formation of exclusively homochiral assemblies (i.e. D,D,D,D
or L,L,L,L). By virtue of the 12� overall charge, the
assemblies are water soluble, yet they contain a flexible
hydrophobic cavity of 350–500 �3 into which they can bind a
broad range of monocationic guest molecules, from alkyl
ammonium cations to half-sandwich complexes.[12,13]

In pursuing supramolecular catalysis, a chemical trans-
formation of a cationic substrate, which is compatible with the
supramolecular host, needed to be identified. The cationic 3-
aza-Cope rearrangement seemed to be the ideal reaction to
be carried out in the finite environment of the M4L6 assembly.
The substrates are ammonium cations (A) and should bind to
the cavity interior (Figure 2, top). Sigmatropic rearrangement
leads to an iminium cation (B), which is subsequently hydro-
lyzed to the corresponding g,d-unsaturated aldehyde (C).
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Figure 1. Left: A schematic view of the [G�M4L6] (G =guest) supramolecular tetrahedral assembly, looking down the C3-axis. For clarity only one
ligand is drawn, the other ligands are represented as sticks. Middle: CAChe model of [NPr4�Fe4L6]

11�, the guest molecule is shown in a space-fill-
ing view, the hydrogen atoms are omitted for clarity. Right: The same CAChe model as in the middle, now with host and guest in space filling
view. This representation shows that the guest molecule is not exposed to the assembly exterior, but rather is tightly surrounded by the host.
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Since neutral molecules are only very weakly bound by the
supramolecular host, binding of more substrate could occur
after the hydrolysis step, enabling catalytic turnover.

We explored a range of enammonium substrates A,
diverse in size, shape, and substitution pattern (Table 1). All

of the substrates were encapsulated by the metal–ligand
assembly, which can most easily be monitored by 1H NMR
spectroscopy. Shielding by the naphthalene moiety of the
ligand scaffold causes an upfield shift of the guest resonances
by d = 2–3 ppm. Enammonium cation 1 (R1, R2, R3 = H), for
example, quantitatively yielded the host–guest complex
[1�Ga4L6]

11� as confirmed by NMR spectroscopy (Figure 2,
bottom) and ES-mass spectrometry. To investigate whether
the substrate�s reactivity has been altered by encapsulation,

the rates of rearrangement were measured for the free and
encapsulated enammonium cations. All rearrangements dis-
played clean first-order kinetics in buffered solution at 50 8C.
Remarkably, the encapsulated substrates rearranged faster in
all cases (Table 1). Substrate 3, for instance, experienced 141-
fold rate acceleration, once encapsulated by the supramolec-
ular assembly. Even more dramatic is the effect on the
isopropyl substituted enammonium cation 7; binding into the
host cavity resulted in a rate increase by a factor of 854.
Control experiments with the free rearrangement showed no
significant solvent dependence, excluding the possibility that
the observed rate enhancement is simply due to the cavity�s
more hydrophobic environment. The prospect that the host-
assembly�s negative charge causes the rate acceleration was
ruled out by adding salt (2m KCl) in the absence of the
assembly, which did not result in a significant change in rate
for the free rearrangement.

To elucidate the origin of the observed rate accelerations,
the activation parameters were measured. The obtained
parameters for the free rearrangement of substrate 3, for
example, are DH� = 23.1(� 0.8) kcalmol�1 and DS� =�8
(� 2) e.u. (1 e.u. = 4.184 J K�1 mol�1). These values compare
well with those reported for similar systems,[14] and the
negative entropy of activation reflects the highly organized,
chairlike transition state required for the rearrangement
reaction. The reaction of the encapsulated substrate
[3�Ga4L6]

11� gave a very similar value for the enthalpy of
activation, DH� = 23.0(� 0.9) kcalmol�1. The entropy of acti-
vation, however, differs remarkably by almost 10 e.u., with
DS� = ++2(� 3) e.u. (see Supporting Information). Compara-
ble effects are observed for the other substrates.[15]

These results imply that the host-assembly selectively
binds a reactive conformation of the substrate. The space-

restrictive host cavity only allows
encapsulation of a tightly packed
conformation, closely resembling
the conformation of the chairlike
transition state. The predisposed
conformers, which have already
lost several rotational degrees of
freedom, are selected from an
equilibrium mixture of all possible
conformers. Thus the entropic bar-
rier for rearrangement decreases.
This effect of preorganization
becomes more significant for the
larger substrates, which fit more
tightly in the host cavity. For exam-
ple, while an isopropyl substituent
at R2 slows down the rate of the

free reaction relative to that of the other substrates, the
bulkier R2 group effects the largest observed acceleration of
the encapsulated reaction. Presumably in free substrate 7 the
additional steric repulsion between the ends of the alkyl
chains reduces the percentage of reactive conformations in
free solution even further, therefore decreasing the rate of
rearrangement. The encapsulated 7, however, does not
display a similar effect; once squeezed into the cavity, the
two pendant alkyl chains are forced to be in close proximity,

Figure 2. Top: A general reaction scheme of the 3-aza-Cope rearrange-
ment. Starting from the enammonium cation A, [3,3] sigmatropic rear-
rangement leads to iminium cation B, which then hydrolyzes to the
aldehyde, C. Bottom: 1H NMR spectrum of [1�Ga4L6]

11� (1: R1, R2,
R3 = H). The observed upfield shift of guest resonance signals illus-
trates the close contact between host and guest.

Table 1: Rate constants for free (kfree) and encapsulated (kencaps) rearrangements (measured at 50 8C) and
their acceleration factors.

Substrate R1 R2 R3 kfree [ � 10�5 s�1] kencaps [ � 10�5 s�1] Acceleration

1 H H H 3.49 16.3 5
2 Me H H 7.61 198 26
3 H Et H 3.17 446 141
4 H H Et 1.50 135 90
5 H nPr H 4.04 604 150
6 H H nPr 1.69 74.2 44
7 H iPr H 0.37 316 854
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and the reaction proceeds at a rate
comparable to those of the other
encapsulated substrates.

The effect of preorganization into
a reactive conformation in the host–
guest system is supported by the 2D
NOESY spectrum of [3�Ga4L6]

11�

(Figure 3). While the unbound sub-
strate shows no NOEs between the
pendant alkyl chains, the encapsu-
lated enammonium cation displays
strong dipolar couplings between pro-
tons at the two distal ends of the
molecule. Assuming a tight, chairlike
conformation of the bound substrate,
these correlations would be
expected.[16]

It is of interest to compare our
results with the observations on the
enzyme chorismate mutase, which
catalyzes the unimolecular Claisen
rearrangement from chorismate to
prephenate, achieving rate accelera-
tion of a factor of 106 relative to the
uncatalyzed reaction. Even though
this highly complex process is not
fully understood, the factors respon-
sible for the enzyme�s catalytic effi-
ciency include reduction of both the
enthalpic and entropic barrier for
rearrangement.[17] It is proposed that
a series of functional groups located at
the active site stabilize the charge
build-up in the transition state, which
causes a decrease in enthalpy of
activation.[18] In addition, the enzyme
binds the substrate in a diaxial, reac-
tive conformation, which lowers the
entropy of activation by 11–
13 e.u.[19–21] Theoretical studies by Bruice and co-workers on
the chorismate rearrangement imply that the efficiency of
forming near attack conformers (NACs) in the ground state
can be a very important kinetic contribution.[22, 23]

Since the enzyme shows such remarkable catalytic proper-
ties, the question arose as to whether the M4L6 supramolec-
ular assembly would also be able to mediate the aza-Cope
rearrangement catalytically. The stoichiometric experiments
had shown that in all cases of the host-mediated 3-aza-Cope
rearrangement, the iminium cations B hydrolyzed rapidly to
the corresponding aldehydes C, leaving behind an empty
cavity.[24] This property should enable the reaction to be
carried out under catalytic conditions. Indeed, carrying out
the reaction in the presence of 13 mol% catalyst relative to
enammonium substrate revealed truly catalytic behavior of
the supramolecular host. Raising the catalyst loading from
13 mol% to 27 mol % to 40 mol % resulted in the expected
increases in rate; the observed initial rate constants at 25 8C
are k13 mol% = 0.64 � 10�4 s�1, k27 mol % = 1.17 � 10�4 s�1, and
k40 mol % = 1.80 � 10�4 s�1 (see Supporting Information). The

idea of the supramolecular assembly providing a catalytic
cavity for rearrangement is further supported by an inhibition
experiment with the very strongly binding guest molecule
[NEt4]

+. When eight equivalents of [NEt4]
+ were added to the

reaction mixtures to block the host cavity, the catalytic
activity of the supramolecular host was inhibited. Based on
these results, we propose the catalytic mechanism illustrated
in Figure 4: 1) A reactive conformation of the enammonium
cation binds into the restricted space of the host assembly.
2) The rearrangement proceeds with significant acceleration
within the boundaries of the metal–ligand assembly. 3) The
rearranged product equilibrates with the bulk solution, and
hydrolysis to the corresponding aldehyde enables catalytic
turnover by regeneration of the empty assembly that can bind
additional substrate.

These findings highlight the ability of container-like
molecules to provide size- and shape-defined nanospaces,
highly capable of catalysis of unimolecular organic reactions.
By binding the substrates in a reactive conformation, the host
assembly accelerates the rates of rearrangement by up to

Figure 3. The 2D NOESY spectrum of [3�Ga4L6]
11� in a D2O/MeOD mixture (70:30) recorded at

�10 8C, mixing time 100 ms. Indicated in red are selected NOEs. The correlation between Me and
Me at the two distal ends of the molecule demonstrates the cavity’s enforcement of a compressed
and folded guest conformation. Hn = naphthyl protons, Hc = catechol protons.
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three orders of magnitude. Release and hydrolysis of the
rearranged product generate catalytic turnover. With this, the
large potential of supramolecular assemblies as synthetically
useful tools in organic chemistry becomes apparent.
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Badjić, J. D. (C) 3273 – 3278 [3335 – 3340]
Bae, A.-H. (C) 465 – 469 [471 – 475]
Bae, C. (C) 2282 – 2285 [2332 – 2335]
Bae, J. (C) 3803 – 3806 [3891 – 3894]
Baek, K.-H. (C) 1675 – 1678 [1707 – 1710]
Baenitz, M. (C) 112 – 115 [114 – 117]
Baerns, M. (R) 406 – 446 [410 – 451]
Bagdanoff, J. T. (C) 353 – 357 [357 – 361]
Baharloo, B. (C) 5682 – 5685 [5800 – 5803]
Bai, C.-L.
– Pt Hollow Nanospheres: Facile Synthesis

and Enhanced Electrocatalysts
(C) 1540 – 1543 [1566 – 1569]
DOI: 10.1002/anie.200352956

Baillargeon, P. (C) 349 – 353 [353 – 357]
Baker, R. J. (C) 3852 – 3855 [3940 – 3943]
Baker, R. T.
– Molecular and Electronic Structure of

Platinum Bis(N-arylamino)phosphenium
Complexes including [Pt(phosphane)-
(phosphenium)(N-heterocyclic carbene)]
(C) 1955 – 1958 [1989 – 1992]
DOI: 10.1002/anie.200352326

Bakowies, D. (C) 4055 – 4059 [4147 – 4151]
Balaj, O. P. (C) 6519 – 6522 [6681 – 6684]
Balaram, P.
– Hydrogen-Bond Lengths in Polypeptide

Helices: No Evidence for Short Hydrogen
Bonds
(C) 6728 – 6731 [6896 – 6899]
DOI: 10.1002/anie.200461127

Balasubramanian, S.
– Templated Ligand Assembly by Using G-

Quadruplex DNA and Dynamic Covalent
Chemistry
(C) 1143 – 1146 [1163 – 1166]
DOI: 10.1002/anie.200353069

Balasubramanian, S. (C) 5926 – 5930 [6052 –
6056]

Baldauf, C. (C) 1594 – 1597 [1621 – 1624]
Baldwin, J. E.
– Stille Coupling Made Easier—The Syner-

gic Effect of Copper(i) Salts and the
Fluoride Ion
(C) 1132 – 1136 [1152 – 1156]
DOI: 10.1002/anie.200352979

Balieu, S. (C) 5963 – 5967 [6089 – 6093]
Ball, P. (E) 4842 – 4847 [4948 – 4953]
Ballauff, M.
– Analysis of Poly(carbon suboxide) by

Small-Angle X-ray Scattering
(C) 5843 – 5846 [5967 – 5970]
DOI: 10.1002/anie.200460263

– Dendrimers in Solution: Insight from
Theory and Simulation
(R) 2998 – 3020 [3060 – 3082]
DOI: 10.1002/anie.200300602

Ballauff, M. (C) 109 – 112 [111 – 114]
Ballester, P. Corrigendum: 141
Ballesteros, A. (C) 325 – 329 [329 – 333]
Balme, G.
– Pyrrole Syntheses by Multicomponent

Coupling Reactions
(H) 6238 – 6241 [6396 – 6399]
DOI: 10.1002/anie.200461073

Balteanu, I. (C) 6519 – 6522 [6681 – 6684]
Baltes, N. (C) 1431 – 1435 [1455 – 1459]
Bandini, M.
– New Catalytic Approaches in the Stereo-

selective Friedel – Crafts Alkylation Reac-
tion

(M) 550 – 556 [560 – 566]
DOI: 10.1002/anie.200301679

Bandini, M. (C) 84 – 87 [86 – 89]
Bando, Y. (C) 63 – 66 [65 – 68], 4606 – 4609

[4706 – 4709]
Bang, D. (C) 2534 – 2538 [2588 – 2592]
Bannenberg, T. (C) 5530 – 5534 [5646 – 5650]
Bantignies, J.-L. (C) 203 – 206 [205 – 208]
Bao, X.
– In Situ Assembly of Zeolitic Building

Blocks into High-Order Structures
(C) 3452 – 3456 [3534 – 3538]
DOI: 10.1002/anie.200453777

– In Situ Magnetic Resonance Investigation
of Styrene Oxidation over TS-1 Zeolites
(C) 6377 – 6381 [6537 – 6541]
DOI: 10.1002/anie.200461113

Baran, P. (C) 574 – 577 [584 – 587]
Baran, P. S.
– Sceptrin as a Potential Biosynthetic Pre-

cursor to Complex Pyrrole – Imidazole
Alkaloids: The Total Synthesis of Ageli-
ferin
(C) 2674 – 2677 [2728 – 2731]
DOI: 10.1002/anie.200453937

Baratta, W.
– Cyclometalated Ruthenium(ii) Complexes

as Highly Active Transfer Hydrogenation
Catalysts
(C) 3584 – 3588 [3668 – 3672]
DOI: 10.1002/anie.200454199

Barbas III, C. F.
– Synthesis of b-Hydroxyaldehydes with

Stereogenic Quaternary Carbon Centers
by Direct Organocatalytic Asymmetric
Aldol Reactions
(C) 2420 – 2423 [2474 – 2477]
DOI: 10.1002/anie.200353546

Barbon, A. (C) 5328 – 5331 [5442 – 5445]
Barbour, L. J.
– A New Type of Material for the Recovery

of Hydrogen from Gas Mixtures
(C) 2948 – 2950 [3008 – 3010]
DOI: 10.1002/anie.200353559

Barbour, L. J. (C) 5263 – 5266 [5375 – 5378]
Bard, A. J.
– Optimization Of “Wired” Enzyme O2-

Electroreduction Catalyst Compositions
by Scanning Electrochemical Microscopy
(C) 6355 – 6357 [6515 – 6517]
DOI: 10.1002/anie.200461528

Barder, T. E. (C) 1871 – 1876 [1907 – 1912]
Barluenga, J.
– Diastereoselective Synthesis of Cyclohep-

tadienol Derivatives by a Formal [5þ 2]
Carbocyclization Reaction of a,b,g,d-
Diunsaturated (Methoxy)carbene Com-
plexes with Methyl Ketone Lithium Eno-
lates
(C) 5510 – 5513 [5626 – 5629]
DOI: 10.1002/anie.200460547

– N-Trialkylsilylimines as Coupling Partners
for Pd-Catalyzed C�N Bond-Forming
Reactions: One-Step Synthesis of Imines
and Azadienes from Aryl and Alkenyl
Bromides
(C) 343 – 345 [347 – 349]
DOI: 10.1002/anie.200352808

– Reaction of Alkene – Zirconocene Com-
plexes and Cyclic Enol Ethers through
New Reaction Pathways
(C) 3932 – 3935 [4022 – 4025]
DOI: 10.1002/anie.200454151

– Regioselective Postsynthetic Modification
of Phenylalanine Side Chains of Peptides

Leading to Uncommon ortho-Iodinated
Analogues
(C) 325 – 329 [329 – 333]
DOI: 10.1002/anie.200352464

Barluenga, S. (C) 3467 – 3470 [3549 – 3552]
Barnard, J. S. (C) 6745 – 6747 [6913 – 6915]
Barner, J. (C) 5185 – 5188 [5297 – 5300]
Baro, A. (C) 6547 – 6549 [6709 – 6711]
Baron, R. (C) 4055 – 4059 [4147 – 4151]
Barra, A.-L. (C) 1136 – 1139 [1156 – 1159],

5196 – 5200 [5308 – 5312]
Barteau, M. A.
– Ethylene Epoxidation on Ag: Identifica-

tion of the Crucial Surface Intermediate by
Experimental and Theoretical Investiga-
tion of its Electronic Structure
(C) 2918 – 2921 [2978 – 2981]
DOI: 10.1002/anie.200353584

Bartl, M. H. (C) 3037 – 3040 [3099 – 3102],
5652 – 5655 [5770 – 5773]

Barun, O. (C) 3195 – 3199 [3258 – 3261]
Basak, A. (C) 1417 – 1419 [1441 – 1443]
Baskaran, D.
– Polymer-Grafted Multiwalled Carbon

Nanotubes through Surface-Initiated Poly-
merization
(C) 2138 – 2142 [2190 – 2194]
DOI: 10.1002/anie.200353329

Basset, J.-M.
– Cross-Metathesis of Propane and Meth-

ane: A Catalytic Reaction of C�C Bond
Cleavage of a Higher Alkane by Methane
(C) 5366 – 5369 [5480 – 5483]
DOI: 10.1002/anie.200460982

Bassil, B. S. (C) 3485 – 3488 [3567 – 3571]
Basuli, F. (C) 3156 – 3159 [3218 – 3221]
Batey, R. A.
– Palladium-Catalyzed [3,3] Sigmatropic

Rearrangement of (Allyloxy)iminodiaza-
phospholidines: Allylic Transposition of
C�O and C�N Functionality
(C) 1865 – 1868 [1901 – 1904]
DOI: 10.1002/anie.200353284

Batten, S. R. (C) 192 – 195 [194 – 197]
Baudin, J.-B. (C) 4785 – 4788 [4889 – 4892]
Bauer, J. (C) 1979 – 1983 [2013 – 2017]
Bauer, W. (C) 2959 – 2962 [3019 – 3022]
Baum, E. (C) 3190 – 3192 [3252 – 3255]
Baumeister, U. (C) 4621 – 4625 [4721 – 4725]
Baumes, L. (C) 5347 – 5349 [5461 – 5463]
Baumgarten, M. (C) 5331 – 5335 [5445 – 5449]
Baumgartner, T.
– The Dithieno[3,2-b :2’,3’-d]phosphole

System: A Novel Building Block for
Highly Luminescent p-Conjugated Materi-
als
(C) 6197 – 6201 [6323 – 6328]
DOI: 10.1002/anie.200461301

Baumhof, P. (C) 224 – 228 Corrigendum: 540
[226 – 230 Corrigendum: 547]

Bawendi, M. G.
– Blue Luminescence from (CdS)ZnS Core –

Shell Nanocrystals
(C) 2154 – 2158 [2206 – 2210]
DOI: 10.1002/anie.200453728

Bayer, A. (C) 5821 – 5823 [5945 – 5947]
Bayer, J. (C) 3967 – 3970 [4057 – 4060]
Bayer, M. J. (C) 1854 – 1857 [1890 – 1893]
Bayley, H. (C) 842 – 846 [860 – 864], 3063 –

3067 [3125 – 3129]
Baylies, C. J. (C) 4515 – 4518 [4615 – 4618]
Beak, P.
– Beyond Thermodynamic Acidity: A Per-

spective on the Complex-Induced Proxim-
ity Effect (CIPE) in Deprotonation Reac-

Angewandte
Chemie Badj – Beak

6761Angew. Chem. Int. Ed. 2004, 43, 6759 – 6826 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


tions
(R) 2206 – 2225 [2256 – 2276]
DOI: 10.1002/anie.200300590

Beattie, J. K.
– The Pristine Oil/Water Interface: Surfac-

tant-Free Hydroxide-Charged Emulsions
(C) 3568 – 3571 [3652 – 3655]
DOI: 10.1002/anie.200453916

Beau, J.-M.
– Simple Synthesis of Nodulation-Factor

Analogues Exhibiting High Affinity
towards a Specific Binding Protein
(C) 4644 – 4646 [4744 – 4746]
DOI: 10.1002/anie.200460275

Beaulieu, P. L. (C) 4306 – 4311 [4406 – 4411]
Bechthold, A.
– The Glycosyltransferase UrdGT2 Cata-

lyzes Both C- and O-Glycosidic Sugar
Transfers
(C) 2962 – 2965 [3022 – 3025]
DOI: 10.1002/anie.200453758

Beck, J.
– Analysis of Poly(carbon suboxide) by

Small-Angle X-ray Scattering
(C) 5843 – 5846 [5967 – 5970]
DOI: 10.1002/anie.200460263

Becker, K. D. (C) 3970 – 3974 [4061 – 4064]
Becker, R. (C) 2839 – 2842 [2899 – 2903]
Beckhaus, R.
– Directed Reduction of Six-Membered

Nitrogen Heterocycles—Selective Forma-
tion of Polynuclear Titanium Complexes
(C) 1583 – 1587 [1609 – 1614]
DOI: 10.1002/anie.200353021

Beckmann, J.
– Carbon Dioxide Fixation by the Coopera-

tive Effect of Organotin and Organotellu-
rium Oxides
(C) 6683 – 6685 [6851 – 6853]
DOI: 10.1002/anie.200460155

Beckwith, A. L. J.
– The Mechanism of Bu3SnH-Mediated

Homolytic Aromatic Substitution
(C) 95 – 98 [97 – 100]
DOI: 10.1002/anie.200352419

Begum, R. A. (C) 5029 – 5032 [5139 – 5142]
Behm, M. (C) 700 – 704 [718 – 722]
Behrens, C. (C) 1848 – 1851 [1884 – 1887]
Beijleveld, H. (C) 369 – 373 [373 – 377]
Bein, T.
– High-Throughput Synthesis of Phospho-

nate-Based Inorganic – Organic Hybrid
Compounds under Hydrothermal Condi-
tions
(C) 749 – 752 [767 – 770]
DOI: 10.1002/anie.200351718

Beismann-Driemeyer, S. (R) 4014 – 4031
[4104 – 4122]

Beissenhirtz, M. K. (C) 4357 – 4360 [4457 –
4460]

Beljonne, D. (C) 1976 – 1979 [2010 – 2013]
Bellanda, M. (C) 3152 – 3155 [3214 – 3217]
Bellemin-Laponnaz, S.
– A C3-Symmetrical Chiral Trisoxazoline

Zinc Complex as a Functional Model for
Zinc Hydrolases: Kinetic Resolution of
Racemic Chiral Esters by Transesterifica-
tion
(C) 4479 – 4482 [4579 – 4582]
DOI: 10.1002/anie.200460187

– A Modular Assembly of Chiral Oxazoli-
nylcarbene – Rhodium Complexes: Effi-
cient Phosphane-Free Catalysts for the
Asymmetric Hydrosilylation of Dialkyl
Ketones

(C) 1014 – 1017 [1036 – 1039]
DOI: 10.1002/anie.200353133

Belleney, J. (C) 1718 – 1721 [1750 – 1753]
Beller, M.
– Catalytic Markovnikov and anti-Markov-

nikov Functionalization of Alkenes and
Alkynes: Recent Developments and
Trends
(R) 3368 – 3398 [3448 – 3479]
DOI: 10.1002/anie.200300616

– Development of a Ruthenium-Catalyzed
Asymmetric Epoxidation Procedure with
Hydrogen Peroxide as the Oxidant
(C) 5255 – 5260 [5367 – 5372]
DOI: 10.1002/anie.200460528

– Enantioselective Hydrogenation of b-
Ketoesters with Monodentate Ligands
(C) 5066 – 5069 [5176 – 5179]
DOI: 10.1002/anie.200460190

Bellinazzi, M. (C) 5328 – 5331 [5442 – 5445]
Belokon, Yu. N.
– In Situ Formation of a Heterobimetallic

Chiral [(Salen)TiIV]/[(Salen)VV] Catalyst
for the Asymmetric Addition of TMSCN
to Benzaldehyde
(C) 4085 – 4089 [4177 – 4181]
DOI: 10.1002/anie.200454031

Ben-David, Y. (C) 5961 – 5963 [6087 – 6089]
Bénard, M. (C) 6120 – 6125 [6246 – 6251]
Benati, L. (C) 3598 – 3601 [3682 – 3685]
Benedict, J. B. (C) 5328 – 5331 [5442 – 5445]
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Bulović, V. (C) 2154 – 2158 [2206 – 2210]
Bundle, D. R.
– Glycosyltransferase-Catalyzed Synthesis of

Thiooligosaccharides
(C) 613 – 615 [623 – 625]
DOI: 10.1002/anie.200352606

Bundle, D. R. (C) 4183 – 4186 [4279 – 4282]
Buñuel, E. (C) 2402 – 2406 [2456 – 2460]
Buono, F. G. (C) 2099 – 2103 [2151 – 2155]
Burck, S. (C) 4801 – 4804 [4905 – 4908]
Bures, F. (C) 2968 – 2970 [3028 – 3030]
Burgert, R. (C) 3190 – 3192 [3252 – 3255]
B�rgi, H.-B.
– Challenges in Engineering Spin Crossover:

Structures and Magnetic Properties of Six
Alcohol Solvates of Iron(ii) Tris(2-picolyl-
amine) Dichloride
(C) 4589 – 4594 [4689 – 4695]
DOI: 10.1002/anie.200460736

B�rgi, H.-B. (C) 4292 – 4295 [4392 – 4395]
Burke, J. M. (C) 3061 – 3063 [3123 – 3125]
Burke, M. D. (R) 46 – 58 [48 – 60]
Burstein, C. (C) 6205 – 6208 [6331 – 6334]
Bursten, B. E. (C) 2554 – 2557 [2608 – 2611]
Burton, D. R. (C) 1000 – 1003 [1018 – 1021]
Buryak, A. (C) 4771 – 4774 [4875 – 4878]

Brau – BuryAuthor Index

6764 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6759 – 6826

http://www.angewandte.org


Busch, S.
– Regeneration of Human Tooth Enamel

(C) 1428 – 1431 [1452 – 1455]
DOI: 10.1002/anie.200352183

B�schel, M. G. (C) 3700 – 3703 [3786 – 3789]
Bush, P. J. (C) 2697 – 2701 [2751 – 2755]
Bushey, M. L. (C) 1836 – 1839 [1872 – 1875],

(M) 5446 – 5453 [5562 – 5570]
Butcher, R. J. (C) 4513 – 4515 [4613 – 4615]
B�tikofer, L. (C) 1698 – 1702 [1730 – 1734]
Butterfield, S. M. (C) 724 – 727 [742 – 745]
By, K. (C) 1117 – 1120 [1137 – 1140]
Bykowski, D. (C) 6713 – 6716 [6881 – 6884]

*C
Cabeza, J. A.
– Activation of All Bonds of a Methyl Group

Attached to an Organic Fragment
(C) 3464 – 3467 [3546 – 3549]
DOI: 10.1002/anie.200454066

Cabrera, S. (C) 3944 – 3947 [4034 – 4037]
Cabrol-Bass, D. (H) 6410 – 6412 [6570 – 6573]
Caddick, S.
– Unusual Reactivity of a Nickel N-Hetero-

cyclic Carbene Complex: tert-Butyl Group
Cleavage and Silicone Grease Activation
(C) 5824 – 5827 [5948 – 5951]
DOI: 10.1002/anie.200460955

Cador, O. (C) 5196 – 5200 [5308 – 5312]
Cahard, D.
– Towards Perfect Catalytic Asymmetric

Synthesis: Dual Activation of the Electro-
phile and the Nucleophile
(R) 4566 – 4583 [4666 – 4683]
DOI: 10.1002/anie.200300635

Cahiez, G. (C) 2968 – 2970 [3028 – 3030]
Cai, F.-S. (C) 4212 – 4216 [4308 – 4312]
Cai, X. (C) 2406 – 2409 [2460 – 2463]
Calarese, D. A. (C) 1000 – 1003 [1018 – 1021]
Calzaferri, G.
– Sequential Functionalization of the Chan-

nel Entrances of Zeolite L Crystals
(C) 6738 – 6742 [6906 – 6910]
DOI: 10.1002/anie.200461114

Camacho, D. H. (C) 1821 – 1825 Corrigen-
dum: 2986 [1857 – 1861 Corrigendum:
3046]

Cameron, T. S. (C) 1995 – 1998 [2029 – 2032]
Cammack, J. K. (C) 1393 – 1397 [1417 – 1421]
Campbell, K. (C) 5967 – 5971 [6093 – 6097]
Campbell, T. D. (C) 1505 – 1507 [1531 – 1533]
Campopiano, D. J. (C) 5914 – 5918 [6040 –

6044]
Canac, Y. (C) 4089 – 4093 [4181 – 4185]
Canales, J. (C) 2286 – 2288 [2336 – 2338],

4899 – 4902 [5007 – 5010]
Caneschi, A. (C) 4081 – 4084 [4173 – 4176]
Canesi, S. (C) 4336 – 4338 [4436 – 4438]
Cannon, D. M., Jr. (C) 1862 – 1865 [1898 –

1901]
Cano, J. (C) 850 – 852 [868 – 870]
Cantat, T. (C) 6382 – 6385 [6542 – 6545]
Canton, P.
– Generation of Size-Controlled Pd0 Nano-

clusters inside Nanoporous Domains of
Gel-Type Resins: Diverse and Convergent
Evidence That Supports a Strategy of
Template-Controlled Synthesis

(C) 959 – 962 [977 – 980]
DOI: 10.1002/anie.200352640

Cantrill, S. J. (C) 3273 – 3278 [3335 – 3340]
Cao, T. (C) 2780 – 2783 [2840 – 2843]
Cao, Z. X. (C) 975 – 977 [993 – 995]
Capelli, S. C. (C) 3022 – 3025 [3084 – 3087]
Caplan, N. A. (C) 1685 – 1688 [1717 – 1720]
Cappelletti, D. (C) 5200 – 5203 [5312 – 5315]
Cappuccio, F. E. Corrigendum: 3748
Caps, V. (C) 5645 – 5649 [5763 – 5767]
Carbonera, C. (C) 3136 – 3138 [3198 – 3200]
Cárdenas, D. J. (C) 2402 – 2406 [2456 – 2460]
Carell, T.
– Excess Electron Transfer Driven DNA

Does Not Depend on the Transfer Direc-
tion
(C) 1842 – 1844 Corrigendum: 2321 [1878 –
1880 Corrigendum: 2373]
DOI: 10.1002/anie.200353067

– Excess Electron Transport Through DNA:
A Single Electron Repairs More than One
UV-Induced Lesion
(C) 1848 – 1851 [1884 – 1887]
DOI: 10.1002/anie.200353264

Carl, B. (C) 1848 – 1851 [1884 – 1887]
Carl, T. (C) 1848 – 1851 [1884 – 1887]
Carletti, I. (C) 2551 – 2553 [2605 – 2607]
Carlier, P. R.
– Threading the Needle: Mimicking Natural

Toroidal Catalysts
(H) 2602 – 2605 [2654 – 2657]
DOI: 10.1002/anie.200301731

Carmona, E.
– A Measureable Equilibrium between Iri-

dium Hydride Alkylidene and Iridium
Hydride Alkene Isomers
(C) 3708 – 3711 [3794 – 3797]
DOI: 10.1002/anie.200454040

Carpintero, M. (C) 450 – 454 [456 – 460], 454 –
458 [460 – 464]

Carreira, E. M.
– An Amphotericin B – Fluorescein Conju-

gate as a Powerful Probe for Biochemical
Studies of the Membrane
(C) 5181 – 5185 Corrigendum: 5428 [5293 –
5297 Corrigendum: 5542]
DOI: 10.1002/anie.200460489

– An In Vitro Assay for Evaluation of Small-
Molecule Inhibitors of Cholesterol
Absorption
(C) 4653 – 4656 [4753 – 4756]
DOI: 10.1002/anie.200460348

– Catalytic Hydrohydrazination of a Wide
Range of Alkenes with a Simple Mn
Complex
(C) 4099 – 4102 [4191 – 4194]
DOI: 10.1002/anie.200460811

– Readily Available Biaryl P,N Ligands for
Asymmetric Catalysis
(C) 5971 – 5973 [6097 – 6099]
DOI: 10.1002/anie.200461286

Carrell, H. L. (C) 1149 – 1155 [1169 – 1175]
Carretero, J. C.
– Cationic Planar Chiral Palladium P,S Com-

plexes as Highly Efficient Catalysts in the
Enantioselective Ring Opening of Oxa-
and Azabicyclic Alkenes
(C) 3944 – 3947 [4034 – 4037]
DOI: 10.1002/anie.200460087

Carrettin, S. (C) 2538 – 2540 [2592 – 2594]
Carrot, G. (C) 1718 – 1721 [1750 – 1753]
Carter, K. R.
– High-Resolution Soft Lithography: En-

abling Materials for Nanotechnologies

(C) 5796 – 5799 [5920 – 5923]
DOI: 10.1002/anie.200461122

Caruso, F.
– Biofunctionalization of Fluorescent Rare-

Earth-Doped Lanthanum Phosphate Col-
loidal Nanoparticles
(C) 5954 – 5957 [6080 – 6083]
DOI: 10.1002/anie.200460856

Caruso, R. A.
– Micrometer-to-Nanometer Replication of

Hierarchical Structures by Using a Surface
Sol – Gel Process
(H) 2746 – 2748 [2802 – 2804]
DOI: 10.1002/anie.200301747
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González-Noya, A. M. (C) 1962 – 1965

[1996 – 1999]
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– Copper(ii)-Catalyzed Highly Enantioselec-

tive Addition of Enamides to Imines: The
Use of Enamides as Nucleophiles in Asym-
metric Catalysis
(C) 1679 – 1681 [1711 – 1713]
DOI: 10.1002/anie.200353237

– Highly Diastereo- and Enantioselective
Reactions of Enecarbamates with Ethyl
Glyoxylate To Give Optically Active syn
and anti a-Alkyl-b-Hydroxy Imines and
Ketones
(C) 3258 – 3260 [3320 – 3322]
DOI: 10.1002/anie.200460165

– Stereospecific, Enantioselective Allylation
of a-Hydrazono Esters by Using Allyltri-
chlorosilanes with BINAP Dioxides as
Neutral-Coordinate Organocatalysts
(C) 6491 – 6493 [6653 – 6655]
DOI: 10.1002/anie.200461312

Kobayashi, Susumu
– Highly Efficient Total Synthesis of (þ)-

Citreoviral
(C) 3175 – 3177 [3237 – 3239]
DOI: 10.1002/anie.200454212

Kobzar, K. (C) 1092 – 1094 [1112 – 1115]
Kochi, J. K.
– Halide Recognition through Diagnostic

“Anion – p” Interactions: Molecular Com-
plexes of Cl�, Br�, and I� with Olefinic and
Aromatic p Receptors
(C) 4650 – 4652 [4750 – 4752]
DOI: 10.1002/anie.200460337

Kodama, S. (C) 2659 – 2661 [2713 – 2715]
Kodera, M.
– Synthesis, Structure, and Greatly Improved

Reversible O2 Binding in a Structurally
Modulated m-h2:h2-Peroxodicopper(ii)
Complex with Room-Temperature Stabil-
ity
(C) 334 – 337 [338 – 341]
DOI: 10.1002/anie.200352737

Koert, U.
– Syntheses of Tetrodotoxin

(H) 5572 – 5576 [5690 – 5694]
DOI: 10.1002/anie.200461097

– Total Synthesis of Apoptolidin
(C) 4597 – 4601 [4698 – 4702]
DOI: 10.1002/anie.200460172

Koftis, T. V. (C) 4312 – 4318 [4412 – 4418],
4318 – 4324 [4418 – 4424]

Koga, Y. (C) 3582 – 3584 [3666 – 3668]
Kogan, M. J. (C) 1811 – 1814 [1847 – 1850]
K�gerler, P. (C) 1817 – 1820 [1853 – 1856]
Koguchi, S. (C) 2412 – 2415 [2466 – 2469]
Koh, J. H. (C) 3459 – 3461 Corrigendum: 4828

[3541 – 3543 Corrigendum: 4932]
Kohl, C. (C) 1528 – 1531 [1554 – 1557]
K�hler, F. H.
– Highly Resolved Spin-Density Distribu-

tion in the Prussian-Blue Precursors
Cs2K[Fe(CN)6] and Cs2K[Mn(CN)6]
(C) 2571 – 2573 [2625 – 2627]
DOI: 10.1002/anie.200453726

K�hler, J. (C) 2032 – 2034 [2066 – 2068]
K�hler, Karen (C) 245 – 247 [247 – 249]
K�hler, Klaus
– In Situ Generation of Highly Active Dis-

solved Palladium Species from Solid Cata-
lysts—A Concept for the Activation of
Aryl Chlorides in the Heck Reaction
(C) 1881 – 1882 [1917 – 1918]
DOI: 10.1002/anie.200353473

K�hn, M. (M) 3106 – 3116 [3168 – 3178]

Koide, K.
– A Mild Method for the Preparation of g-

Hydroxy-a,b-Acetylenic Esters
(C) 2525 – 2527 [2579 – 2581]
DOI: 10.1002/anie.200353400

Kojima, T.
– A Porphyrin Nanotube: Size-Selective

Inclusion of Tetranuclear Molybdenum –
Oxo Clusters
(C) 1825 – 1828 [1861 – 1864]
DOI: 10.1002/anie.200353325

Kokil, A. (C) 1808 – 1811 [1844 – 1847]
Kokkoli, E. (L) 4558 – 4561 [4658 – 4661]
Kolb, U. (C) 3192 – 3195 [3255 – 3257]
Koltover, I.
– Genetic Engineering of the Nanoscale

Structure in Polyelectrolyte – Lipid Self-
Assembled Systems
(C) 4034 – 4037 [4126 – 4129]
DOI: 10.1002/anie.200460164

Komanduri, V. (C) 2915 – 2918 [2975 – 2978]
Komarov, V. Yu. (C) 2922 – 2924 [2982 – 2984]
Komatsu, Kei (C) 4341 – 4345 [4441 – 4445]
Komatsu, Koichi (C) 3044 – 3047 [3106 –

3109]
Komatsu, M.
– Silica – Water Reaction Media: Its Appli-

cation to the Formation and Ring Opening
of Aziridines
(C) 79 – 81 [81 – 83]
DOI: 10.1002/anie.200352842

Komiyama, M. (C) 6522 – 6525 [6684 – 6687]
Kondo, H. (C) 1516 – 1520 [1542 – 1546]
Kondo, J. (C) 106 – 108 [108 – 110]
Kondo, J. N. (C) 2955 – 2958 [3015 – 3018]
Kondo, T.
– Ru- and Rh-Catalyzed C�C Bond Cleav-

age of Cyclobutenones: Reconstructive
and Selective Synthesis of 2-Pyranones,
Cyclopentenes, and Cyclohexenones
(C) 5369 – 5372 [5483 – 5486]
DOI: 10.1002/anie.200461002

K�nig, B.
– Chemistry in Motion—Unidirectional

Rotating Molecular Motors
(H) 1622 – 1624 [1650 – 1652]
DOI: 10.1002/anie.200301697

Konishi, K.
– Porous Organic – Inorganic Assemblies

Constructed from Keggin Polyoxometalate
Anions and Calix[4]arene – Naþ Com-
plexes: Structures and Guest-Sorption Pro-
files
(C) 2702 – 2705 [2756 – 2759]
DOI: 10.1002/anie.200453693

– Surface-Cap-Mediated Host – Guest
Chemistry of Semiconductor CdS: Interca-
lative Cation Accumulation around a
Phenyl-Capped CdS Cluster and Its Nota-
ble Effects on the Cluster Photolumines-
cence
(C) 5943 – 5946 [6069 – 6072]
DOI: 10.1002/anie.200461190

Koo, B. (C) 2282 – 2285 [2332 – 2335]
Kooijman, H. (C) 5668 – 5670 [5786 – 5788]
Kool, E. T.
– yDNA: A New Geometry for Size-

Expanded Base Pairs
(C) 5834 – 5836 [5958 – 5960]
DOI: 10.1002/anie.200461036

Kopf, J. (C) 5406 – 5408 [5521 – 5523]
K�ppe, R. (C) 2170 – 2173 [2222 – 2225]
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López, J. C. (C) 605 – 610 [615 – 620]
Lopez, P. (C) 3467 – 3470 [3549 – 3552]
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Markó, I. E.
– Efficient, Copper-Catalyzed, Aerobic Oxi-

dation of Primary Alcohols
(C) 1588 – 1591 [1614 – 1617]
DOI: 10.1002/anie.200353458

Markov, V. Y. (C) 997 – 1000 [1015 – 1018]
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Mortalò, C. (C) 1136 – 1139 [1156 – 1159]
Moskalenko, M. A. (C) 4085 – 4089 [4177 –

4181]
Moss, J. A. (C) 2106 – 2108 [2158 – 2160]
Mota, C. J. A.
– A DFT Study of the Acidity of Ultrastable

Y Zeolite: Where Is the Brønsted/Lewis
Acid Synergism?
(C) 3050 – 3053 [3112 – 3115]
DOI: 10.1002/anie.200353049

Motherwell, W. B.
– A Simple Protocol for the Modular Assem-

bly of “Millipede” Artificial Enzymes
(C) 1225 – 1228 [1245 – 1248]
DOI: 10.1002/anie.200352370

Motoda, D. (C) 1860 – 1862 [1896 – 1898]
Motta, A. (C) 4081 – 4084 [4173 – 4176]
Moudrakovski, I. L. (C) 6308 – 6311 [6468 –

6471]
Mough, S. T. (C) 5631 – 5635 [5749 – 5753]
Moulin, E. (C) 3467 – 3470 [3549 – 3552]
Mountford, P.
– Revelations in Dinitrogen Activation and

Functionalization by Metal Complexes
(H) 1186 – 1189 [1206 – 1209]
DOI: 10.1002/anie.200301712

Mountford, P. (C) 2521 – 2524 [2575 – 2578]
Mouri, S. (C) 228 – 232 [230 – 234]
Moussa, Z. (C) 1268 – 1270 [1288 – 1290]
Mozaffari-Afshar, M. (C) 517 – 520 [523 –

526]
Mrksich, M.
– Profiling Kinase Activities by Using a

Peptide Chip and Mass Spectrometry
(C) 5973 – 5977 [6099 – 6103]
DOI: 10.1002/anie.200461061

Mudring, A.-V. (C) 3183 – 3185 [3245 – 3248]
Mueller, L. J.
– Evidence for the Coexistence of Two

Bond-Stretch Isomers in Solution
(C) 4880 – 4883 [4988 – 4991]
DOI: 10.1002/anie.200460475

Mueller, U. (C) 6377 – 6381 [6537 – 6541]
Mugesh, G. (C) 3970 – 3974 [4061 – 4064]
Muhler, M. (C) 2839 – 2842 [2899 – 2903]
Muir, T. W.
– Activation of an Autoregulated Protein

Kinase by Conditional Protein Splicing
(C) 5189 – 5192 [5301 – 5304]
DOI: 10.1002/anie.200460941

– Photocontrol of Smad2, a Multiphosphory-
lated Cell-Signaling Protein, through
Caging of Activating Phosphoserines
(C) 5800 – 5803 [5924 – 5927]
DOI: 10.1002/anie.200461141

– Semisynthesis of a Functional Kþ Channel
(C) 2504 – 2507 [2558 – 2561]
DOI: 10.1002/anie.200453849

Muizebelt, I. (C) 1663 – 1667 [1695 – 1699]

Miro – MuizAuthor Index

6792 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6759 – 6826

http://www.angewandte.org


Mujica Fernaud, M.-T. (C) 4597 – 4601
[4698 – 4702]

Mukaiyama, T.
– Explorations into New Reaction Chemis-

try
(R) 5590 – 5614 [5708 – 5733]
DOI: 10.1002/anie.200300641

Mukherjee, A. (C) 87 – 90 [89 – 92]
Mulder, A. (C) 369 – 373 [373 – 377]
M�lhaupt, R.
– Hermann Staudinger and the Origin of

Macromolecular Chemistry
(E) 1054 – 1063 [1072 – 1080]
DOI: 10.1002/anie.200330070

M�llen, K.
– Arylamine-Substituted Hexa-peri-hexa-

benzocoronenes: Facile Synthesis and
Their Potential Applications as “Coaxial”
Hole-Transport Materials
(C) 5331 – 5335 [5445 – 5449]
DOI: 10.1002/anie.200460174

– Ionic Perylenetetracarboxdiimides: Highly
Fluorescent and Water-Soluble Dyes for
Biolabeling
(C) 1528 – 1531 [1554 – 1557]
DOI: 10.1002/anie.200353208

– Rational Design of Helical Columnar
Packing in Single Crystals
(C) 1972 – 1975 [2006 – 2009]
DOI: 10.1002/anie.200353245

– Superphenalene-Based Columnar Liquid
Crystals
(C) 755 – 758 [773 – 777]
DOI: 10.1002/anie.200352855

– Synthesis and Self-Assembly of Perylene-
diimide – Oligonucleotide Conjugates
(C) 3967 – 3970 [4057 – 4060]
DOI: 10.1002/anie.200353621

M�llen, K. (C) 109 – 112 [111 – 114], 6116 –
6120 [6242 – 6246]

M�ller, A.
– Artificial Cells: Temperature-Dependent,

Reversible Liþ-Ion Uptake/Release Equi-
librium at Metal Oxide Nanocontainer
Pores
(C) 4466 – 4470 Corrigendum: 5115 [4566 –
4570 Corrigendum: 5225]
DOI: 10.1002/anie.200453762

M�ller, O.
– Sulindac-Derived Ras Pathway Inhibitors

Target the Ras – Raf Interaction and
Downstream Effectors in the Ras Pathway
(C) 454 – 458 [460 – 464]
DOI: 10.1002/anie.200353089

M�ller, O. (C) 224 – 228 Corrigendum: 540
[226 – 230 Corrigendum: 547], 450 – 454
[456 – 460]

M�ller, R.
– Unusual Biosynthesis of Leupyrrins in the

Myxobacterium Sorangium cellulosum
(C) 4163 – 4167 [4257 – 4262]
DOI: 10.1002/anie.200454240

M�ller, T.
– The X-ray Structure of a Vinyl Cation

(C) 1543 – 1546 [1569 – 1572]
DOI: 10.1002/anie.200352986

M�ller, T. J. J.
– Novel Three-Component Reactions Based

on a Heck Carbopalladation/Cyclization
Domino Reaction
(C) 5997 – 6000 [6123 – 6127]
DOI: 10.1002/anie.200461134

M�ller-Buschbaum, K.
– [Yb3N(dpa)6][Yb(dpa)3]: A Molecular

Nitride of a Rare-Earth Metal with a

Yb3N Unit
(C) 5994 – 5996 [6120 – 6122]
DOI: 10.1002/anie.200460478

Mulvaney, P. (C) 5393 – 5396 [5511 – 5514]
Mulvey, R. E.
– Synthesis and Crystal Structure of

[{nBuMg(m-TMP)}2] and of a Homometal-
lic Inverse Crown in Tetranuclear
[{nBuMg2[m-N(H)Dipp]2(m3-OnBu)}2]
(C) 1709 – 1712 [1741 – 1744]
DOI: 10.1002/anie.200353286

Mulyani, I. (C) 4504 – 4507 [4604 – 4607]
Munge, B. (C) 2158 – 2161 [2210 – 2213]
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Ōkawa, H. (C) 1825 – 1828 [1861 – 1864]

Oku, T. (C) 966 – 969 [984 – 987]
Okuda, J.
– Micelle Formation from Amphiphilic

“Cylindrical Brush”—Coil Block Copoly-
mers Prepared by Metallocene Catalysis
(C) 3192 – 3195 [3255 – 3257]
DOI: 10.1002/anie.200353259

Okumura, M. (C) 2129 – 2132 [2181 – 2184]
Olah, G. A.
– Structure and Mechanism in Gas-Phase

Chemistry and Its Relevance to the Con-
densed State: Fulvio Cacace
(O) 1760 [1792]
DOI: 10.1002/anie.200420086

Olah, G. A. (C) 5203 – 5206 [5315 – 5318]
Oldham, N. J. (C) 828 – 833 [846 – 851]
Olenyuk, B. (C) 3591 – 3594 [3675 – 3678]
Olkowska-Oetzel, J. (C) 3823 – 3827 [3911 –

3915]
Olsen, R. A. (C) 4880 – 4883 [4988 – 4991]
O	Malley, D. P. (C) 2674 – 2677 [2728 – 2731]
O	Malley, R. (C) 3691 – 3695 [3777 – 3781]
Onaka, S. (C) 5618 – 5621 [5736 – 5739]
Onclin, S. (C) 369 – 373 [373 – 377]
O	Neill, P. M.
– Design and Synthesis of Endoperoxide

Antimalarial Prodrug Models
(C) 4193 – 4197 [4289 – 4293]
DOI: 10.1002/anie.200453859

Onions, S. T. (C) 1814 – 1817 [1850 – 1853]
Ono, A.
– Highly Selective Oligonucleotide-Based

Sensor for Mercury(ii) in Aqueous Solu-
tions
(C) 4300 – 4302 [4400 – 4402]
DOI: 10.1002/anie.200454172

Ono, K. (C) 2020 – 2023 [2054 – 2057]
Onoyama, G. (C) 2684 – 2687 [2738 – 2741]
Orenes, R. (C) 3273 – 3278 [3335 – 3340]
Orita, A. (C) 2121 – 2124 [2173 – 2176], 3724 –

3728 [3810 – 3814]
Orme, C. A. (C) 2697 – 2701 [2751 – 2755]
Ornatska, M. (C) 5246 – 5249 Corrigendum:

5721 [5358 – 5361 Corrigendum: 5839]
Ortmann, R. (C) 251 – 254 [254 – 257]
Osakada, K.
– Cobalt-Complex-Catalyzed Copolymeriza-

tion of Ethylene with 2-Aryl-1-methylene-
cyclopropanes
(C) 1233 – 1235 [1253 – 1255]
DOI: 10.1002/anie.200352837

Oschkinat, H. (C) 454 – 458 [460 – 464]
Oshima, K.
– Consecutive Double 1,2-Migration of Two

Different Groups in Silyl(dichloromethyl)-
cuprates
(C) 106 – 108 [108 – 110]
DOI: 10.1002/anie.200352828

– Phosphane-Free Rhodium Catalyst in an
Anionic Micellar System for [4þ 2] Annu-
lation of Dienynes
(C) 1860 – 1862 [1896 – 1898]
DOI: 10.1002/anie.200353123

Osuka, A. (C) 5077 – 5081 [5187 – 5191]
Oswald, I. D. H. (C) 3914 – 3918 [4004 – 4008]
Ota, A. (C) 3670 – 3673 [3756 – 3759]
Otera, J.
– Intermittent Molecular Shuttle as a Binary

Switch
(C) 2121 – 2124 [2173 – 2176]
DOI: 10.1002/anie.200353534

– Rate Acceleration of the Reaction
between Solid Reactants by Premixing in
Solution: Application to the Efficient Syn-
thesis of a [2]Rotaxane

Angewandte
Chemie Nomu – Oter

6795Angew. Chem. Int. Ed. 2004, 43, 6759 – 6826 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


(C) 3724 – 3728 [3810 – 3814]
DOI: 10.1002/anie.200460062

– Tateshina Conference on Organic Chem-
istry
(T) 2322 – 2323 [2376 – 2377]
DOI: 10.1002/anie.200420083

Otero, R. (C) 2092 – 2095 [2144 – 2147]
Ott, S.
– A Biomimetic Pathway for Hydrogen Evo-

lution from a Model of the Iron Hydro-
genase Active Site
(C) 1006 – 1009 [1024 – 1027]
DOI: 10.1002/anie.200353190

Ottenwaelder, X. (C) 850 – 852 [868 – 870]
Otto, S. (C) 1959 – 1962 [1993 – 1996]
Ou, Z. (C) 853 – 856 [871 – 874]
Oumi, Y. (C) 4892 – 4896 [5000 – 5004]
Ovaska, T. V. (C) 1270 – 1272 [1290 – 1292]
Overgaard, J. (C) 5196 – 5200 [5308 – 5312]
Ow-Yang, C. (C) 5210 – 5213 [5322 – 5325]
Oxgaard, J. (C) 4626 – 4629 [4726 – 4729]
Ozawa, Y. (C) 4231 – 4233 [4327 – 4329]
Ozeki, T. (C) 5621 – 5625 [5739 – 5743]

*P
Pachamuthu, K. (C) 6735 – 6738 [6903 – 6906]
Pacholski, C. (C) 4774 – 4777 [4878 – 4881]
Packard, G. K. (C) 2822 – 2826 [2882 – 2886]
Padgett, M. (C) 2512 – 2514 [2566 – 2568]
Paetzold, J. (C) 1095 – 1098 [1115 – 1118]
Pagenkopf, B. L.
– Improving Quantum Efficiencies of Siloles

and Silole-Derived Butadiene Chromo-
phores through Structural Tuning
(C) 6336 – 6338 [6496 – 6498]
DOI: 10.1002/anie.200461844

Paik, D. H. (C) 2830 – 2834 [2890 – 2894]
Pal, S. K. (C) 60 – 63 [62 – 65]
Paladini, A. (C) 1868 – 1871 Corrigendum:

3872 [1904 – 1907 Corrigendum: 3960]
Palcic, M. M. (C) 613 – 615 [623 – 625]
Pallavicini, P.
– A Sleeping Host Awoken by Its Guest:

Recognition and Sensing of Imidazole-
Containing Molecules Based on Double
Cu2þ Translocation inside a Polyaza Mac-
rocycle
(C) 5073 – 5077 [5183 – 5187]
DOI: 10.1002/anie.200460568

Palm, G. J. (H) 1190 – 1193 [1210 – 1213]
Palmqvist, A. E. C.
– A Crystalline Microporous Narrow-

Bandgap Semiconductor
(C) 700 – 704 [718 – 722]
DOI: 10.1002/anie.200351284

Palomo, C.
– Construction of C�S Bonds with a Quater-

nary Stereocenter through a Formal
Michael Reaction: Asymmetric Synthesis
of Tertiary Thiols
(C) 3307 – 3310 [3369 – 3372]
DOI: 10.1002/anie.200453889

– Unveiling Reliable Catalysts for the Asym-
metric Nitroaldol (Henry) Reaction
(H) 5442 – 5444 [5558 – 5560]
DOI: 10.1002/anie.200460506

Palomo, J. M. (C) 5839 – 5842 [5963 – 5966]

Pandey, R. K.
– Production of an Ultra-Long-Lived

Charge-Separated State in a Zinc
Chlorin – C60 Dyad by One-Step Photoin-
duced Electron Transfer
(C) 853 – 856 [871 – 874]
DOI: 10.1002/anie.200352870

Paneque, M. (C) 3708 – 3711 [3794 – 3797]
Panse, S. (C) 2671 – 2674 [2725 – 2728]
Pantarotto, D. (C) 5242 – 5246 [5354 – 5358]
Paolini, F. (R) 5896 – 5911 [6020 – 6036]
Papageorgiou, C. D. (C) 4641 – 4644 [4741 –

4744]
Papamatheakis, J. (C) 3974 – 3976 [4065 –

4067]
Pape, T. (C) 4807 – 4810 [4911 – 4915]
Papke, U. (C) 3970 – 3974 [4061 – 4064]
Parala, H. (C) 2839 – 2842 [2899 – 2903]
Paraskevas, I. (C) 5645 – 5649 [5763 – 5767]
Pardy, R. B. A. (C) 5366 – 5369 [5480 – 5483]
Parella, T. (C) 4049 – 4052 [4141 – 4144]
Parise, J. B. (C) 2787 – 2792 [2847 – 2852]
Park, B.
– A Mesoporous/Crystalline Composite

Material Containing Tin Phosphate for
Use as the Anode in Lithium-Ion Batteries
(C) 5987 – 5990 [6113 – 6116]
DOI: 10.1002/anie.200454080

Park, B. K. (C) 1712 – 1714 [1744 – 1746]
Park, C. B. (C) 6331 – 6335 [6491 – 6495]
Park, H.-g.
– Highly Enantioselective Phase-Transfer-

Catalytic Alkylation of 2-Phenyl-2-oxazo-
line-4-carboxylic Acid tert-Butyl Ester for
the Asymmetric Synthesis of a-Alkyl Ser-
ines
(C) 2382 – 2385 [2436 – 2439]
DOI: 10.1002/anie.200353496

Park, H. J. (C) 5792 – 5796 [5916 – 5920]
Park, H. M. (C) 2282 – 2285 [2332 – 2335]
Park, J. (C) 2282 – 2285 [2332 – 2335]
Park, J.-G. (C) 2282 – 2285 [2332 – 2335]
Park, J. T.
– Novel [60]Fullerene-Assisted ortho-Phos-

phanation on a Tetrairidium Butterfly
Framework
(C) 1712 – 1714 [1744 – 1746]
DOI: 10.1002/anie.200353290

– Size-Dependent Magnetic Properties of
Colloidal Mn3O4 and MnO Nanoparticles
(C) 1115 – 1117 Corrigendum: 3749 [1135 –
1137 Corrigendum: 3834]
DOI: 10.1002/anie.200352400

Park, M.-H. (C) 6465 – 6468 [6627 – 6630]
Park, S.-E.
– Nanoporous Metal-Containing Nickel

Phosphates: A Class of Shape-Selective
Catalyst
(C) 2819 – 2822 [2879 – 2882]
DOI: 10.1002/anie.200353502

Park, S. Y.
– Photoswitchable Organic Nanoparticles

and a Polymer Film Employing Multifunc-
tional Molecules with Enhanced Fluores-
cence Emission and Bistable Photochrom-
ism
(C) 6346 – 6350 [6506 – 6510]
DOI: 10.1002/anie.200461172

Park, Sangwoo (C) 1712 – 1714 [1744 – 1746]
Park, Sungho (C) 3048 – 3050 [3110 – 3112]
Parola, A. J. (C) 1525 – 1527 [1551 – 1553]
Parr, J. (C) 95 – 98 [97 – 100]
Parsons, S. (C) 1218 – 1221 [1238 – 1241],

3914 – 3918 [4004 – 4008]

Parvez, M. (C) 502 – 505 [508 – 511], 1268 –
1270 [1288 – 1290]

Parviz, B. A. (C) 498 – 502 [504 – 508]
Pasc-Banu, A. (C) 6174 – 6177 [6300 – 6303]
Pasini, E. (C) 4193 – 4197 [4289 – 4293]
Pasquato, L.
– Nanozymes: Gold-Nanoparticle-Based

Transphosphorylation Catalysts
(C) 6165 – 6169 [6291 – 6295]
DOI: 10.1002/anie.200460649

Passmore, J.
– On the Way to “Solid Nitrogen” at Normal

Temperature and Pressure? Binary Azides
of Heavier Group 15 and 16 Elements
(H) 4834 – 4836 [4938 – 4941]
DOI: 10.1002/anie.200401748

– The Preparation and X-ray Crystal Struc-
ture of [(AgI2)n] · nMF6 (M¼Sb, As):
Diiodine Acting as a Donor in the Planar
Polymeric [(AgI2)n]nþ

(C) 1995 – 1998 [2029 – 2032]
DOI: 10.1002/anie.200352969

Patarin, J.
– Mild Methods for Removing Organic Tem-

plates from Inorganic Host Materials
(H) 3878 – 3880 [3968 – 3970]
DOI: 10.1002/anie.200301740

Patel, S. J. (C) 3941 – 3944 [4031 – 4034]
Paterson, I.
– Total Synthesis and Configurational

Assignment of (�)-Dictyostatin, a Micro-
tubule-Stabilizing Macrolide of Marine
Sponge Origin
(C) 4629 – 4633 [4729 – 4733]
DOI: 10.1002/anie.200460589

Pathak, P. (C) 704 – 707 [722 – 725]
Patil, A. J. (C) 4928 – 4933 [5036 – 5041]
Patil, K. (C) 1235 – 1238 [1255 – 1258]
Patiny, L. (C) 4172 – 4178 [4267 – 4273]
Patolsky, F. (C) 2113 – 2117 [2165 – 2169]
Patroni, S. (C) 5073 – 5077 [5183 – 5187]
Pattison, D. I. (C) 462 – 465 [468 – 471]
Paulusse, J. M. J. (C) 4460 – 4462 [4560 – 4562]
Pavam, C. H. (C) 4330 – 4333 [4430 – 4433]
Pavlov, V. (C) 4519 – 4522 [4619 – 4622]
Pecoraro, V. L.
– Synthesis, Structure, and Magnetic Proper-

ties of a Large Lanthanide – Transition-
Metal Single-Molecule Magnet
(C) 3912 – 3914 [4002 – 4004]
DOI: 10.1002/anie.200454013

Pedrido, R. M. (C) 1962 – 1965 [1996 – 1999]
Pedroso, E. F. (C) 956 – 958 [974 – 976]
Pei, Z. (C) 3716 – 3718 [3802 – 3804]
Peisach, E. (C) 3682 – 3685 [3768 – 3771]
Peleg-Vasserman, H. (C) 745 – 748 [763 – 766]
Peleshanko, S. (C) 5246 – 5249 Corrigendum:

5721 [5358 – 5361 Corrigendum: 5839]
Penelle, J.
– HP-RAFT: A Free-Radical Polymeriza-

tion Technique for Obtaining Living Poly-
mers of Ultrahigh Molecular Weights
(C) 1691 – 1694 [1723 – 1726]
DOI: 10.1002/anie.200353025

Peng, L. (C) 5477 – 5481 [5593 – 5597]
Peng, Y. (C) 3443 – 3445 [3525 – 3527], 6190 –

6192 [6316 – 6318]
Peng, Z.
– Rational Synthesis of Covalently Bonded

Organic – Inorganic Hybrids
(M) 930 – 935 [948 – 953]
DOI: 10.1002/anie.200301682

Pereda-Miranda, R.
– Crystal Structure of Tricolorin A: Molec-

ular Rationale for the Biological Properties

Oter – PereAuthor Index

6796 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6759 – 6826

http://www.angewandte.org


of Resin Glycosides Found in Some Mex-
ican Herbal Remedies
(C) 5918 – 5922 [6044 – 6048]
DOI: 10.1002/anie.200460327

Peregudov, A. S. (C) 4085 – 4089 [4177 – 4181]
Pereira, C. L. M. (C) 956 – 958 [974 – 976]
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Tomović, Ž. (C) 755 – 758 [773 – 777]
Tong, M.-L. (C) 192 – 195 [194 – 197]
Toniolo, C.
– Direct Observation of Intramolecular

Hydrogen Bonds in Peptide 310 Helices by
3hJN,C’ Scalar Couplings
(C) 3152 – 3155 [3214 – 3217]
DOI: 10.1002/anie.200454224

– Meteoritic Ca-Methylated a-Amino Acids
and the Homochirality of Life: Searching
for a Link
(C) 6695 – 6699 [6863 – 6867]
DOI: 10.1002/anie.200460908

Torii, H. (C) 1983 – 1986 [2017 – 2020]
T�rnroos, K. W. (C) 4292 – 4295 [4392 –

4395], 4589 – 4594 [4689 – 4695]
Tosin, M. (C) 2518 – 2521 [2572 – 2575]
Toste, F. D.
– Gold(i)-Catalyzed 5-endo-dig Carbocycli-

zation of Acetylenic Dicarbonyl Com-
pounds
(C) 5350 – 5352 [5464 – 5466]
DOI: 10.1002/anie.200460844

Totti, F. (C) 3436 – 3439 [3518 – 3521]
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Touré, B. B. (C) 2001 – 2004 [2035 – 2038]

Toyota, S.
– Macrocyclic 1,8-Anthrylene – Ethynylene

Oligomers: Three-Dimensional p-Conju-
gated Architectures
(C) 2248 – 2251 [2298 – 2301]
DOI: 10.1002/anie.200353647

Tramontano, A.
– A Brighter Future for Protein Design

(H) 3222 – 3223 [3284 – 3285]
DOI: 10.1002/anie.200301738
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